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Abstract: It is has been established that the excess electrons in small (i.e., n < 7) (H20), clusters are
bound in the dipole field of the neutral cluster and, thus, exist as surface states. However, the motifs for
the binding of an excess electron to larger water clusters remain the subject of considerable debate. The
prevailing view is that electrostatic interactions with the “free” OH bonds of the cluster dominate the binding
of the excess electron in both small and large clusters. In the present study, a quantum Drude model is
used to study selected (H.O), clusters in the n = 12—24 size range with the goal of elucidating different
possible binding motifs. In addition to the known surface and cavity states, we identify a new binding motif,
where the excess electron permeates the hydrogen-bonding network. It is found that electrostatic interactions
dominate the binding of the excess electron only for isomers with large dipole moments, whereas in isomers
without large dipole moments polarization and correlation effects dominate. Remarkably, for the network-
permeating states, the excess electron binds even in the absence of electrostatic interactions.

Introduction on the source conditions and on the cluster siz&n the basis

of theoretical results of Barnett et &lthese features were
interpreted as arising from three distinct isomer classes, where
the feature with the largest electron binding energies (isomer 1)
was attributed to an isomer with the excess electron bound in
the interior of the cluster and those with the smaller electron
Recently, there has been a flurry of new experimental and binding energies were attributed to isomers (isomers Il and Ill
theoretical studies of (#0),~ ions10-18 Particularly intriguing in ref 15) with the excess electron in surface stéﬁfg‘ﬁet a

are the photoelectron spectra for the;(h-, n = 11—150, recent theoretical study of g9),~ clusters by Turi et a® found
clusters obtained by the Neumark grddf-hese spectra show that at temperatures of 200 and 300 K only surface states were

three distinct features the relative intensities of which depend stable for then = 20-104 clusters_, an_d that fof = _100 K
only then > 45 clusters had stable interior states. This led these

Ever since the detection of (B),” ions mass spectroscopi-
cally,! there has been considerable interest in the nature of the
excess electron in these clustér8.In particular, the question
of whether the excess electron is on the surface or in the interior
of the clusters has been the subject of much speculétith.

(1) Haberland, H.; Ludewigt, C.; Schindler, H. G.; Worsnop, DJRChem. authors to conclude that all isomers observed experimentally

2) 22%5}934 5393(732[}1-1 Eaton, J. G.; Arnold, S. T.; Sarkas, H. W.; Bowen, are surface states, a view that was immediately Cha”enged by
K. H.; Ludewigt, C.; Worsnop, D. RJ. Chem. Phys199Q 92, 3980. Bragg et al'® Thus, despite the long standing interest in water

(3) Barnett, R. N.: Landman, U.; Scharf, D.; Jortnerdc. Chem. Re<.989 cluster anions, the electron binding motifs of all but the smallest

(4) Bamett, R. N.; Landman, U.; Nitzen, A. Chem. Phys1989 91, 5567. system& remain controversial.

®) Eg}“'ﬂ(e'tf’i;g';%r'é'e";ggge' S.; Cho, K.; Lee, J.; Joannopoulos, Fiys. The conventional wisdom is that the binding of excess

(6) Ayotte, P.; Weddle, G. W.; Bailey, C. G.; Johnson, M. A; Vila, F.; Jordan, electrons to water clusters, in water films, and in bulk water is

@ Kim 3 gg‘é&rﬂhy%ﬁgfhﬁégsgiﬁg Johnson, M.Ghem. Phys. Lett, ~ dominated by electrostatic interactions between the excess

199§ 297, 90. electron and the charge distributions of the water monomers.
(8) Coe, J. V.nt. Rev. Phys. Chem2001, 20, 33. .. . Lo B "
(9) Jordan, K. DScience2004 306, 618. As aresult, it is expected that in the anionic clusters, the “free

(10) Hammer, N. I; Shin, J. W.; Headrick, J. M.; Kiden, E. G.; Roscioli, J. R.;  OH groups (i.e.. those not engaged in H-bonds) of the water
Weddle, G. H.; Johnson, M. AScience2004 306, 675. 9 P ( ! 9ag )

(11) Hammer, N. H.; Roscioli, J. R.; Johnson, M. A.Phys. Chem. /2005 molecules are geometrically arranged so as to generate a region
109, 7896. i interi i i

(12) Shen, J-W.: Hammer, N. H.: Headrick, J. M.: Johnson, MChem. Phys. on the surfz_ace orin t_he interior of the cluster W_Ith a net attractive
Lett. 2004 399, 3419. electrostatic potential. Indeed, for the ;®),~, n = 27,

) Tk Soe grae |- R Yang, D. S, Baskin, J. S, Zewall, A-Stlence  clusters, it has been established that the most abundant anions

(14) Bragg, A. E.; Verlet, J. R. R.; Kammrath, A.; Cheshnovsky, O.; Neumark, Observed experimentally are dipole-bound species (for recent

M. Science2004 306, 669. i ; _ i P
(15) Verlet J. R. R Bragg, A. E.. Kammrath, A.: Cheshnovsky, O.: Neumark, reviews of dipole boulnd anions, see refs 19 and 20), Wlt.h the
D. M. Science2005 307, 93. excess electron localized on the surface of the cluster, in the
(16) Turi, L.; Sheu, W. S.; Rossky, P. Science2005 309, 914.
(17) Blau, S. K.Physics Today005 58, 21. (19) Compton, R. N.; Hammer, N. Advances in Gas-Phase lon Chemistry
(18) Bragg, A. E.; Verlet, J. R.; Kammrath, A.; Cheshnovsky, O.; Neumark, D. JAI Press: Stamford, Connecticut, 2001; Vol. 4, p 2305.
M. J. Am. Chem. So@005 127, 15283. (20) Jordan, K. D.; Wang, FAnnu. Re. Phys. Chem2003 54, 367.
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vicinity of a water monomer with two free OH groups.12 At

electron correlation as is demonstrated through the results

the other extreme, there is strong evidence that the hydratedobtained by switching off the electrostatic interactions in the

electron (gq"), an electron in bulk water, is bound inside a
roughly spherical cavity with the water molecules in the first
“solvation” shell having free OH groups oriented toward the
center of the cavity!

However, the above picture, which focuses on electrostatics,

cannot be the whole story, as it is now well established that
electron correlation plays an essential role in the binding of an
excess electron to polar molecules and their clugf&sFor
example, for typical (HO)s~ isomers, about 50% of the binding
energy of the excess electron is due to electron correldtion.
For the (HO)s~ anions the dominant correlation effects arise

model potential.

Methodology

In the Drude model for excess electrons bound to water clusters,
the polarizable charge density of each water monomer is modeled by
a quantum Drude oscillator, which consists of two point particles with
opposite chargesgp and—qp that interact with each other through a
harmonic potential with force constaks. By treating the electron-
Drude oscillator interactions quantum mechanically, both eleetron
water polarization and electretwater dispersion interactions are
explicitly included. This can be viewed as a coarse graining approach
in which the 10 electrons of each water monomer are modeled by a

from dispersion interactions between the diffuse excess electronthree-dimensional Drude oscillator.

and the more localized electrons of the polar molectflié.

The implementation of the Drude model used in this work employs

Nevertheless, with one exception discussed below, the theoreti-the Dang-Chang water mod#l to describe the watewater interac-
cal approaches used to examine the issue of surface vs. interiotions and the electron-water electrostatics. The Dabigang water

states of an excess electron bound to lange>( 20 water

model employs on each monomer three point charges (0.519 on each

clusters) have neglected dispersion interactions as they have beefd @tom and—1.180 on the so-callei site, located on the rotational

based on one-electron model potentials (although some influenc
of correlation may be included implicitly through the param-
etrization of the model). Given the importance of correlation

eaxis and displaced 0.215 A from the O atom toward the H atoms), and

a single isotropic polarizable center also located atMhsite. It also
includes LennaretJones interactions between the O atoms of different
water monomers. In the Drude model, the polarizable site on each

contributions for the binding of the excess electron, itis possible mnomer is replaced by a Drude oscillator, the polarizability of which,
that there are electron binding motifs that cannot be described, = g,2/ks, is chosen to be equal to the experimental polarizability

by approaches that do not explicitly include correlation.
The only studies that have included electron correlation in

of the water monomer (9.745 atf)The Hamiltonian for the excess
electron allows for interactions with the point charges and with the

ab initio calculations on negatively charged water clusters larger intermolecular induced dipoles, as well as for coupling with the Drude

thann > 20 are those of Herbert and Head-Gordb# who
examined, using second-order Mghd?lesset perturbation
theory (MP2), selected isomers of {Bl),~ clusters withn as
large as 24. This work confirmed the importance of electron
correlation for binding an excess electron in both surface and
cavity states. However, ab initio MP2 calculations on clusters
of this size are very computationally demanding, and such

calculations cannot be used to exhaustively explore the potential
nResults

energy surface or to include the effects of temperature (throug
Monte Carlo or molecular dynamics simulations). Moreover,
ab initio electronic structure methods do not permit zeroing out
the electrostatic interactions in order to explore whether cor-
relation effects alone can bind an excess electron.

In the present work, we use a quantum Drude oscillator model
developed in our gro#p?%27to examine the role of electron

oscillators. It also includes terms to account for the short-range repulsion
between the excess electron and the monomers. More details regarding
the quantum Drude model and the numerical aspects of the calculations
can be found in refs 23, 26, 27, and 30. Extensive tests on water clusters
containing up to seven water monomers have shown that the Drude
model gives electron binding energies very close to those of high-level
coupled cluster electronic structure calculations with flexible basis
sets?31

In this section, we report electron binding energies and the
distributions of the excess electron for a set of prototypical water
clusters. The electron binding energies have been computed at
three levels of theory which we refer to as follows: (1)
electrostatic (ES), which includes interactions of the excess
electron with the permanent charges and intermolecular induced

correlation for different binding motifs of an excess electron to dipole moments on the water monomers, as well as with the
water clusters in then = 12—24 size range. We investigate short-range repulsive potentials but does not include polarization
clusters with surface-bound and interior-bound excess electronof the water molecules by the excess electron or correlation
states, and show that the relative contributions of electrostatic between the excess electron and the Drude oscillators, (2)
and correlation contributions to the electron binding energies second-order perturbation theory (PT2) which includes, in
are very different for these two classes of anions, implying addition to the interactions in the ES treatment, polarization and
that inclusion of correlation effects is essential for establishing dispersion interactions between the excess electron and the
the relative stability of surface vs. interior states. Moreover, Drude oscillators, and (3) configuration interaction (CI) which
we report a new binding motif, where the excess electron includes all the interactions present in the PT2 approximation
does not occupy a void or cavity, but rather permeates the as well as higher-order correlation effects between the excess
H-bonding network. In these “network permeating states”, the electron and the Drude oscillators.

binding of the excess electron derives almost entirely from It should be noted that the PT2 calculations carried out using
the Drude model do not directly correspond to ab initio MP2
calculations, since the zeroth-order wave functions differ in the

(21) Tauber, M. J.; Mathies, R. Al. Am. Chem. So2003 125 1394.
(22) Gutowski, M.; Skurski, P.; 1., B. A.; Simons, J.; Jordan, K.Hhys. Re.
A 1996 54, 1906.

(23) Wang, F.; Jordan, K. Dl. Chem. Phys2003 119 11645. (28) Dang, L. X.; Chang, T. MJ. Chem. Phys1996 106, 8149.

(24) Herbert, J. M.; Head-Gordon, M. Phys. Chem2005 109, 5217. (29) stillinger, F. H.The Liquid State of Matter; Fluids, Simple and Complex
(25) Herbert, J. M.; Head-Gordon, NPhys. Chem. Chem. Phy&006 8, 68. North-Holland: Amsterdam, 1992.
)
)

(26) Wang, F.; Jordan, K. Dl. Chem. Phys2001, 114, 10717. (30) Sommerfeld, T.; Jordan, K. . Phys. Chem2005 109, 11531.
(27) Wang, F.; Jordan, K. Ol. Chem. Phys2002 116, 6973. (31) Diri, K.; Jordan, K. D. unpublished work.

J. AM. CHEM. SOC. = VOL. 128, NO. 17, 2006 5829



ARTICLES Sommerfeld and Jordan

Table 1. Total Energies, Dipole Moments, Electron Binding
Energies, and Reduced Electron Densities of Selected Water
Cluster Anions?

electron binding®

energy (meV)

cluster Eq[meV]  u (DY) ES PT2 cl 1, /1%
12a —4730 0 -5 -4 475 1
12b —5029 19.6 640 1029 1212 68
13a —5419  23.0 812 1236 1374 71
16a —6651 0 -5 -4 138 14
18a —7636 3.3 -1 5.2 242 30
20a —8611 0 -5 —4 248 27
20b —8540 0.4 -5 -4 138 11
20c —7258 0 -4 0.1 182 0
20d —7869 4 0 7.9 170 20
20e —7957 256 687 1070 1252 66
20f —8019 6.3 20.4 68 251 36
24a —10530 0.2 -5 -4 289 31
24b —10890  44.8 1175 1702 1908 71
24c —9875 0 -5 -4 867 75
24d —10147 0 -5 -3 725 68

aAll results from calculations using the Drude modeThe dipole
moments are for the associated neutral clustd8sund anions are indicated
by positive binding energies. Physical significance should not be attributed

P ol ] 4445 od, 9 g to the negative bindin ikl i
i ) q ) ar Y _ > g energi€sl, is the percentage of the charge
?_ﬁ.zg U‘%*’ g7 5‘ 'ﬁ fb "“’ﬁ}o distribution of the excess electron as described by the CI calculations

" contained within the 2« 10~4 Bohr3 isosurface.

h A I | _|‘Ir I':- 4‘!6 5, 4 _
etpe sdye ‘3@'93- ¥
1 L o Optimization of the geometry of the anion of 20c results in a

I Lo il s f . —a
"Aﬁ% & 9 ¢ ‘wg rearrangement to a structure for which the associated neutral
Figure 1. Structures of 15 selected water cluster anions examined in this ¢|yster has a sizable dipole moment.
study. The H atoms of free OH groups are colored purple. Table 1 summarizes the total binding energies [relative to

water monomers and a free 0 eV electron] and electron binding

two approaches. First, the ab initio Hartrefeock wave function energies of the anions as well as the dipole moments of the
overestimates the dipole moment of the water monomer by aboutneutral frameworks for the clusters depicted in Figure 1. Table
0.2 D, whereas the Drude model, by design, employs chargesl also reports the percentage of charge distributignof the
that reproduce the experimental value of the dipole moment of excess electron contained within the<2L0~4 Bohr3 isosurface
the neutral monomer. Second, the Hartréeck reference calculated at the Cl level. The distributions of the excess electron
function used in ab initio MP2 calculations already includes obtained at the Cl level are shown in Figure 2, where, with the
polarization of the water molecules by the excess electron, exception of 12a and 20c, the isosurfaces correspond to an
whereas these appear as a second-order correction in the presegtectron density of 2 10~4 Bohr 3. Isomers 12a and 20c have
implementation of the Drude model. very diffuse electron densities, and for these two systems the

The clusters considered are depicted in Figure 1 and includeiso-surfaces are drawn at>1 10~ Bohr2 which encloses 12
then =12, 16, 20, and 24 fused-cubic isomers (12a, 12b, 16a, and 20% of the density, respectively.
20a, 24a, and 24b), a pentagonal prism isomer oO(kxh~ It is clear from the results summarized in Table 1 and from
(20b), and a (KHO)1g~ isomer consisting of a prism fused to the charge distributions depicted in Figure 2 that 12b, 13a, 20e,
two cubes (18a). Apart from 12b and 24b, these structures 20f, and 24b are dipole-bound states, with the excess electron
correspond to low-energy isomers of the neutral clusters. Isomerslocalized at the surface of the cluster and that 24c and 24d are
12a, 16a, 18a, and 20b, in fact, have structures that correspondavity bound as over two-thirds of the charge density associated
to those of the global minima of the respective neutral with the excess electron is localized in the interior of the cluster.
clusterg®32:33(other than the small relaxation brought about by However, there are also clusters (12a, 16a, 20a, 20b, and 24a)
the attached electron). In addition, we include a structure with for which the maximum of the charge distribution occurs in
a double-acceptor monomer (13a), three dodecahedral isomershe interior of the cluster, but for which most of the density of
(20c—e) and a (#45%6?) isomer (20f) of (HO) , as well as the excess electron is located outside the cluster. We refer to
two (H,0),4~ isomers with either four (24c) or two (24d) OH these as network permeating states. Moreover, some clusters
groups pointing toward the center of the cluster and which thus (20c and 20d) form surface states despite the small or vanishing
can support cavity states. Structures 20e, 20f, 24c, and 24d havelipole, and there are clusters (e.g., 18a) for which the electron
been considered previously by Ki#4and by Herbert and Head-  binding motif is intermediate between the latter two scenarios.
Gordon?*25Apart from 20c, all geometries were optimized for Structures with substantial (i.e,, > 5 D) dipole moments
the cluster anions using the Drude model and the Cl method. bind an excess electron even when only electrostatic interactions
20c is included as an example of a cluster where the electronare considered, whereas those structures with small or vanishing
binds to the surface even though the net dipole moment is zero.net dipole moments (12a, 16a, 20a, 20c, 24a, 24c, and 24d) do
not. It should be noted that in the Ber®ppenheimer approxi-

g%g [vales. %gﬁy?‘%%‘;ﬁa “éh%pnergh%}ésé pelLR08 286. mation all clusters with dipole moments greater than 1.625 D
(34) Khan, A.J. Chem. Phys2003 118 1684. should have an infinity of bound states, albeit with very small
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12b 13a

through coupling with double excitations, this effect is not
recovered in the PT2 treatment. For all dipole-bound species,
the excess electron is localized at the surface of the cluster, in
the vicinity of two or more free OH groups of surface monomers
pointed toward the excess electron. Structural arrangements that
lead to particularly strong binding are those with double-acceptor
monomers (13a) or with multiple proximal double-acceptor
single-donor water molecules orienting their free OH groups
in roughly the same direction (12b and 24b).

The clusters with zero or near zero dipole moments behave
quite differently. For none of these clusters is the electrostatic
potential strong enough to bind an excess electron. Inclusion
of the second-order dispersion interactions also does not lead
to binding, with the exception of 20c, for which the excess
electron is predicted to be bound in a surface state with 0.09
meV electron binding energy (EBE) at the PT2 level of theory.
Only at the Cl level, where higher-order correlation corrections
cause contraction of the electron density, do we find appreciable
electron binding energies for the clusters with zero or small
dipole moments. This group of clusters includes the surface
bound state of 20c (EBE 182 meV), the cavity-bound anions
24c and 24d (EBE= 725 and 862 meV, respectively), and the
network permeating species (12a, 16a, 18a, 20a, 20b, and 24a)
with electron binding energies ranging from 47 to 289 meV.
The latter clusters do not have any region on their surface or in
their interior where free OH groups create an appreciably
attractive electrostatic potential well for an excess electron. For
Figure 2. Distribution of the excess electron for the various water cluster these clusters, most of the density of the excess electron resides

anions. Shc_)wn are iso-surfaces of the_ reduced electron density from the C'outside the cluster (see, Table 1), although the maxima of the
wave function. For 12a and 20c, the iso-surface are drawn at a density of

12a

1 x 104 Bohr3, for all other clusters the iso-surface is ak2.0~4 Bohr-3. electron densities are localized inside the hydrogen bonded
network. We discuss below the factors responsible for the shape
electron binding energies whenis in the 1.625 D— 5 D of these charge distributions. Note that the absolute contribution

range?° The Gaussian basis sets used in this study are inadequat®f electron correlation to the electron binding energies is greater
for describing these weakly bound states. However, this is not for the cavity states than for the surface or network permeating
a problem as appreciable electron binding (i.e., greater than 47states.
meV) is found for all clusters considered when high-order  To further explore the interplay of correlation and electrostat-
correlation effects are included. ics, we have carried out a series of calculations in which the
Inclusion of correlation at the PT2 level yields substantially electrostatic interactions between the excess electron and the
increased electron binding energies for the large-dipole speciesgluster are gradually switched off, keeping the geometries fixed.
while most of the small (or zero)-dipole species do not bind This is accomplished by introducing a scaling factarfor the
the excess electron even at the PT2 level. The 48a 8.3 D) point charges in the DargChang water model. Fax = 0, the
and 20d 4 = 4 D) clusters are intermediate in nature, and the electronic Hamiltonian includes only the short-range repulsive
PT2 method gives for these clusters very small electron binding potential associated with the excluded volume of each water
energies of 5 and 8 meV, respectively. However, inclusion of monomer and the interactions of the excess electron with the
higher-order electron correlation effects leads to appreciable Drude oscillators, whereas far= 1, the electronic Hamiltonian
(148-237 meV) enhancements of the electron binding energies includes as well the “full” charges and induced dipoles.

of clusters with small (i.e.< 5 D) and large £ 5 D) dipole Figure 3 reports the variation of the electron binding energies

moments (Table 1). as a function of for a chain isomer of (kD)s~, which is a
The behavior described for the water clusters with large dipole prototypical dipole-bound species, the network permeating

moments is typical for dipole-bound states in gen&&oing isomer 16a, a cavity state 24c, and 20d for which the orbital of

from the ES treatment to the Cl level of theory, the electron the excess electron changes from surface to network permeating
binding energies increase significantly (with the increase ranging character ast is decreased. The chain isomer of;(Ms~ is

from 70% for 13a up to a factor of about twelve for 20f). In  employed for this purpose, since it represents a “pure” dipole-
general, the relative importance of high-order correlation effects bound state that cannot change into network permeating for
grows with decreasing dipole moment. Analysis of the Cl wave smallo.. As expected, electrostatic interactions are crucial for
functions reveals that the enhanced binding is a consequencehe dipole-bound species. As the strength of the electrostatic
of configurations with the excess electron excited but with all potential is reduced, the electron binding energy rapidly
Drude oscillators in their ground states. These configurations decreases to zero. In contrast, the electron binding energy of
cause a large contraction of the charge distribudiofiput since the network permeating state of 16a is essentially independent
they mix only indirectly into the zeroth-order wave function of the strength of the electrostatic interactions, underscoring that
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p
= 400 - (H,0)5 chain: dipole-bound
[}
£ 300 -
w200 |-
(W]
100 -
Py 1 |
02 04 O0€ D08
scaling factor o
L
125
= 100
E 75
[E]
B %0 Figure 4. Change in the nature of the electron binding of 20d when
25 [ 16a: network permeating electrostatics are turned off. (a) full electrostatics, and (b) electrostatic
1 1 1 | interactions between the excess electron and the water molecules are turned
02 04 06 08 off.
scaling factor a . L . .
of the unique charge distributions of the network permeating
800 |- y states. Namely, since electrostatics play a negligible role for
= oo | 24c: cavity these species, the binding of the excess electron arises almost
[(¥] — . . . . .
E, L entirely from correlation effects. Dispersion and higher-order
w400 [~ correlation effects are attractive both in the interior and on the
) = exterior of the cluster. It is essentially the free space available
I I 1 L inside the H-bonding network that determines the portion of
02 04 06 08 the charge density found in the interior of the cluster. This
scaling factor o portion grows with increasing cluster size as seen from the
results summarized in Table 1 and in Figure 2.
L
200 - Conclusions
3 150 '
E We have studied the binding of an excess electron to selected
% 100 - water clusters with 12 to 24 monomers. Three major binding
50 - 20d: dipole-bound to interior motifs can be distinguished: (1) surface states, (2) cavity states,
L L L L and (3) network permeating states. In the surface states the
ez 04 06 0B excess electron localizes in the vicinity of OH groups protruding
scaling factor o from the neutral cluster, and the excess electron is bound even
Figure 3. Electron binding energy (EBE) of the chain isomer o5, in the absence of polarization and correlation interactions unless

and of 16a, 20d, and 24c as a function of the strength of the electrostatic

interaction between the water monomers and the excess electron. the dipole-moment is small (see, for example, 20c). However,

correlation contributions significantly enhance the electron

the binding of the excess electron to this cluster is almost entirely Pinding energies. Examples for structures that lead to strongly
due to correlation effects. For other correlation-bound excess Pound surface states include double-acceptor waters (e.g., 13a)
electron species, see refs 35 and 36. The cavity state of 24c2Nd species with several nearby water molecules with free OH
displays intermediate behavior in that its binding energy 9roups pointed away from the surface in roughly the same
decreases as the electrostatic interactions are decreased; hovlirection. ,
ever, it does not drop to zero, but rather, remains at about 30% Cavity states can result when several water molecules point

of its original value asx — 0. This shows that the attractive 1€ OH groups toward the center of a cavity in the H-bonded
electrostatic well in the interior of the cluster contributes Network. Despite this favorable electrostatic situation, for such

substantially to the electron binding. clusters considered here, the electrostatic (plus repulsive)
The interplay between the different binding motifs is illu- potential does not bind an excess electron. Even with inclusion

strated by the dodecahedral isomer 20d. Wil 1, this cluster of second-order dispersion interactions, the excess electron
has a dipole moment of 4 D, and the excess electron binds agdemains unbound. Only when higher-order electron correlation
a dipole-bound surface state. When the electrostatic interactionsEffects are included are sizable electron binding energies
are turned off. the excess electron state is converted to a networkc@lculated. Nevertheless, electrostatic interactions do make a
permeating state with a larger electron binding energy than the Significant contribution to the electron binding energies of the
original dipole-bound state. (See Figure 4.) This network cavity states, as is demonstrated by the smaller electron binding
permeating state is not found when the electrostatic interactions€€rgies found when electrostatic interactions are turned off.
are present because the dipole moments of the monomers are !N the network permeating states, the excess electron is not
aligned so as to destabilize an electron with appreciable weight&ssociated with free OH groups, but rather is delocalized over
in the cavity. An analogous situation is found for 20c for which  the cluster, with the maxima of the electron density occurring
the surface bound state converts to a network permeating statéVithin the three-dimensional hydrogen bonding network, but
when the electrostatic interactions are turned off. (35) Skurski, P.: Rak, J.; Simons, dl. Chem. Phys2001, 115, 11193.
The above analysis provides a physical picture of the origin (36) Sommerfeld, TJ. Chem. Phys2004 121, 4097.
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with most of the electron density occurring outside the cluster. EUtral «eeeeent o
In these species, the electron binding is essentially independent anion LoE g
of electrostatic interactions, i.e., it is dominated by correlation S S
effects. Ab initio calculations will be a great challenge for these
species as use of a large diffuse basis set and inclusion of high-
order correlation effects are necessary for describing the electron
binding. Moreover, ab initio MP2 calculations may not be viable,
owing to the lack of a suitable Hartre&ock reference wave
function for the anion analogous to the succino-nitrile anion
case’®

The three electron binding motifs are not mutually exclusive.
Indeed, we have found one example (18a) that is intermediate
between surface-bound and network permeating. The binding
energies of the network permeating states tend to be appreciably
smaller than those of the dipole- or cavity-bound states, and
the electron densities are accordingly more diffuse. Despite their

Figure 5. Schematic representation of the potential energy surface of a

relatively small electron binding energies, network permeatin ; ; | |
y 9 9 p 9 water cluster and its corresponding anion. Low-energy isomers of the neutral

states may play an importa_nt role in the eleCtrO_n attachment to cluster tend to have small dipole moments, whereas the most stable forms
gas phase (}D), clusters, since the low-energy isomers of the of the anion tend to have large dipole moments (for the underlying neutral

neutral clusters lack cavities and possess small dipole mo-cluster).
ments3233They may also play a role funneling excess electrons
toward more tightly bound dipole-bound or cavity-bound excess Perature dependence of the photoelectron spectra: namely, lower
electron states. cluster temperatures lead to trapping in one of the early minima
It is interesting to speculate on the fate of a water cluster with small electron binding energies, along the reaction pathway.
following electron capture. Assuming that the starting neutral ~ The goal of the present study has been to characterize different
cluster has zero or a small dipole moment, the initially formed motifs for the binding of an excess electron to water clusters
anion is expected to be in a weakly bound surface state or arather than to identify the specific isomers observed in recent
network permeating state. The resulting anion can rearrange intoeXPeriments? Nonetheless, it is relevant to note that for the
structures with lower total energies and larger electron binding cluster sizes considered in the present study, there are isomers
energies, for example, via doneacceptor exchanges of adjacent with dipole-bound surface states that are much more stable and
water monomerd’ For the cluster sizes considered here, the have much larger electron binding energies than the isomers
most stable structures are expected to have the excess electrofyith the excess electron bound in the interior of the cluster.
in dipole-bound surface states, since the anions with the excessl his leads us to conclude that experimentally observed clusters
electron bound in the interior are energetically very unfavorable With large electron binding energies are not necessarily due to
compared to the most stable neutral clusters. A schematic of acavity bound states as was noted also by Turi &t e note
typical rearrangement pathway is shown in Figure 5. As one also that there are several types of anions with VBESOO
moves from left to right in the figure, one encounters neutral meV that are candidates for the experimentally observed isomer
clusters with increasingly large dipole moments, and, thus, more 1.5 These include surface states of isomers with no or small
strongly bound anions. For the formation of long-lived or stable dipole moments as well as network permeating states.

anions, the early barriers will be decisive, since in this region  acknowledgment. This research was carried out with the
of nuclear configuration space, the potential energy surfaces of s 5nort of the National Science Foundation (CHE518253) and
the neutral and anionic clusters are close, and rearrangementpq Department of Energy (DE-FG02-00ER15066). We ac-

into more strongly bound anions may be suppressed by electronyoyjedge valuable discussions with Drs. Johnson, Herbert,
autodetachment. This picture of the electron capture processyesd-Gordon. and Simons.

suggests a straightforward explanation for the observed tem-
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rearrangement to structures with larger dipoles —
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