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ABSTRACT: Ab initio calculations are used to demonstrate the
existence of a nonvalence temporary anion shape resonance for a model
(H2O)4 cluster system with no net dipole moment. The cluster is
composed of two water dimers, the distance between which is varied.
Each dimer possesses a weakly bound nonvalence anion state. For large
separations of the dimer subunits, there are two bound nonvalence anion
states (of Ag and B2u symmetry) corresponding to the symmetric and
asymmetric combinations of the nonvalence anion states of the two dimer
subunits. As the separation between the dimer subunits is decreased, the
B2u anion increases in energy and becomes a temporary anion shape
resonance. The real part of the resonance energy is determined as a
function of the distance between the dimers and is found to increase monotonically from just above threshold to 28 meV for the
range of geometries considered. Over this same range of geometries, the resonance half-width varies from 0 to 21 meV. The B2u
anion, both when bound and when temporary, has a very diffuse charge distribution. The effective radial potential for the
interaction of the excess electron with the cluster has a barrier at large distance arising from the electron−quadrupole
interaction in combination with the repulsive angular momentum (l = 1) contribution. This barrier impacts both the resonance
energy and its lifetime.

1. INTRODUCTION

Anion states formed by electron capture into normally unfilled
valence orbitals are of importance in a wide range of chemical
and biological processes. Less well-known in the chemistry
community at large are anions that result from electron capture
into diffuse nonvalence orbitals, with a combination of long-
range electrostatic and correlation effects being responsible for
the electron binding. The most widely studied class of
nonvalence anions are dipole-bound anions in which the
electrostatic attraction to the molecular dipole potential alone
can bind the excess electron, although correlation effects can
cause a significant increase in the electron binding energy
(EBE).1−3 (Here we adopt the sign convention of a positive
EBE when the anion is bound, i.e., energetically below the
electronic ground state of the neutral.) Recently, several
examples of another class of nonvalence anions, which we refer
to as nonvalence correlation-bound (NVCB) anions, have also
been demonstrated.4−11 For these, long-range correlation
effects are essential for the binding of the excess electron.
Although the excess electron in dipole-bound and NVCB
anions occupies a very diffuse orbital, such anion states can be
important in chemical processes, e.g., acting as doorway states
for formation of valence anions.9,10,12 Specifically, geometrical

distortion can lead to mixing (via the electronic Hamiltonian)
of nonvalence and valence anion states, which may be of
different symmetry in the undistorted molecule.13 Additionally,
molecular anions in which the electrostatic attraction of the
excess electron to the quadrupole moment plays a role in the
binding of the excess electron have been investigated,14−17 as
have model systems in which the electron−quadrupole
interaction makes a significant contribution to the EBE.5,18,19

We note that there are several studies that interpret
experiments in terms of “quadrupole-bound” anions.16,20−22

However, for many of these systems (e.g., trans-succinoni-
trile23), the anion is not bound in the Koopmans’ theorem
(KT) approximation,24 which means that the quadrupole
moment alone is not large enough to bind the excess electron.
Rather, it is the combination of electron correlation effects and
the electrostatic potential associated with the quadrupole
moment that gives rise to the electron binding. We believe that
such anions are better classified as NVCB. In the case of CS2,
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which has been proposed to have a quadrupole-bound anion,20

it appears that the state involved is actually valence-like.25

In addition to bound anions, atoms and molecules can
possess anion states that lie energetically above the ground
state of the neutral species. These anions are termed temporary
as they are subject to decay by electron autodetachment, and
they appear as resonances in electron scattering cross
sections.26,27 Temporary anions (TAs) are involved in a
range of processes including chemical bond breaking and
vibrational and electronic excitation. Generally, low-energy
TAs are associated with electron capture into unfilled valence
orbitals, with the trapping mechanism being due to an angular
momentum barrier in the effective radial potential.26,27 Such
TAs are also referred to as shape resonances because the
trapping is due to the shape of the electron−atom or electron−
molecule potential. Another type of TA involves trapping of an
excess electron in the potential of an electronically excited
state,26 but these will not be considered further here.
In the present study, we examine the possibility of the

existence of nonvalence correlation-assisted TA shape
resonances for a cluster with no dipole moment but with a
sizable quadrupole moment. We use the label “correlation-
assisted” to indicate that electron correlation effects play a
major role in establishing the energy and lifetime of the anion.
In our search for a nonvalence TA, we consider a model
(H2O)4 system that, for a range of geometries, possesses a
NVCB anion with a p-like, i.e., l = 1, leading partial wave but
that can be distorted to geometries for which this anion is
“pushed” into the continuum of the neutral species plus a free
electron. We note that nonvalence TA resonances have been
reported for molecules with sizable dipole moments.28−30

2. (H2O)4 MODEL SYSTEM AND COMPUTATIONAL
DETAILS

The (H2O)4 cluster model, which was employed in our earlier
study of NVCB anions,5 is shown in Figure 1. By design, the

monomers in this model are arranged so that there is no net
dipole and the leading permanent moment is a quadrupole.
The absence of a dipole is essential for the existence of a low-
energy resonance with a leading l = 1 partial wave. Although
this arrangement of monomers would not be observed
experimentally, our earlier work demonstrated that this is a
useful model for exploring the interplay of electrostatics and
electron correlation in nonvalence anion states. In the present
study, we fix the distance R and vary the distance R′ defined in
Figure 1. Thus, we are varying the separation between two
water dimers (albeit with geometrical structures far from
equilibrium). The individual dimers have a dipole moment of
2.1 D (MP231 level with the aug-cc-pVTZ32,33 Gaussian-type

orbital basis set). As a result, in isolation and assuming the
validity of the Born−Oppenheimer approximation, each dimer
subunit has a dipole-bound anion. In the KT approximation,
the EBE is approximated by the negative of the energy of the
appropriate virtual orbital from a Hartree−Fock (HF)
calculation on the neutral species (although care has to be
exercised when applying the KT approximation to unbound
virtual orbitals). In the KT approximation, the dimer is
calculated to have a miniscule EBE of 0.9 meV. There is only a
small increase of the EBE to 1.0 meV when allowing for
relaxation effects by calculating the difference in the HF
energies of the anion and neutral (the so-called ΔSCF
approximation). Thus, at large R′ values, the (H2O)4 cluster
model has two, nearly degenerate, bound anion states, one of
Ag and the other of B2u symmetry, resulting from the
symmetric and asymmetric linear combinations of the bound
states of the two dimer subunits in the tetramer. At the KT
level, these become unbound for R′ values less than about 40 Å
(Ag) and 70 Å (B2u). Similar crossing points are found in the
ΔSCF approximation. However, we know from our earlier
study of this model system that inclusion of electron
correlation effects leads to a large increase in the EBE of the
Ag anion state, in fact, resulting in a stable anion even at
geometries at which the HF method fails to bind the excess
electron. We anticipate, therefore, that inclusion of correlation
effects will prove important in determining whether the B2u
anion is bound or metastable at different R′ values.
In order to include electron correlation effects in the

calculation of the energies of the Ag and B2u nonvalence anion
states of the (H2O)4 model as a function of R′, we use the
electron attachment equation-of-motion coupled-cluster sin-
gles and doubles (EOM-CCSD) method34 as implemented in
the CFOUR program35 together with flexible Gaussian-type
orbital (GTO) basis sets and the frozen core approximation.
The EOM-CCSD method has been found to provide accurate
characterization of both valence and nonvalence bound anion
states as well as of valence-type TA states provided that
sufficiently flexible basis sets are employed.5,36,37 In the present
study, we use the aug-cc-pVTZ basis set for the atoms
augmented with nonatom-centered sets of diffuse s (or s and
p) Gaussian-type functions located on the positive dipole side
of each dimer, as shown in Figure 1. Well-converged EBEs for
the bound anions were obtained from calculations employing
supplemental sets consisting of seven s or seven s plus seven p
functions, with the largest exponent being 0.025 and with
successive exponents reduced by a factor of 10 . The location
of the supplemental basis functions relative to the O atoms was
determined by maximizing the EOM-CCSD value of the EBE
of the Ag anion at R′ = 13.5 Å. This optimization located the
centers for the supplemental basis sets 2.27 Å farther from the
origin along the R′ coordinate than the oxygen atoms. In
calculations at other R′ values, the locations of the centers of
the supplemental diffuse functions, relative to the dimers, were
held fixed at this value. EOM-CCSD calculations also showed
that omission of the p functions from the supplemental sets
made little impact on the EBEs, and as a result, supplemental
sets with only s functions were used for the majority of the
calculations. For the TA, it was necessary to add two additional
s functions with exponents of 0.250 and 0.079 to the
supplemental sets, as will be described below. For consistency,
these extra functions are retained in the calculations of the
bound anion states when using supplemental sets with only s
functions, although they do not make an important

Figure 1. (H2O)4 cluster model. R is fixed to 4.0 Å, while R′ is varied.
The black dots indicate the locations of the supplemental sets of
diffuse basis functions, which are located at ±(R′/2 + 2.27) in Å.
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contribution to the EBEs. We note that in designing the basis
sets for characterizing the anion states of the (H2O)4 model we
first considered using only a single set of supplemental diffuse
functions located at the center of mass but found that to
achieve well-converged results with such basis sets it was
necessary to employ a basis as large as aug-cc-pV5Z32,33 on the
atoms and to include functions through f in the supplemental
set. By using the two-center expansion for the supplemental
functions described above, we were able to achieve well-
converged EBEs with far fewer basis functions.

3. RESULTS

For the (H2O)2 dimer with the geometry of our model, the
EOM-CCSD calculations carried out using the aug-cc-pVTZ
basis set plus a single 7s7p set of supplemental functions gave a
binding energy of 38 meV for the Ag anion, in contrast to the
0.9 meV value obtained at the KT level of theory. The KT
calculations failed to bind the excess electron with the
supplemental set containing only s functions, but the EBE
obtained using the EOM method was changed little upon
omission of the diffuse p functions. Although the large
percentage increase in the EBE of the dimer in going from
the KT or ΔSCF levels of theory to the EOM-CCSD method
would seem to indicate that electron correlation effects are far
more important than electrostatic interactions for the binding
of the excess electron, it is instructive to consider the results of
one-electron model Hamiltonian38 calculations on the dimer as
this approach allows us to evaluate the various contributions to
the EBE. These calculations give attractive electrostatic and
polarization contributions to the EBE of 267 and 134 meV,
respectively, while the repulsive kinetic energy and pseudopo-
tential contributions are −305 and −66 meV, respectively. In
interpreting these results, it is important to recognize that the
polarization potential in the one-electron model Hamiltonian
recovers correlation effects between the excess electron and the
electrons of the cluster that are present in a many-electron
treatment. Thus, analysis of the various contributions to the
EBE in the model Hamiltonian calculation is based on an
orbital whose binding energy and charge distribution were
determined in the presence of correlation effects. This analysis
reveals that when correlation effects are included the
electrostatic contribution to the EBE is found to be substantial.
Figure 2 reports for R′ values ranging from 9.5 to 70.0 Å the

EOM-CCSD EBEs of the Ag and B2u anion states of the
(H2O)4 model. As expected, for large values of R′, the two
anion states are essentially degenerate, with EBEs being close
to that of an individual dimer. The EBE of the Ag anion state
decreases slightly as R′ is reduced from 40.0 to about 18.5 Å
due to a weakening of the electrostatic potential as R′ is
reduced and then increases as R′ is further decreased to 9.5 Å
due to a growing correlation contribution. In contrast, the EBE
of the B2u anion is found to decrease monotonically as R′
decreases, with the anion ceasing to be bound for R′ ≲ 9.5 Å.
However, we expect that the B2u anion will continue to exist as
a TA for R′ values less than ∼9.5 Å. On the basis of the
analytic structure of the S matrix,39 one also expects a virtual
state at negative energy when the anion is weakly bound.
(However, the virtual state cannot be identified from the
stabilization/analytic continuation method that we employ.)
At the R′ value at which the anion just ceases to bind, the poles
in the S matrix associated with the bound and virtual states
coincide at zero energy. As R′ is further decreased, the poles

move into the complex energy plane corresponding to the
resonance on the physical and unphysical energy sheets.
In order to characterize the charge distributions of the two

anion states at a geometry (R′ = 13.5 Å) at which both anions
are bound, we have calculated the natural orbitals (NOs)
associated with “singly occupied” orbitals of the Ag and B2u
anion states as described by the EOM-CCSD method. These
NOs are shown in Figure 3, from which it is seen that both
anion states are highly extended spatially and are decidedly
nonvalence-like.

Figure 2. Electron binding energies of the Ag (blue dots) and B2u (red
squares) anion states of the (H2O)4 cluster model as a function of the
distance R′ separating the two dimers. The EBEs are obtained from
EOM-CCSD calculations using the aug-cc-pVTZ basis set augmented
with two sets of 9s GTO basis functions located at ± (R′ /2 + 2.27) in
Å. The horizontal dashed line indicates the EBE of the dimer subunit.

Figure 3. NOs associated with the excess electron of the Ag (upper)
and B2u (lower) anions states of the (H2O)4 cluster model at R′ =
13.5 Å and characterized by EOM-CCSD calculations using the aug-
cc-pVTZ basis set augmented with two sets of 9s functions as
described in the text. The contours shown enclose 90% charge of the
charge density.
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In searching for a B2u TA state for the (H2O)4 model with R′
≤ 9.0 Å, we make use of the stabilization method.40−43 The
basic idea of the stabilization method is that a shape resonance
can be viewed as a discrete state coupled to the continuum
associated with the neutral molecule plus a free electron. In a
diabatic picture, in which the coupling between the discrete
state and continuum is suppressed, large basis set calculations
on the excess electron system give eigenvalues corresponding
to the discrete state as well as a series of discretized continuum
(DC) levels. If one then scales a parameter that controls the
radial extent of the basis set, the energy of the discrete state
stays nearly constant, while the energies of the DC levels drop
rapidly in energy with increasing extent of the basis set. In an
adiabatic picture, the discrete state and the DC states mix,
leading to a series of avoided crossings as the scaling parameter
is varied.
In the Siegert picture, a resonance is characterized by the

complex energy, Er − iΓ/2, where Er is the real part of the
resonance energy and Γ, the width, is the reciprocal of the
lifetime in atomic units.44 By use of analytic continuation
methods, one can use data from the avoided crossing regions
of the stabilization graph (i.e., the plot of the energies vs the
scale parameter) to obtain the real energies and the widths of
the resonances.41−43 In our application of the stabilization
method to the (H2O)4 model, we use the EOM-CCSD
method together with the aug-cc-pVTZ atomic basis set
augmented with two sets of diffuse s functions located as
described in section 2. A scale parameter, β, is included in the
exponents of the supplemental diffuse basis functions, and to
generate the stabilization graphs, β values ranging from 0.2 to
1.7 are used. The two tightest functions in the supplemental 7s
set with exponents of 0.025 and 0.0079 make a sizable
contribution to the anion wave functions. As a result, the use of
scale factors as small as 0.2 necessitated the addition of s
GTOs with exponents of 0.0790 and 0.250 to the 7s set
described above.
The stabilization graphs for B2u symmetry excess electron

states of the (H2O)4 model at R′ = 7.96, 6.46, and 4.46 Å are
depicted in Figure 4. The figure also includes the energies of
the DC levels calculated using Gaussian 1645 by setting the
nuclear charges equal to zero and solving for the eigenvalues of
the single-electron system using the same basis set as used for
the EOM-CCSD calculations. Over the energy range
considered in stabilization graph for R′ = 7.96 Å, the EOM
calculations give four eigenvalues while there are only three
DC levels. The appearance of an additional eigenvalue in the
EOM calculations compared to the number of DC levels
indicates the presence of a metastable anion state. It is also
seen from this figure that the energy of the lowest eigenvalue
from the EOM calculations corresponds closely to that of the
lowest DC level. For small values of β, the second DC level
also corresponds closely with the second eigenvalue from the
EOM calculations. However, for β values larger than about 0.6,
the energy of the second eigenvalue from the EOM
calculations starts to level off to a value of ∼6 meV, while
the energy of the DC level continues to increase linearly. This
indicates that for this R′ value the resonance occurs near 6
meV. A similar analysis of the stabilization graph for R′ = 6.46
Å shows that the resonance in that case occurs between 10 and
15 meV. The stabilization graph for R′ = 4.46 Å shows a much
broader crossing, with the lowest two eigenvalues from the
EOM calculation closely paralleling the DC solutions and the
third eigenvalue from the EOM calculation falling slightly

below the DC solution for larger-scale factors. The fourth
eigenvalue from the EOM calculations corresponds to the DC
solution only for the smallest scale factors, with a decrease in
the slope beginning at around β = 0.5. However, the energy
does not plateau, as was the case for R′= 6.46 and 7.96 Å.
Thus, for small values of R′, it becomes increasingly difficult to
ascertain the real part of the resonance energy by simple
inspection of the stabilization graph.
In order to extract accurate values for the resonance position

(i.e., Er) and width, we used an analytic continuation method,
originally introduced by one of the authors,46 which, in the
limit of a well-isolated avoided crossing between two
eigenvalues, fits the energy to

+ + =PE QE R 02 (1)

where P, Q, and R are polynomials in the scale parameter β, i.e.

β β

β β

β β

= + + +

= + + +

= + + +

P p p

Q q q q

R r r r

1 ...

...

...

1 2
2

0 1 2
2

0 1 2
2

(2)

For systems with narrow resonances, i.e., with Γ/2 ≪ Er,
stabilization graphs generally display well-defined avoided
crossings between the diabatic discrete state and the DC
solutions as the scale parameter is varied. However, when Γ/2
is not much less than Er, the avoided crossings become less
pronounced. This is the case for the stabilization graphs for the
B2u anion of the (H2O)4 cluster model, particularly at small R′
values, necessitating a generalization of eq 1 to include terms of
higher order in E. In this work, terms through E5 were used in
the analytic continuation for R′ values less than 7 Å, while
terms through E3 or E4 were used for larger R′ values. The
complex energy associated with the resonance is located by
solving for the stationary point at which dE/dβ = 0. The

Figure 4. Stabilization graph for (H2O)4 with R′ = 4.46 (top), 6.46
(middle), and 7.96 Å (bottom). The energies of the excess electron
states from EOM-CCSD calculations are shown as blue dots, and the
energies of the DC levels are shown as black squares.
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resulting complex value of β is substituted into eq 1 or its
extension including higher powers of E to determine the real
and imaginary parts of the resonance energy. The imaginary
part corresponds to −Γ/2. In our application of this approach
to extract resonance parameters of the B2u anion, we employed
fits where the polynomials were of order n minus the power of
E in the prefactor. To obtain well-converged results, we found
it necessary to use n = 4 or 5 and to use data from all of the
interacting roots over the β range considered. Typically, more
data points were used than parameters in combination with
least-squares fitting. In addition, for each value of R′, several
independent analytic continuation calculations using different
sets of data points were performed, each giving slightly
different complex resonance energies, allowing us to assign
error bars to the resulting values of Er and Γ. In general, the
uncertainties in the resonance parameters increase with
growing width. For R′ = 7.96 Å, the stabilization calculations
using energies from the EOM-CCSD calculations give
resonance parameters of Er = 5.36 (±0.06) meV and Γ = 2.2
meV (±0.1), while at R′ = 6.46 Å, the resonance parameters
are Er = 11.0 (±0.3) meV and Γ = 8.0 (±0.7) meV (the
standard deviations from the analytic continuation procedure
are given in parentheses as a measure of the uncertainty arising
from that procedure but do not reflect errors arising from use
of a finite basis set or incomplete recovery of electron
correlation).
Valence-type TAs can usually be located by application of

the stabilization method at the KT level, i.e., using virtual
orbitals from Hartree−Fock calculations on the neutral
molecule. This approach, sometimes referred to as the
stabilized Koopmans’ theory (SKT) approximation,47 gives
resonance positions and widths appreciably larger than the
corresponding quantities obtained from methods such as
EOM-CCSD that treat electron correlation effects in a
balanced manner. Due to the importance of electron
correlation effects for the EBE of the B2u anion at R′ values
for which it is bound, we expected that it would not be possible
to locate the corresponding TA in SKT calculations. In fact, at
least for R′ values for which the EOM-CCSD calculations give
a value of Γ considerably smaller than Er, we find that SKT
calculations indicate the presence of a very broad resonance
much higher in energy than that found in the EOM-CCSD
calculations. For R′ = 7.96 Å, the SKT calculations give Er ≈
230 meV and Γ ≈ 220 meV, as compared to the corresponding
EOM-CCSD values of 5.4 and 2.2 meV. The identification of
the resonance at the SKT level has implications for the
trapping mechanism, which will be discussed below.
Figure 5 presents the real and imaginary parts of the

resonance energy for values of R′ ranging from 3.46 to 8.96 Å.
In addition, the energy of the B2u state is shown for larger R′
values for which the state is bound and has a real-valued
energy. The resonance is seen as a continuation of the bound
state to positive attachment energies. For most R′ values
considered, the analytic continuation calculations using
different sets of data points gave very similar values of the
resonance parameters. However, for some of the R′ values at
which Γ is comparable to Er, the analytic continuation
calculations using different data points gave significantly
different values for the stationary point and, hence, for the
resonance parameters. While the averaged values of Er and Γ
from these calculations are in line with those from neighboring
R′ values, the large spread in the resonance parameters from
the different fits of the data leads to large standard deviations.

For the smallest values of R′ considered, the imaginary part is
more than half of the real part of the resonance energy, which
means that the resonance would extend to threshold.
In order to understand the formation of the B2u state in

terms of the various contributions to the electron−molecule
interaction potential, it is useful to convert the three-
dimensional potential for the interaction of a negative point
charge with the cluster to an effective radial potential,
depending only on the distance, r, between the electron and
the center of mass of the cluster. Neglecting the electrostatic
contribution and assuming a spherically symmetric polarization
potential, the effective long-range electron−molecule inter-
action potential is of the form

α= − + +
V r

r
l l

r
( )

2
( 1)
2eff 4 2 (3)

where α is the polarizability and l is the angular momentum
quantum number. The r value of the maximum, rmax, of the
confining potential occurs at

α=
+

r
l l

2
( 1)max

(4)

The existence of a nonvalence resonance in a particular angular
momentum channel requires that the confining barrier be
peaked at a radial distance that is large compared to the
molecule or cluster of interest. In the case of the (H2O)4
cluster model with R′ = 7.96 Å and l = 1, rmax occurs near 3.5
Å, which is far too small to be consistent with a nonvalence
shape resonance.
We now consider the impact of including the nonspherical

electrostatic contribution to the interaction potential using the
protocol of Bordman et al.48 in which the interaction potential
is decomposed into contributions from different spherical
harmonics. Assuming that the resonance is purely p-wave in
nature, only V0 and V2 components can contribute to the
effective radial potential. The interaction potential was derived
by calculating at the MP2 level the interaction energies of a
negative point charge at various in-plane locations relative to
the cluster using the same basis set as that used for the
stabilization calculations. The electrostatic contribution to the
effective potential was calculated separately, and the polar-
ization potential was obtained by subtracting the electrostatic
potential from the net potential at each location considered for

Figure 5. Resonance energy, Er, (blue dots) and half-width, Γ/2, (red
triangles) from stabilization calculations using EOM-CCSD energies
of the B2u anion of the (H2O)4 model as a function of R′. The figure
also includes the negative of the EBE for R′ values for which the anion
is bound.
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the point charge. Figure 6 plots the resulting approximate
effective radial potential (retaining only the V0 and V2 terms in

the expansion) for p-wave electron scattering from the (H2O)4
cluster model with R′ = 7.96 Å. From this figure, it is seen that
with the inclusion of the electrostatic contribution Veff crosses
zero near R′ = 15 Å and the maximum in the barrier (≈4.8
meV) in the effective potential occurs near 24 Å. We note also
that if the effect of the V4 term in the expansion on V0 and V2
terms is included, the barrier in the effective radial potential is
further increased to 7 meV. These results are consistent with
the prediction of the EOM-CCSD calculations of a B2u
resonance near 5 meV having a highly diffuse charge
distribution. We have solved the Schrödinger equation
associated with Veff shown in Figure 6 and find that it predicts
the anion to be weakly bound rather than metastable, but this
is not surprising as Veff, generated as described above, ignores
exchange between the excess electron and the electrons of the
water molecules as well as orthogonalization effects (but
neither of these effects is important for the long-range behavior
of the potential). From Figure 6, it is also seen that both
electrostatics and polarization effects are important for
generating the attractive well, but that polarization is
inconsequential in the region of the barrier. The position of
the TA as located in the SKT calculations is about 225 meV
above the barrier in Veff. A resonance with the Er and Γ/2
values predicted by the SKT calculations would be difficult to
detect experimentally as the phase shift change would be
gradual and would be far less than π as one sweeps through the
resonance. Electron correlation effects lower the resonance
position by about 225 meV, which places it just below the
barrier in the effective potential as estimated above, leading to
a significant decrease in the width.
Having examined the effective radial potential for the

electron−cluster interaction, it is instructive to consider the
charge distribution of the TA. Figure 7 displays the singly
occupied NO from EOM-CCSD calculations on the B2u anion
state of the (H2O)4 cluster model at three different R′ values.
For R′ = 9.46 Å, at which the anion is bound, and for R′ = 8.96
Å, at which it is metastable, the NO displayed is for the first
root of the EOM calculations, while at R′ = 7.96 Å, at which it
is also metastable, the NO plotted is that associated with the
second root of the EOM calculations. For the two R′ values at

which the anion is metastable, the results shown were obtained
at β = 1.7, at which the appropriate root is in the “plateau”
region of the stabilization graph (see Figure 4 for R′ = 7.96 Å).
In a diabatic picture, one can construct a discrete state that is
uncoupled from the continuum. The finite lifetime then results
from the coupling of this discrete state to the continuum. To a
good approximation, the plateau regions of a stabilization
graph correspond to the discrete state. Hence, what is actually
depicted for R′ = 7.96 and 8.96 Å in Figure 7 is the NO
associated with the approximate discrete state (in a diabatic
picture) rather than the NO actually associated with the TA.
The latter is necessarily complex. Recently, methods for
obtaining and plotting complex orbitals for resonance states
have been developed, though these require the use of a
complex Hamiltonian.49−51 As seen from Figure 7, the anion
charge distribution is highly extended both when it is weakly
bound and when it is temporary. For R′ = 7.96 Å, the NO
associated with the discrete state has a nodal surface about 70
Å from the center of the cluster, which enforces orthogonality
to the lower-lying DC level. A plot along the R′ axis of the
charge density associated with the singly occupied NO of the
discrete state for R′ = 7.96 Å is peaked near r = 8 Å, consistent
with the effective potential shown in Figure 6.
Although the (H2O)4 model considered here has a geometry

that is unrealizable experimentally, molecules such as (NaCl)2,
C6F6, tetracyanoethylene, and C60 have been predicted to have
NVCB anions belonging to the totally symmetric representa-
tion at their equilibrium geometries.5,6,9,17 Thus, these species
are candidates for systems with nonvalence shape resonances.
Exploratory calculations on (NaCl)2 indeed indicate that this

Figure 6. Effective radial potential, Veff (solid red line), vs r, the
distance from the center of the cluster, for p-wave scattering from the
(H2O)4 cluster model with R′ = 7.96 Å. The electrostatic contribution
(ES) is shown as the dashed black line, the polarization contribution
(Pol) is shown as the blue dot−dashed line, and the angular
momentum contribution (AM) is shown as the green dotted line.

Figure 7. NOs associated with the excess electron of the B2u anion
states of the (H2O)4 cluster model at R′ = 9.46, 8.96, and 7.96 Å. The
anion is weakly bound at R′ = 9.46 Å and is metastable at the two
shorter R′ values. The NOs are from EOM-CCSD calculations using
the aug-cc-pVTZ basis set augmented with two sets of 9s functions, as
described in the text. The contours shown enclose 90% of the charge
density of the NOs. The black dots indicate the positions of the water
molecules.
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system has a nonvalence TA state of B2u symmetry. For highly
polarizable molecules such as C60, there is also the possibility
of d-like nonvalence TA states. Nonvalence shape resonances
could be detected in an electron scattering experiment.
However, this would be challenging given how close such
resonances are expected to be to threshold, both because of the
finite resolution of electron scattering experiments and because
of the impact of the virtual state. A more viable route to their
detection would be as resonances in the cross section for
photodetachment from the bound ground state anion. At the
shortest R′ value considered for the (H2O)4 model, the Ag
anion is bound by about 130 meV, and at this R′ value, the
resonance in the photodetachment cross section would appear
near 160 meV or about 1300 cm−1, which would be accessible
with a tunable IR laser. For molecules or clusters with a bound
valence-type ground state anion, the photodetachment
resonances due to nonvalence TAs are likely to fall in the
visible or UV. We note also that there is the possibility that a
nonvalence TA could be converted into a long-lived nuclear
Feshbach resonance13 in which the excess energy is distributed
into vibrational degrees of freedom.
Fossez et al. have considered bound and resonance states of

an electron interacting with a linear three-point-charge
quadrupole.52 However, the resonances demonstrated for this
point-charge model appear to be fundamentally different from
those of the (H2O)4 cluster model considered here. In
particular, the resonances demonstrated in ref 52 have lifetimes
orders of magnitude longer than that of the p-wave resonance
of the (H2O)4 cluster model. In addition, electron correlation
effects play an important role in establishing the energy and
lifetime of the p-wave resonance considered here but are not
included in the model Hamiltonian used in ref 52.

4. CONCLUSIONS
In recent years, several studies have appeared demonstrating
the existence of nonvalence correlation bound anions of
molecules and clusters with no net dipole moment.5,6,9,17

Nonvalence anion states, whether bound or temporary in
nature, have very diffuse charge distributions. For the (H2O)4
cluster model considered here, both the electrostatic potential
(dominated by the quadrupole term) and electron correlation
effects are important in establishing the energy position and
width of the TA.
We anticipate that nonvalence TAs will exist slightly above

threshold for many molecules and clusters that possess NVCB
anions. The lowest-energy NVCB anion of a molecule or
cluster necessarily belongs to the totally symmetric representa-
tion, but the excited nonvalence anion states will necessarily
have sizable p or d character, being manifested as TA shape
resonances if the electron−molecule potential is not attractive
enough to cause these to be bound. Nonvalence TA shape
resonances should be detectable as resonances in the
photodetachment cross sections from a stable ground state
anion, either valence or nonvalence in nature.
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