J. Phys. Chem. R004,108,4405-4411 4405

Ultraviolet Spectroscopy of Large Water Clusters: Model and Calculations for (HO),, for
n =38, 11, 20, 40, and 50

Y. Miller, T E. Fredj,* J. N. Harvey® and R. B. Gerber*1#

Department of Physical Chemistry and The Fritz Haber Research Center, The Hebreerditgi
Jerusalem 91904, Israel, Computer Science Department, Jerusalem College of Techiwdagpn Le,
Jerusalem 91160, Israel, School of Chemistry, ddrsity of Bristol, Bristol BS8 1TS, England, and
Department of Chemistry, Usersity of California, Irwine, California 92697-2025

Receied: May 30, 2003; In Final Form: January 27, 2004

The UV absorption spectra of neat water clustergQJd of sizes in the range aif = 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 clust®)Hn excitonic potential energy surfaces

are computed for geometries in the Fran€ondon region. The CokeiWatts potential is used to describe

the interactions in the electronic ground state, and molecular dynamics simulations are performed to sample
geometries for the classical Franc®ondon calculations. There are numerous crossings of different excitonic
potential surfaces for (#D), in the range of the geometries sampled. The main findings are (i) the main
absorption peak of (D), shifts to the blue and increases in width as the clusterrsizancreased; (ii) the

widths of the absorption bands increase with temperature, e.g., ) 4&ithe 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 (HO) monomer, for some cluster sizes, a weak absorption tail to the red side is also observed as the

temperature increases.

I. Introduction 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
Ql_is.tributions%sf19 Good potential energy surfaces are available
rom ab initio calculationg%2! Finally, extensive calculations

Water clusters of different size ranges have been extensively
studied recently, both experimentally and theoretichlNjuch
progress has been made on the characterization and understan
ing of many properties of these systems. This is the case for . o .
the vibrational spectroscopy of these clusters, which has on the photodissociation dynamics have been repdfgguch

blossomed into a broad area of research, with the introduction detalled. data are not ava|lablle for.water clusters. Ab initio
of novel experimental techniques and the development of calculations on the lowest excited singlet state of small water

improved theoretical models. It is especially true for relatively '(i‘lus_tedrgsgave b?eEApegOémsdl by Q{an ngmerthrLle \;a:q der
small clusters, with rigorous calculations and simulati&ris. voIrd,™ Sosa et al,’ and SoDolewsKI and DomCke.JSelu

The situation is quite different for the electronic spectroscopy hints on th? UV spectroscopy of water clusters can b.e mfgrrgd
of neat water clusters. Relatively little seems to be known on fror_n e_xpenmental datz_a On Spectroscopy and photoo_llssomatlon
this topic, although it is of potential importance for the of Ilqwd_water_ an_d of ice in bulR®™28 M_odel calculations of .
understanding of a range of phenomena. For example, electroniceleCtron'C excitation spectra of water in bulk are also avail-

29-31 i i
spectroscopy is essential for the study of photochemical able? The present study continues and expands on a previous

processes, and water clusters offer a very interesting frameworktheoretlcal Investigation by Harvey, Jung, and GeBén.that
paper, the UV absorption spectra of small water clustes®Jkl

for the exploration of photochemistry in hydrogen-bonded h — o g lculated f th tical model of

networks. The electronic spectroscopy of finite water clusters wheren = » Were calcuiated from a theoretical modet o

is very useful for understanding the electronic properties of excited electronic states. The calculations were conducted for
water clusters initially at 0 K, i.e., in the vibrational ground

liquid water in bulk, and those of ices. The excited electronic tate. In th i th - del f
states of the water molecule, and the related photodissociationS até. In the present paper, we use the same simplé mocel tor
dynamics in the gas phase, have been studied in detail. Thethe excited-state potential to explore the UV absorption spectrum

UV absorption cross sections of the three lowest baAdB( of water clusters (bD), of various sizes (up ta = 50). In .
BlA,, and CIBy, respectively) were measufécand ab initio addition, we study the temperature dependence of the absorption

calculations of the excited electronic states and the transition lblimdst Itn sorr]ne of t_he iﬁlculaflorllst,. the (ilt:Js.terts ;’m_a ina S(t)'“ﬁ_
moments were reported. ike” state, whereas in other calculations, their state is essentially

in the liquid regime. The objective of these calculations is to
* Author to whom correspondence should be addressed. E-mail ad- S€TV€ as a guide for future experiments.

dreTSSZ Benny@batata.fh.huji.ac.il. The structure of the article is as follows. The theoretical model
¢Igﬁjga‘?g;f"c":glgg’srg'ft%;echnologMachon Loy used in the calculations is presented in Section II. The results
$ University of Bristol. ' of the simulations are described and discussed in Section IlI.
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Il. Model and Methods different geometrically. The low-temperature simulations seem
] ) to be confined to the vicinity of the global minimum structure.
To determine trends in the dependence of the spectroscopy B Modeling of the Excited Electronic StatesThe excitation
on cluster size, we performed calculations for the cluster sizes modeled in the present study corresponds toAHg band in
n =8, 11, 20, 40, and 50. The UV spectra of smaller water the case of the monomer, which is the lowest excitation band.
clusters ( = 2—6) were studied theoretically by Harvey efal.  consider the cluster @®), for a first configuration of the atoms.
That study was limited to clusters initially in their vibrational  |f interactions between the water molecules are ignored, there
ground state. In the present paper, we investigate the temperatur@re n nearly degenerate excited energies in the band for that
dependence of the electronic absorption spectroscopy for clustergonfiguration, each corresponding to an excitation of a different
in the temperature range frof= 50 K to T = 300 K. This  water molecule in the cluster. The excitation energies of different
range covers both solid-like and liquid-like states of the clusters. water molecules can differ, if their internal geometries are
A. Simulations of the Initial State. Calculation of the slightly different, representing different vibrational displace-
Franck-Condon factors requires sampling of the configurations ments from equilibrium. Then excited states are exactly
of the system at a given temperature. We assume that, for thedegenerate for configurations where all molecules in the cluster
temperatures considered hefleX 50 K), classical dynamics  have exactly the same vibrational displacements. When the
can be used for the purpose of sampling configurations. effects of interactions between the water molecules are incor-
Obviously, the temperatures considered are very low, comparedporated, including interaction between the excited monomer and
with the zero-point energies of the stiff intramolecular vibrations. the other molecules, the result will be the formation rof
However, the distribution of cluster configurations is mostly excitonic states from then localized excited states of the
determined by the soft intermolecular motions of the water different HO molecules. When treating the excitonic states, we
molecules, and for these low-frequency modes, classical dynam-followed the model of Harvey et &F previously used for
ics should be a reasonable approximation at and above 50 K.(H20)n, for n = 2—6. We constructed the matrix Hamiltonian
However, the intramolecular vibrations of the monomers were in the representation of the basis of the uncoupled water

included in the modeling. We used the Cokivatts potentiaf$ molecules. Theth basis function can be written as

for the intramolecular force field and for interactions between

water molecules in the electronic ground state. The Geker o0 = <I>i(ex)(ri,R1-)|_I¢j(g)(r,-,Rj) )
Watts model is not the most-accurate potential currently sl

available for the interaction between vibrationally flexible water . )

molecules; for example, it does not include three-body and Whereri denotes the electronic coordinates of ife water
higher-order effects. However, the objectives of this study are Molecule, andR; is the nuclear configuration of that same
only semiquantitative, and we estimate that, for this purpose, Molecule.®” is the excited state of thigh water molecule,
the accuracy of the Coketatts model is sufficient. The —and @ denotes the ground electronic state of moledule
Coker-Watts modes were adopted here for their computational Specifically, the excited state @*(r;,R) is the AlB, state of
convenience. To sample configurations for a cluster at a given water. Studies of the water monomer indicated thatBiestate
temperature, molecular dynamics (MD) simulations were per- is obtained by promoting an electron from the lone-paif 1b
formed. The trajectories were computed using the standardorbital of the ground state into the part-Rydberg, part-antibond-
Verlet algorithm and propagated in time to equilibrattiThe ing 4a orbital >2°The diagonal elements; of the Hamiltonian
standard MD tests have shown that equilibrium was attained model in the representation of the basis described in eq 1 are
within time scales on the order of 20 ps. (The equilibration time given by

differs for each system.) The propagation of the trajectories was . L ) )

pursued beyond equilibration, and configurations were sampled Hi=V + ZV' 1+ ZV‘ + ;V"k )

at random times. The set of these configurations represents a ] =] k=i

sampling of the equilibrium state of the cluster, and photoex- . o . . )
citation is assumed to occur from this initial state. Each !N this equationi* refers to theith water molecule in the excited

simulation involved the calculation of a single, sufficiently long State, andkrefer to water molecules in the ground state. The

trajectory for a fixed, conserved total energy. The temperature last two terms represent the intramolecular and intermolecular
of such a fixed-ene’rgy system obviously fluctuates in time: contributions to the potential from the ground-state molecules,

; A ey
however, the fluctuations were computed and determined to befor which we used the COkWattS modef: VI_ is the e>§C|ted
very small AT <1 K, typically). Thus, the temperature was state potential surface of tlign monomer, which describes the
practically well-definéd in the s}mulati'CJns intramolecular potential of the excited water molecule. We used
. ) - the analytic representation of Engel et®hyhich was obtained
There are large-amplitude motions in the clusters at the

X o by fitting the ab initio points of Palma and Staemmigihe
temperatures studied. Nevertheless, the minimum-energy struc-

. . . . second term in eq 2 represents the interaction between the
ture is often useful for interpretation and analysis. Thus, a search

for th bl d dqt hel | excited moleculé and the other ground-state molecules. It is
or the most-stable structure was conducted for each cluster. In, g meq that this interaction is a sum of pairwise interactions

several cases, other low-energy isomers were computed, _becausﬁetweeri and each of the ground-state molecules. The interac-
knowledge of these structures can also be useful in the ;. potentialVi is represented in the form

interpretation of the spectra. The calculation of the structures
was performed by the simulated annealing method. There is no Ve

. . . . L. e ixajf
certainty in these calculations that, indeed, the global minimum /" =/ +V +V, +V +

. . . 0,.,0 Oy H; H.,O Hi H;

structure would be determined. Given the extensive searches ! ' ! b8P Rus
that we pursued, we assume that the lowest-energy isomer was
determined in most cases. Except for the lowest temperatures The last term in eq 3 represents the Coulomb interactions
used, several local minimum structures are sampled by thebetween partial charges on the excited moledtilend the
trajectories; however, these structures are not necessarily veryground-state molecule a. labels the partial charge sites o

®3)
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andp is an index of the partial charge sites on the ground-state The energies obviously are dependent on the nuclear configu-
molecule. The partial charges for the ground-state molecule wereration. Note that the model explicitly includes the dependence
taken from Coker and Watf8.The partial charges oit were on both the intramolecular and intermolecular geometries. The
determined, to reproduce the dipole moment of excite®@ H  wave functions determined in the diagonalization process, which
(from ab initio calculations). This dipole moment is in the are eigenfunctions of the model Hamiltonian, are the excitonic
opposite direction to that of the ground state. The dipole moment states. Analysis of these eigenfunctions can reveal the extent
of the excited water molecule (B)* is reproduced by placing  to which these excitonic states are localized on the monomers,
negative charges of0.225 au on the H atoms, and a positive or perhaps delocalized. Recall that the bands that correspond
charge of 0.45 au at the center of mass. The atatom to absorption continua of th&'A; and C!B; states of the
potentialsVy, , Vo i, andVy,. ,, were modeled as repulsive ~ monomer are completely neglected in this model. As we shall
exponentia|é, thelrejayHﬂyo Wa13 assumed to be a Morse See€ Iater, the results predict Strong blue shifts Oﬂ}‘&j band,

, : g :
function. The parameters of all these pairwise interactions were _compared with the position in the monomer. It is expected that

determined by fittingVi*i to ab initio calculations of that inclusion of the higher states in the model could limit the
interaction in the (HO)*—H.O dimer32 Approximately 200 ab magnitude of the computed blue shifts. Unfortunately, such an

initio interaction points were computed using the MCQDPT2 extension of the model is complicated and remains a challenge

method. The excited-state water molecule is known to be highly fothr?e fu“élrel'H iitoni b ted 1o b lid only i
polarizablet538 This is not explicitly treated by our model, and € modetl ramiitonian can be expected to be valid only In

we assume that this effect is implicitly incorporated by the the Franck-Condon region for very short time durations after

parameter values, through their determination by fitting ab initio photoe_xcnat_lor_]. Photoabsorptlon_wnl, after some time, lead to
calculations. Note that, in the limit of strong interactions between photodissociation of a monomer in the cluster:

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 th&'B; state of the
monomer may be polarized away from the excited molecule,
leaving an HO™ 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 combinationsAéB;-like
states, as assumed in our model. We note that some tes
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 bolllmer SyStemtS'b T?'S sugges.tsh that thethaforemen;uoneiintensities, the assumption was made that the transition moments
problems may not be too Severe, however, theé present Work;.; ha various excitonic states are independerR.ofhis, in

must be considered to be preliminary, and further tests of the fact, suggests that the distribution of cluster geometries is far

perf(_)rm_ance of the potential are neegled. Neve_rth_eles_s, themore sensitive to nuclear positions than the transition moments.
qualitative results of our work should give useful insight into

h ¢ f1h ited states of water clust We note that, in the study by Harvey et3alon the smaller
€ nature o the excited states ot water clusters. clusters, the dependence of the transition moments on nuclear

The off-diagonal elementd;; of the model Hamiltonian are  positions was treated by an approximate model. Thus, the
assumed to be dominated by the interaction between thepresent treatment is cruder; however, for larger systems, this
transition dipole moments of the monomeemdj. The dipole- seems more justifiable. Classically, the probability of photoab-
dipole interaction is a term in the multipolar expansion of the sorption at a range\R aroundR in configuration space is
potential between an electronic excited species and a groundproportional to the time the (equilibrated) trajectory spends in
state species; however, when the transition dipole is large, thisthat region of configuration space, and, therefore, is proportional
term often dominates. An analytic expression is 8@tthe o the number of configurations sampled in that region. Thus,
model for the transition dipole moment, the direction of which 5 histogram is constructed such tNE)AE is the number of

is orthogonal to the plane of the water molecule. The origin of sampled points with corresponding excitation energy between
the transition moment vector is located at the molecular center g — AE/2 andE + AE/2. The plot of N(E) versusE (for a

of mass. We note that, in the geometries used to determine th%hosen "energy bin” oﬁE) is given in the same relative units
potential parameters in eq 2, the dipstiipole interaction, by s the graph of the absorption intensif) against the excitation
symmetry, is zerd2 Ab initio calculations at other geometries energy. This On|y pro\/ides a coarse absorption |ineshape. Not
of (H20)*—H0 yield excitonic splitting$? which our model  only are quantum effects such as interference completely absent,
attributes to the dipoledipole interaction. The predictions of  pyt also features of a classical nature may be lost, because of
the dipole-dipole model were tested directly against ab initio  insufficient density of sample configurations. Nevertheless, this
calculations in the case of the {8)*—HzO dimer and are in  syffices for a semiquantitative description of the spectra. It was
good agreement, at least for the range of distances that areghserved in the calculations that the excitation energies are most
relevant here. sensitive to a specific geometric aspect of the configuration.

The diagonalization of the model Hamiltonian for a given This is the orientation of the excited molecule-®J*, with
nuclear configuration yielda energy levels. These constitute regard to the nearest ground-stat®Hbound to it as an acceptor
the excitonic!B;, band of (HO), for that given configuration. of the hydrogen bond. Denoting the OH dipole axis of@ht

H,OX'A,)) + ho — H,O(A'B,) — H(*S) + OH(X?IT)

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 FranCkndon
approximation. For each nuclear configurati® which is
sampled from the MD simulations at equilibrium, a vertical

romotion into the excited-state potential surfaces is assumed
0 occur upon photodissociation. The excited-state energies for
' that configuration are computed by diagonalization of the model
Hamiltonian at the configuratioR. For a cluster (KO),, there
are up ton distinct excitonic levels. In obtaining the absorption
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denoting the OH dipole direction in the nearest-neighbgd H

(the H atom is the donor in the hydrogen bond) /y; and %
by ug, one can define an “orientation” angteby

Up“Ug
ltallugl

cosf =

4

(R) (B)
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 configurations-and, in particular, the role of the angle
6—in determining the excitonic levels. This provides very
helpful insights into the computed spectra.

Ill. Results and Discussion

It is useful to mention at the outset the main results of ref 32 Q,
on the electronic spectroscopy of the small cluster( 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 (C) (D)
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-worker® We note that the absorption lineshapes
shown in ref 32 involve a technical error that is, however,
guantitatively 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 I, we assume this is the case, in view of the extensive (E)
search made.) Recall that, at the lowest temperature consideredfigure 1. Computed equilibrium structures of (A) {B)s, (B) (H2O)1y,
T =50K, all the clusters are essentially in a “solid-like” state, (C) (H20)z0, (D) (H20)s0, @nd (E) (HO)so.
and the excursions from the equilibrium configuration are , . ,
moderate. At the highest temperature studiee; 300 K, all | (A) |
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 5}
MD trajectories at the higher temperature; however, the system o " . .
spends more time in the vicinity of the global minimum than 10
in that of any of the other local minima.

B. Effects of Cluster Size on the SpectroscopyFrigure 2
shows the electronic absorption spectra of@hs, (H>0)11, and
(H20)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 20 T T T
are strongly shifted to the blue, compared to that of an isolated 15 | (C) -
water molecule. Furthermore, the shift increases greatly with ;|
increasing cluster size. The maximum of the absorption spectrum
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of (H20)11 is ~1.3 eV to the blue of the maximum for ¢B)s; °[ M
the maximum of the absorption profile of §8)s is shifted by % 15 20 2 30
2.4 eV from the maximum peak position for {B);;. The shift Excitation Energy (eV)

to the blue with increasing cluster size of the high-energy tails Figure 2. Electronic absorption spectra of (A) {8)so, (B) (H2O)11,

of the absorption bonds is even more dramatic. All this is and (C) (HO)s, each afT = 250 K. Intensities are given in relative
consistent with the findings for the small {81), clusters? and units, and the excitation energy is given in electron volts.

has the same interpretation. The excitation process promotes a

lone-pair electron into an orbital of partial-Rydberg character. electron is larger for more-compact clusters, with more neigh-
This electron is repelled by the electron densities around the Oboring O atoms available to contribute to the repulsion.
atoms of neighboring water molecules, which increases the However, as mentioned in the Model and Methods section, the
excitation energy. This “confining box” effect for the promoted diagonal component of the interaction potential in the excited
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Figure 3. Electronic absorption spectra of (A) §8)s (at T = 300
and 50 K), (B) (HO)11 (at T = 150 and 50 K), and (C) (#0)0 (at T

= 220 and 80 K).
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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 AlBy, in the case of the monomer. For the real systems, other
excited bands, such &4A; andC!By, 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 ok!B;. 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 ofJ)d atT =
300 K (top) with that afl = 50 K (bottom); Figure 3B compares
the UV spectrum of (k0);; at T = 150 K (top) with that afl
=50 K (bottom), and Figure 3C shows the spectrum o},
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 sensitivelyfisin eq 4, which measures the
orientation of the OH bond of the excited,®, relative to an
OH bond in a nearby, ground-state® molecule. Figure 4
shows the distribution of values, where is the aforemen-
tioned torsion angle, for (D)s at T = 150 K (solid line) and
T =50 K (dotted line). As expected, the rangefo¥alues that
are accessible at higher temperatures is considerably wider. The
increased width with increasing 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-

states may not reproduce the confining effect accurately, in casetemperature configurations, but become accessible for certain
the pairwise additivity assumption breaks down. In the presence configurations at higher temperatures.

of more than one neighboring ground-state water molecule, the D. Multiple Peaks in the Electronic Absorption Spectrum.
electronic structure of the excited molecule may be considerably For small water clusters @®),, for n = 2—6, initially in their
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Figure 5. Contribution to the UV absorption intensity (dashed line) from the individual excitonic states (solid line),@s@ 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.

vibrational ground state, it seems that only a single, well- vibrational ground state, only the dimer was also observed to
resolved absorption peak is found in the absorption spectfum. possess an absorption tail to the red of the mondm&his
However, Figure 3A shows three well-resolved peaks foQl was attributed to the asymmetric structure of the dimer.
at T = 50 K. This multiple-peak structure disappearsTat Although the promoted electron in a cluster experiences mostly
300 K. Three peaks are clearly observed in the total absorptionrepulsive interactions, because of the O atoms of neighboring
band, and the more-detailed structure may not be realistic, givenwater molecules, in the case of the dimer, there is an additional
the limitations of the model. The multiple peaks are, in most attractive interaction mechanism. Consider the hydrogen-bond-
cases, due to absorption into different excitonic states or groupsdonating molecule in the dimer. There is an attractive component
of excitonic states. The splittings between different excitonic to the interaction between the excited-state hydrogen-bond-
levels are so strong that the different peaks can survive evendonating water and the hydrogen-bond-accepting molecule. This
the broadening effects at quite high temperatures. The sensitivityis due to the high polarizability of the excited state, and
of cluster spectra and, in particular, the occurrence of multiple inspection of the electronic wave function of the dimer shows
peaks, depending on the temperature, is of considerable interesthat most of the electron density of the Rydberg-type orbital is
for future experimental studies. polarized away from the negative charge on the neighboring O
E. Contributions of Different Excitonic States to the atom?3? The attractive interaction reduces the excitation energy
Spectrum. Figure 5 shows the absorption spectrum into each and results in the red tail of the dimer. The other clusters in the
excitonic state of the cluster (B)s. In each of the cases, the range ofn = 3—6 have ring structures, the different molecules
full absorption intensity in the same region of excitation energies are almost symmetric, and the attractive mechanism does not
is also shown. As observed from the results, the spectral occur. We researched whether such an effect of an absorption
contribution of different excitonic states strongly overlap; tail to the red of the monomer could be found for any of the
however, the overlap is not complete. The results also show larger clusters studied here, and the effect apparently is indeed
that, in most excitonic states, the absorption contributions of a unigue to the dimer. On the other hand, there is an effect of an
single excitonic state exhibit a multiple-peak structure. The expanding absorption tail on the low-energy side of the spectrum
potential energy surface that is associated with each excitonicwith increasing temperature. Consider Figure 6, which compares
state varies strongly with energy, as a function of configuration. the absorption spectra of §8)s at T = 250 K andT = 200 K.
Excitation from different local minimum structures of the cluster The absorption tail at the lower energy is expanded to the red
may go into the same excitonic state; however, because of theat the higher temperature. This effect is clearly due to the
different configurations, the energies will be quite different, expansion of the FranekCondon region agd increases, to
resulting in possible different, well-resolved peaks. We note that include also configurations that give low excitation energies.
the energetic order of the excitonic states is not necessarily theThese contributions seemingly result from configurations of
same for all configurations; i.e., potential surfaces that cor- lower symmetry, in which presumably the promoted electron
respond to different electronic states have intersections in manyexperiences also attractive interactions with neighboring O
cases. atoms. However, the attraction is not sufficiently strong to
F. Shift to the Red in the Low-Energy Tail. The absorption produce a red shift, compared to theGHmonomer.
spectrum of the clusters are basically strongly shifted to the
blue, with respect to the 2 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.  In this paper, we presented a study of the electronic absorption
Among the small (HO), clusters ( = 2—6) initially in the spectroscopy of water clusters, based on a simple model of the

IV. Concluding Remarks
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Figure 6. Electronic absorption spectrum of {Bl)s (—) at T = 200
Kand (———) atT = 250 K.

excited electronic states in the FrargRondon region. The

excitonic states were modeled in a framework that includes their p_
dependence upon the intramolecular and intermolecular coor-
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