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Photoexcitation of 1(H,O), clusters can lead to charge transfer states with the excess electron localized on
the water cluster, making these ideal systems for studying electron/water cluster dynamics. In the present
study, the MP2 method is used to study the structure and infrared spectrum of the ground stgtie}, |

and the CASPT2 method is used to characterize the low-lying electronically excited states of the complex.
The calculated IR spectrum is in good agreement with experimental results, providing support for a crown-

like structure of T(H,0),. The ZA excited state is predicted to be 29 meV below the ground state of the
neutral cluster (at the geometry of the ground-state anion), and the vertical excitation energy fér the 1

2'A charge-transfer transition is calculated to be 4.60 eV, in good agreement with the experimental value of

4.5 eV. Potential energy curves for the relaxation of the photoexcitgth®), cluster from the crown-like
to the planar structure are presented.

Introduction proposed crown-like structure and suggest that geometrical
relaxation of the water cluster is more important than | atom
ejection. This work also goes beyond the earlier theoretical
studies of this system in that both singlet and triplet charge-
transfer states are considered and the CASSCF/CASPT2
method3° 44 are used to characterize the excited states. Thus,

The nature of excess electrons in liquid water has long been
the subject of intense experimedtdl and theoreticdl?2
investigation. Photoexcitation of (ag) has proven to be a
particularly valuable approach to the study of the dynamics of
excess electrons in water, as the photoexcitation process

produces charge transfer states with the excess electron deloUnlike the study of Chen and Sheu, proper spin-adapted

calized in the wate¥*15 In recent years, much attention has reference functions are employed for the excited states. We
been focused on negatively charged Wl’:\ter cludfer@ Here recognize from the outset that, given the extended spatial extent
too, the introduction of an'lion has proven useful for probing of t,h? orb|yal occupied by the excess electlron, the singfiet

the dynamics of the excess electfdn® Serxner et af have splittings in the charge-transfer states will be smaller than the
found that upon photoexcitation the (H.O)—»_s clusters spin—orbit interaction of the | atom. Our results on the singlet
undergo charge transfer from the Lo the water cluster. and triplet states of(H»O)s should prove useful as a starting

Subsequently, Lehr et & used femtosecond photoelectron pqint for'fl'Jture in.vestigations, explicitly accounting fqr 'the
spectroscopy to probe the solvation dynamics of photoexcited SPI—0rbit interactions. Moreover, knowledge of the splittings
I~ (H20)n—s6 Clusters, and found that, although the= 4 cluster ~ M@y be relevant for developing models for the” ¢1,0),
has a simple population decay, the= 5 and 6 clusters exhibit cluster, for which the spinorbit interactions are much smaller.
more complicated dynamics. This was taken as evidence of a ) )
rearrangement of the water molecules that stabilizes the excitedCOMPutational Details
electron in the larger clustef$. (H20)s, in its global potential energy minimum, has a cyclic
The experimental work of Lehr et al. was followed by structure, with each water monomer acting as a single donor
theoretical studies of (Hz0)a by Kim et al*®and H(Hz0)n-4-5 and single acceptdf. The H atoms of the free OH groups
by Chen and Shetl:38 Both of these studies reported vertical display an up-down—up—down alternating pattern with respect
excitation energies for the charge-transfer states. Chen and Shew the plane of the four O atoms so that the molecule has no
also considered the role of geometrical relaxation following net dipole momenté47 The I-(H,0)s complex, in its most stable
photoexcitatior?® Specifically, they proposed a relaxation form, is believed to retain the cyclic g), structure but with
pathway in which the iodine atom is ejected, leaving behind a a|| four free OH groups pointed toward the ion (see Figure
dipole-bound water cluster anion. They further hypothesized that 1). As a result, the (kD) portion of the complex has a dipole
the different behavior observed for the photoexciteHbO)a moment (3.65 D in the present calculations) considerably in
species than for(H20)s or I7(H20)s is due to differences in - excess of that needed to bind an excess eleé¢&dhand the
the residual energy available to the |eaVing atom, resulting in Charge_transfer excited states (j(|-|-|2())4 are expected to be
fast dynamics €100 fs) forn = 4 and slower dynamics for the  dipole bound.
larger clusters. Theoretical treatment of dipole-bound anions requires the use
We present herein new theoretical results on the ground andof extended basis sets with very diffuse functions as well as
charge-transfer states of the(tH,O), cluster that support the  the inclusion of electron correlation effe¢fs6 Theoretical
characterization of the charge-transfer excited states is further
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a) b)
Figure 1. Hartree-Fock (in parentheses) and MP2 optimized structure parameters for@) érd (b) F(H20)a.

of the singlet states. In the present study, this problem is dealtrearrangements in the space comprised of the iodine 5p orbitals
with by use of the CASSCF/CASPT2 proceduf#s together with the dipole-bound orbital localized on the water

The calculations proceeded as follows. The geometry of the cluster. However, convergence difficulties were encountered
ground state of1(H,0)4 was optimized at the single-reference when using this procedure, and we adopted, instead, the smallest
MP2 level under the constraint of;Gymmetry, and using a  physically meaningful active space for each state, namely, a
6-31+G[2d,pP’ description of the water molecules and a single iodine 5p orbital and the dipole-bound orbital. This
modified MIDI! basis set on the | ioff The later was generated  resulted in a three-configurational wave function for the ground
from the standard MIDI! basis set by adding diffusand p and excited!A states and one configurational wave functions
primitive Gaussian functions with exponents of 0.0439022 and for the other states (where the single-configurational wave
0.0338511, respectively, and replacing each of the two outermostfunctions consisted of two Slater determinants to generate proper
primitive d functions with two two-component contracted spin functions). These CASSCF references spaces and orbitals
functions®® The tighter set ofd functions had exponents of were used in carrying out the CASPT2 calculations.
0.574409 and 0.246533 and contraction coefficients of 0.248065 Potential energy curves for relaxation of the ground and
and 1.072953, respectively. The more diffuse set fainctions charge-transfer states of (H,O); were calculated using a
had exponents of 0.091353 and 0.033851 and contraction“reaction” coordinate generated by scanning the dihedral angle
coefficients of 0.136634 and 0.054360, respectively. MP2 petween the “crown” H atoms and the plane of the oxygen
calculations with the modified MIDI! basis set gave for | an atoms. For each choice of the scanned dihedral angehe
electron affinity of 3.17 eV in good agreement with experimental remaining degrees of freedom were optimized for the ground
value of 3.06 e\?? These calculations were performed using state, while retaining £symmetry. The resulting geometries
the Gaussian 98 prografth. were used for single-point calculations on the charge-transfer

The optimized geometry of (H,O)s was employed in the  states. To check the suitability of this reaction coordinate, for
calculations of the electronically excited states. However, the3A charge-transfer state we performed exploratory calcula-
although the mixed basis set described above is sufficiently tions in which both the dihedral angleand the distance between
flexible to describe the ground state ofH,0),, the inclusion the | atom and the plane of the oxygen atoms were varied to
of still more diffuse functions is required to describe the charge- generate a potential energy surface (PES). The results of these
transfer states. For this purpose, six diffuse Gausspn  calculations reveal that the minimum energy path in this PES
functions (with exponents ranging from 0.0076325 to 0.0000216) is dominated by the opening of the dihedral angle, whereas the
were added to the | atom basis set. These functions wereoptimal position of the | atom remains nearly constant.
extracted from a still larger basis set of Gutowski et al. designed
to describe a series of dipole-bound ani&h¥. Although the Results and Discussion
charge-transfer process gives rise to dipole-bound states associ-
ated with the (HO), portion of the cluster, the orbital occupied Optimized Structure and Vibrational Frequencies of the
by the excess electron is highly delocalized, permitting the Ground State. Figure 1 reports the MP2 optimized structures
diffuse functions to be centered on the | atom. for the ground states of g@), and I (H20)s. As found in earlier

The charge-transfer states of th€H,0), cluster arise from theoretical studies, the interaction of the (), cluster with
excitation of an electron from the 5p orbital of theibn to the the I” ion causes the free OH groups to reorient so that all four
lowest unoccupied orbital (LUMO) of the water cluster. For free OH groups point toward the.IThe dihedral angle between
the G, symmetry equilibrium structure of the anion, the three the “crown” hydrogen atoms and the plane of the oxygen atoms
components of the | 5p orbital are afande symmetry, and is predicted to be 80°8 in good agreement with earlier
the LUMO of the water cluster is ad symmetry. Thus there  theoretical predictions. The interaction with theibn causes

are3A, 3E, A, and1E charge-transfer states. the free OH groups to lengthen by about 0.01 A.

The calculations on the excited states ofH.O), were The calculated (MP2 level) OH stretch infrared spectrum for
performed using the CASSE¥4! and CASPT2 method% 44 the ground state of (H,O), is shown in Figure 2. To correct
as implemented in the MOLCAS progrd#hOur initial CAS- for the errors introduced by the harmonic approximation, the

SCF calculations correlated six electrons, allowing for all theoretical spectrum was obtained by shifting the calculated
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Figure 2. (a) Experimental vibrational spectrum of(H20)4.Ar (from ref 63), (b) theoretical vibrational spectrum foH,0), and (c) theoretical
vibrational spectrum for (bD)a.

frequencies (of the OH stretch modes) $%90.6 cnt. This TABLE 1: Excitation and Vertical Detachment Energies
correction corresponds to the difference between the experi- (€V) for the Low-Lying Excited States of I"(H20)a

mental and calculated averages of the symmetric and antisym- excitation energy VDE

m_etric mod_es of the water monomer. To facilitate co_mparison system  state CASSCF CASPT2 CASSCF CASPT2
with experiment, a Gaussian envelope corresponding to the

2
theoretical intensity and the experimental bandwidth was added :E:Eggi iz'é i‘%% 1'223%
to each OH stretch line. In the simulated spectrum, we have |~1,0), 1A 4.065 4.582 0.022 0.046
also included a band that is due to the overtones of the HOH |-(H,0), 13E 4.051 4582 0.037 0.046
bending modes. Again, the frequencies were corrected by the I7(H:0)s  2'A 4.073 4.599 0.015 0.029
difference between the experimental and calculated frequencies ! (H20)s  1'E 4.056 4.598 0.031 0.030

of the bending modes of the water monomer. The intensity of
the cluster of bend overtone transitions was taken to be 0.7 timesThis mechanism has been found to account for the high intensity
that of the intense single-donor OH stretch vibration. This is Of the HOH bending overtones of XH;0) complexe$?
the same ratio of the bend to OH stretch fundamental as in the The splitting between the intense @End OH transitions
experimental spectrum. For comparison, the figure also includesin the calculated spectrum is considerably greater than that in
the experimental spectrum of (H,0),Ar as well as the the experimental spectrum (114 vs. 69djn This is a result
calculated spectrum of @),. of the tendency of the MP2 method to exaggerate the weakening
The calculated spectrum of (H,0), consists of a pair of  of the Ok bonds for extended H-bond networks as in the
closely spaced intense transitions near 3553dmat are due  (H20), ring.55%¢ Although this problem is remedied by inclusion
to OH stretch vibrations and an intense doubly degenerate of high-order electron correlation effects, e.g., by use of the
transition at 3439 crri that is due to Olvibrations. (OHand QCISD(T) method® such calculations would be prohibitively
OHs designate the free OH groups pointed to theahd the expensive for T(H,0)s. An alternative approach, which has
single-donor OH groups, respectively.) In contrast, fos@h proven successful for the neutral clusters is to scale the MP2-
the intense degenerate transition which is due to thes OH level frequency shifts associated with the O¥brations by a
vibrations is calculated to fall at 3302 ¢ and the free OH  factor of 0.73% Application of this correction to 1(Hz0)4
stretch vibrations near 3717 ci with the latter being quite  reduces the splitting between the @tnd OH modes to 52
weak. Thus, the interaction with the fon is predicted to cause ~ ¢cm™%, in good agreement with experiment. In concluding this
a shift of about 137 cmt in the frequency of the intense QH  section, we note that an MP2-level vibrational spectrum of
vibrations and a largera{ —164 cnt?l) shift and intensity I~(H20)s was recently reported by Lee and KfhAlthough
enhancement in a pair of free OH stretch vibrations. the calculated spectrum of these authors corresponds closely to
The experimental IR spectrum of(H.0), displays intense  that reported here, they concluded that there was not good
transitions at 3518, 3544, and 3475 ditogether with a weaker ~ agreement between the calculated and measured spectra. Ap-
band at 3331 cmt. Johnson et &P concluded, on the basis of  parently, this is due to their attributing the observed band at
the comparison of the'(H0),; and I-(H,0)s vibrational spectra, 3331 cnm! to an OH stretch mode rather than to overtones of
that the high frequency doublet is due to Okbrations and bending modes.
that the intense lower frequency transition is due to the Excitation and Vertical Detachment Energies.Table 1
degenerate Oglvibration. The low-frequency transition at 3320 reports the calculated vertical electronic excitation energies of
cm ! is expected to derive from an overtone of an HOH |~(H,0),together with the detachment energies associated with
bend!®-23 The surprisingly high intensity of the overtone band the charge-transfer excited states. The latter were obtained by
is expected to be due to Fermi resonances between the bendubtracting the energies of the excited states (#14O), from
overtones and the most red-shifted intense OH stretch modesthat of I(H;O), in its 1A ground state. All energies were
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calculated using the MP2/MIDI! optimized geometry of the L B R B T T .
ground-;tate anion. _ . LL — 1'acasscr B
The triplet states are calculated to lie energetically below the L --- {'AcAsSPT2 gy

singlet states by about 8 and 15 meV at the CASSCF and
CASPT2 levels, respectively, and the A and E states are
predicted to be nearly degenerate in both the triplet and singlet &' o
manifolds. The CASSCF method gives a value of 4.07 eV for
the LA — 2'A excitation energy. This increases to 4.60 eV
with the CASPT2 method. The latter result is in good agreement
with other theoretical calculations including dynamical electron
correlation effects (i.e., 4.44 and 4.40 eV from TD-Bfand
single-reference MP2 calculations, respectively) and also with
the experimental value of 4.4% 0.05 eV33 The CASPT2

Energy (

PR [T WOUURT JU AU TOR SO TR TR I I SRS NS

calculations also give an ionization energyH-0O), in good 60 70 80 90 100 110 120 130 140 150 160 170
agreement with experiment, with the calculated IP for the 1 Dihedral Angle (deg)
Y " .

1°A transition bleelng 4.68 eV compared to the measured 1P Figure 3. CASSCF and CASPT2 potential energy curves for the
of 4.59+ 0.02 eV: ground state of 1(H20)a.

For the 2A charge-transfer state, the CASSCF and CASPT2
calculations give detachment energies of 15 and 29 meV, including the diffuse functions that were centered on the | atom
respectively. Somewhat larger values were reported by Chenin the I"(H20), cluster).
and Sheu, but in part, this is due to their use of single- Both the CASSCF and CASMP2 calculations predict the
determinant-based Hartre€ock and MP2 methods for describ-  charge-transfer anion states to be bound (i.e., lie energetically
ing the charge-transfer state, which has the effect of mixing below the neutral curves) from the smallest dihedral angle
the singlet and triplet states. On the basis of the results of considered (69 out to a dihedral angle of about 160The
photodetachment experiments, Serxner 8¢ deduced a value  energy separation between the anionic charge-transfer states and
of 100 meV for the vertical detachment energy for the charge the ground state of the neutral cluster decreases with increasing
transfer states, whereas Lehr ef%arrived at an estimate of  dihedral angle. This is due to the falloff in the dipole moment
190 + 140 meV for the VDE from their initial time electron  of the neutral cluster with increased “flattening” of the water
kinetic energy decay measurements. An error estimate was notportion of the cluster.
reported by Serxner et al., but on the basis of the procedure In the vertical excitation region (i.e., at the geometry of the
used to deduce the detachment energy, we conclude that it is aground state of the anion), the potential energy curves of the
least 50 meV. Thus, although there is sizable uncertainty in the charge-transfer states are repulsive. In both the singlet and triplet
experimental value of the vertical detachment energies of the manifolds and for both the CASSCF and CASPT2 methods,
charge transfer states, it does appear as though our calculationthe A and E states are predicted to cross neavalue of 83.
underestimate this quantity. There are several factors that couldThis is close to thg value at which the ground state anion has
contribute to an underestimation of the stability of the charge- its potential energy minimum, thereby explaining the near

transfer states. These include (1) the neglect of -spibit degeneracy of the A and E states reported in Table 1. The

effects are expected to be of comparable importance for the eleéctron associated with the dipole-bound orbital of the water

charge-transfer states and for the 40% neutral molecule and, cluster into the partially occupi.ect prbital of the | atom. The
thus, are likely to be relatively unimportant for the detachment CASSCF and CASPT2 potential energy curves of the charge-
energies. Of the other two factors, the neglect of higher-order transfer states differ in that the CASPT2 potentials have shallow
electron correlation effects are expected to be particularly /0@l minima neay = 125° which are absent in the CASSCF

important, because they have been found to be important forpo'[em""‘,I energy curves. The minima are calculatqd to lie
electron binding to the neutral clustéfs® energetically about 4.1 eV above the ground-state anion, close

. . . to the 4.05 eV experimental onset of the photodetachment
Finally, it should be noted that, even though the calculations Xper P

: ) . ) X fspectrum3.3
give a spread in detachment energies owing to the existence o

As noted above, vertical excitation from the ground state of
four charge-transfer states and two closely spaced states of the[,(Hzo)4 produces the charge transfer states in a region of the
neutral cluster, the splittings would not be resolved under the

7 S | potential which is repulsive along thecoordinate. As a result,
experimental conditions. Indeed, they would be considerably yhe system is expected to rapidly evolve along this coordinate
modified by spir-orbit interactions. and, after a short time, to encounter geometries at which the
Potential Energy Curves. Figure 3 presents the CASSCF  neutral and anion states are degenerate and electron detachment
and CASPT2 potential energy curves for the ground state of can occur. This channel would also be highly favored by the
I7(H20)4 along the previously described deformation coordinate small mass of the hydrogen atoms. Therefore, we expect electron
x- For both theoretical approaches, the potential energy mini- autoionization to be more important decay channel than the |
mum is predicted to occur fogr close to 80. Figures 4 and 5  + (H,0);~ channel proposed by Chen and SRéu.
report the calculated potential energy curves of the excited states We now examine the potential energy curves (alongythe
of 17(H.0)4 as well as for the lowest enerdi and?A states coordinate) of the cyclic (kD)4 cluster and its dipole-bound
of 1(H20)s. For comparison, the corresponding HF and MP2- anion. Although the HartreeFock potential energy curves for
level potential energy curves of §8), and (HO),~ have been these species are dissociative, the corresponding MP2 level
included. The latter curves were generated using the samepotential energy curves possess shallow minimum near 133 and
reaction coordinate and basis set as employed{st:0), (i.e., 122, respectively. This is reminiscent of the situation for
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Figure 5. CASPT2 potential energy curves for the low-lying states ¢HEO),, 1(H20)4, (H20)4~, and (HO)a.

I(H20)4 and I (H20)4, discussed above. Because the geometry For both (HO), and I(HO)4, the dipole moment peaks near
optimizations were constrained, these results do not establish= 110°. (As discussed below, the detachment energy peaks at
whether the crown structures of {8), and (HO),~ are true a somewhat smalley value.) For a given value of, the
potential energy minima. In fact, in the case of the neutral detachment energy of @), is significantly larger than the
cluster, it is clear from the outset that the crown structure cannot detachment energies associated with the charge-transfer states
be a true local minimum. This is confirmed by carrying out an of 17(H20)4. The weaker electron binding in the latter species
unconstrained geometry optimizations starting with the crown is a consequence of the exclusion of the weakly bound electron
structure from the constrained optimization. On the other hand, from the region of space occupied by the | atom, as noted
analogous calculations on §8),~ show that it does possess a previously by Chen and Shé&.Our analysis of the electron
local minimum with a crown-like structure. density shows that the optimal position of the | atomi(H,0),
Detachment Energy and Dipole Moment CurvesFigure corresponds roughly to the maximum of the excess electron
6 reports the variation of the electron detachment energies ofdensity in (HO),~. Therefore, when an | atom is introduced
the charge-transfer states of(H,0), and of the ground state  into this system, the excess electron is pushed away from the
of (H20),~ as a function of the torsional anglg. The (H20)4 moiety and the binding energy is significantly reduced.
corresponding dipole moment curves are reported in Figure 7. Although the dipole moment curve of ¢B), has its a
The dipole moment necessarily goes to zerg as 0 or 180. maximum neary = 11C°, the detachment energy has its
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maximum neay = 90°. Moreover, fory = 60°, for which the procedure is used to characterize the charge-transfer states of
dipole moment is only about 2.5 D, the electron binding energy |=(H,0), as a function of the dihedral angle that determines
remains sizablexX70 meV). This is much larger than would be the extent to which the H atoms of the free OH groups are
expected were only the dipole field involved in the electron displaced from the plane of the O atoms. The calculations predict
binding. It appears that at these smaller angles higher momentshe splittings between the singlet and triplet charge-transfer states
in the net electrostatic potential are playing a significant role to be only about 15 meV at the geometry of the neutral
in the electron binding. In addition, the nearly 3.5-fold increase molecule. This is much less than the expected -spibit

in the electron binding energy in going from the Hartré®ck splittings. The calculated excitation and electron detachment
to the MP2 level of theory (aLt = 600) indicates that electron energies are in good agreement with experiment_
mole_cule dispersion i_nte_ractions are also playing an important The calculations also show that the potential energy curves
role in the electron binding: for the charge-transfer states are repulsive in the vertical
. excitation region. Moreover, even though there are shallow
Conclusions minima in these potential energy curves, sufficient energy is
Ab initio electronic structure calculations have been used to deposited into the system by vertical excitation that both the |
characterize the ground and low-lying excited states ¢440)a. + (H20)s~ and I(HO)s + e~ decay channels are accessible.

Our calculated infrared spectrum for the ground-state anion is We expect the latter to dominate since the molecule only needs
in good agreement with the measured spectrum, providing to open up to & value of about 130for electron autoionization
support for the crown-like structure for(H,0)s. The CASPT2 to occur. At thisy value, the | atom has moved only about 0.5
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A further from the plane of the four O atoms (compared to its

position in the minimum energy structure of the ground state

J. Phys. Chem. A, Vol. 106, No. 7, 2002397

(34) Lehr, L.; Zanni, M. T.; Frischkorn, C.; Weinkauf, R.; Neumark,
D. M. Sciencel999 284, 635.
(35) Frischkorn, C.; Zanni, M. T.; Davis, A. V.; Neumark, D. M.

anion). Finally, we note that an excess electron binds much moreg,ragay Discuss200Q 115 49,

strongly to the crown-shaped £8), molecule than to [(KO),.
This is due to the “excluded volume” effect of the | atom.
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