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ABSTRACT: Two-particle one-hole (2p-1h) resonances are elusive to accurate characterization,
their decay to the neutral state being a two-electron process. Although in limited cases, single
reference methods can be used, a proper description of a 2p-1h resonant state entails a
multiconfigurational treatment of the reference wavefunction. In this work, we test the
performance of the orbital stabilization method to characterize the 2p-1h resonances found in
water and benzene. We employ a set of two multireference approaches, namely, the restricted
active space self-consistent field and the multireference configuration interaction, as well as the
single reference method equation of motion for electron attachment coupled-cluster with singles
and doubles, in the case of benzene. We further explore the resonant channel mixing in benzene between the B2g shape resonance
and 2p-1h resonance, a phenomenon which has been explored quite often in experimental studies.

■ INTRODUCTION
Temporary anion resonances have captivated the curiosity of
both experimentalists and theorists alike, because of their
prevalence in a myriad of chemical and biological processes,
and the underlying challenges accompanying the accurate
characterization of these transient species. These metastable
anions, otherwise known as electronic resonances, are formed
as intermediates in low-energy (E ≤ 20 eV) electron-induced
processes occurring in a variety of environments. A detailed
understanding of low-energy electron-induced reactions has
several implications in astrochemistry, condensed-phase
processes, and radiation damage to living cells and others.1−7

Resonances are broadly categorized into shape or core-excited
resonances depending on the electronic configuration of the
neutral target preceding the electron attachment. In the
molecular orbital picture, a shape resonance (or a single
particle resonance) is formed when the incoming electron is
captured into one of the unoccupied valence orbitals of the
neutral molecule. The name “shape” refers to the centrifugal
barrier formed in the electron−molecule interaction potential
which traps the incoming particle momentarily. Shape
resonances are generally short-lived with lifetimes ranging
from femtoseconds to few hundreds of picoseconds.8

Alternatively, the incoming electron can induce an excitation
in the neutral target and thereby attach itself to an excited state
of the parent system. The anionic states thus formed are
commonly known as core-excited or two-particle-one-hole
(2p-1h) resonances, which are found at higher energies relative
to shape resonances. It should be noted that core-excited
resonances are not related to core electrons, but here we adopt
the terminology used by the scattering theory community. The
decay of core-excited resonances is a two-electron process, and
thus they are associated with longer lifetimes. Depending on
the relative energy of the core-excited resonance with respect

to the parent excited state, they can be further classified into
either “core-excited shape” (when the resonance is unstable
with respect to the neutral excited state) or “Feshbach” (when
it is stable with respect to the neutral excited state) type.
Figure 1 demonstrates these two different types of resonances,

as seen in benzene. The shape resonance is formed by
attachment to a π* orbital, while the core-excited resonance
involves an excitation π → π* and attachment to the π*
orbital.
Transient anions do not satisfy the boundary conditions

required for conventional bound-state methods and are
consequently difficult to characterize using standard quantum
chemistry packages.9 In the time-dependent picture, a transient
state is represented by a manifold of states in the continuum
eigenspectrum of a Hermitian Hamiltonian, which makes it
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Figure 1. Shape and 2p-1h resonances in benzene.
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non-L2 integrable.10 Hermitian methods can be made to
converge to a metastable state with a small basis set, but it
might not be the correct one as there are multitudes of states in
the vicinity of the actual resonance.9 On the other hand, using
highly diffuse basis functions to describe the metastable state
leads to variational collapse of the wavefunction to a neutral
parent and a free electron. Resonant states have significant
probability inside the interaction region which decays as a
function of time, and this can be represented in terms of
complex energies (also known as Siegert energies)11,12

= − Γ
E E i

2res R (1)

where “ER” is the position of the resonance and “Γ” is the
width of the resonance (the inverse of which provides the
lifetime). To retrieve the complex energies associated with
metastable states, we need to modify the existing methods to
yield complex eigenvalues. This can be done by analytically
continuing either the eigenvalues (in case of stabilization
methods) or the matrix elements of the Hamiltonian (in case
of non-Hermitian quantum mechanics) into the complex
plane.13,14 The former set of methods does not require any
modifications to the existing bound-state techniques, whereas
the latter family of methods requires significant modifications
to conventional methodologies. Stabilization and non-
Hermitian methods have been employed frequently over
time to investigate shape and core-excited resonances in a
variety of molecular systems.12,14−22 Recently, our study
comparing stabilization and complex absorbing potential
(CAP)-based methods for shape resonances in small- to
medium-sized systems has shown that the performance of both
methods is similar in accuracy.23 Despite the heavy computa-
tional cost, CAP-based methods, such as the CAP-equation of
motion coupled-cluster (EOM-CC) approach, which is a type
of non-Hermitian method, offer a more general and rigorous
approach for electronic resonances. These methods have also
been recently extended to include computation of analytic
gradients, molecular properties, and exceptional points.24−28

Stabilization methods, however, have the obvious advantage of
being computationally inexpensive as they utilize state-of-the-
art electronic structure codes developed for bound states. It is
worth mentioning that stabilization methods also find use in
the calculation of potential energy surfaces of anionic
resonances and complex transition dipoles between the
resonance states.29−31

In this study, we are focusing on the description of core-
excited, or 2p-1h, resonances. We are using the stabilization
method to study a Feshbach core-excited resonance in water
and a shape and core-excited resonance in benzene, using them
as benchmark systems since they have been studied extensively
in the past. Benzene provides the opportunity to investigate the
mixing of resonant channels as well, which is present in many
organic conjugated molecules, and requires multireference
methods in order to describe this coupling.

■ METHODS
Orbital Stabilization Method. The stabilization method,

first developed by Hazi and Taylor, extrapolates the use of
Hermitian methods beyond bound states.32 Stabilization is
incredibly powerful in the sense that it circumvents the need to
modify existing computational techniques and makes use of
highly efficient codes developed for bound states. The basic
idea behind the stabilization approach is to encapsulate the

resonant state in an artificial box potential where the energy of
the resonance is then monitored with the variation in the box
size. In the orbital stabilization method (OSM), the spatial
extent of the most diffuse Gaussian functions acts as the
confining potential, and the box size is varied by changing the
exponent of these Gaussian functions with a scaling parameter
(α). The resonances are identified as stable states in the
stabilization plots, exhibiting avoided crossings with pseudo-
continuum states. The eigenvalues involved in the avoided
crossings are analytically continued to the complex plane to
obtain the Siegert energy associated with a given resonant
state.21,22,33,34 The analytical continuation is performed by
means of generalized Pade ́ approximants (GPAs).35 The GPA
used in this work is given by a quadratic polynomial

+ + =E P EQ R 02 (2)

The P, Q, and R coefficients in the GPA expansion are
polynomials of the scaling parameter (α)
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Equation 2 can be referred to as the (ni, nj, nk) GPAs. The
indices corresponding to the expansions of the P, Q, and R
coefficients are held equivalent, and the total number of
unknowns in the expansion is given by the sum (ni + nj + nk +
2). These unknowns are found by a set of linear equations via
the standard matrix method. The stationary points, α*, then
are computed according to eq 421,36

α
=Ed

d
0

(4)

The computed α* is then substituted back into eq 2 to
retrieve the complex energies.

Electronic Structure. Water. The geometry of water was
optimized at the MP2 level of theory with augmented-
correlation-consistent triple valence zeta (aug-cc-pVTZ) basis
set. For stabilization calculations on the water anion, the
restricted active space self-consistent field (RASSCF) method
and the multireference configuration interaction with singles
and doubles (MR-CISD) were employed. Highly diffuse basis
sets are required for studying anions to efficiently describe the
extra electron which is either loosely bound or is unbound with
a finite lifetime, in the case of resonances. In this study on
water, we augment the parent basis aug-cc-pVTZ with an
additional set of “3s,” “3p,” and “3d” functions on the oxygen
atom. The parent basis is left unmodified on the hydrogens.
The exponents for the extra set of diffuse functions were
obtained in an even-tempered manner (αi+1 = 0.5 × αi). A
summary of the orbitals included in the active space in the
restricted active space (RAS) calculation is provided in Table 1

Table 1. Orbital Occupation Table for the Calculation of
2B1 Feshbach Resonance in Water at RASSCF/aug-cc-pVTZ
+[3s3p3d] Level of Theory

C2v CLOSED ACT AUX

A1 2 2 0
B1 0 1 9
B2 0 2 0
A2 0 0 0
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and Figure S1 in the Supporting Information, while Figure 2
shows the molecular orbital diagram with the C2v symmetry

labels. The 1s and 2s on O are doubly occupied, while the
valence orbitals (2p on O and 1s on H) are included in the
active space (ACT) and the diffuse orbitals with symmetry
corresponding to that of the Feshbach resonance are included
in the auxiliary space (AUX). Both single and double
excitations into the AUX space are considered. The energies
of the excited states are obtained by state-averaging over the
first 15 states. The neutral reference is also calculated at the
RASSCF level by state-averaging over the same number of
states. MR-CISD calculations on the water anion and the
neutral ground state were carried using the same RAS
mentioned in Table 1.
Benzene. The ground-state equilibrium structure of benzene

was obtained at the B3LYP level of theory with Dunning’s cc-
pVTZ basis set.37 Stabilization calculations were carried out at
the equation of motion-electron attachment-coupled-cluster
singles and doubles (EOM-EA-CCSD) methodology38−41 and
at the multireference level with RASSCF and MR-CISD. The
internally contracted MRCI algorithm42 in MOLPRO was
used to do the computation of excited states. The basis set
used for the stabilization calculations was cc-pVTZ with an
additional “p” function obtained in an even-tempered manner
added on carbon atoms. The same basis set was also used to
calculate singlet and triplet excited states of neutral benzene
using equation of motion for electronically excited states
coupled-cluster singles and doubles (EOM-EE-CCSD).
In the RAS calculation, all valence π orbitals [1b1u (a2u), 1b2g

+ 1b3g (e1g), 2b1u + 1au (e2u), and 2b2g (b2g) in the D2h
representation (and D6h in parenthesis)] were included in the
main ACT. Figure 3 shows the molecular orbital diagram with
the symmetry labels. An additional set of two diffuse orbitals
corresponding to the symmetry of the core-excited resonance
(B2g) were added to the AUX space. Final set of active and
auxiliary orbitals are shown in Figure S2. Calculations were

done in the D2h point group, and B2g states were calculated
(which are B2g or E1g in D6h). The state-averaging was done
over the first six excited states. The MR-CISD calculation was
performed using the same RAS with both single and double
excitations into the virtual space.
In addition to the stabilization calculations, low-level

complete active space self-consistent field (CASSCF) calcu-
lations were also performed in order to obtain a qualitative
description of the resonances and their ordering. In these
calculations, the cc-pVDZ basis set was used and a (7,6) ACT.
All geometry optimizations for water and benzene were done

using Gaussian 09,43 while RASSCF and MR-CISD calcu-
lations were carried out using the MOLPRO suite of
programs.44 EOM-EA-CCSD and EOM-EE-CCSD calcula-
tions were performed using the QChem electronic structure
program.45

■ RESULTS AND DISCUSSION

Water Feshbach Resonances. The electronic config-
uration of water in the C2v symmetry is shown in Figure 2. The
1a1 and 2a1 are mostly 1s and 2s orbitals of O, while the 1b2
and 3a1 are bonding with H. 1b1 is nonbonding, corresponding
to the out-of-plane lone-pair orbital of O. The first unoccupied
orbital, 4a1, is the antibonding counterpart to the 3a1 orbital.
The lowest electronic excited states of water are formed by
excitation of an electron from one of the 1b1, 3a1, or 1b2
orbitals to the 4a1 orbital, leading to singlet and triplet states,
1,3B1,

1,3A1, and
1,3B2. The lowest core-excited resonance is

formed by attachment of an electron to the 4a1 orbital in the
3B1 state, leading to the 2B1 resonance. The nature of this
particular excitation has been a source of contention between
researchers. In a theoretical study conducted by Rubio et al. at
MS-CASPT2 level of theory, the computed ⟨r2⟩ for the 3B1
state stood at 27.5 a.u., indicating the highly diffuse nature of
the excited orbital.46 Even though the orbital is diffuse enough
to not be considered as a valence state, it is also not diffuse
enough to be a pure Rydberg state. They conclude that the
excited orbital is of an intermediate type and the triplet state
undergoes molecular orbital Rydbergization, a phrase termed
to suggest the valence-Rydberg mixing by Mulliken.47 The
energy of the resonance is lower than the parent excited state,
and it is therefore classified as “Feshbach” resonance. The 2B1
resonance is narrow and lies energetically close to its parent
3B1 state.
Experimental studies on the dissociative electron attachment

of water anion has shown that the reaction proceeds through
metastable intermediates in the form of three Feshbach
resonances. The 2B1 resonance is experimentally known to
have a position of 6.5 eV.48−51 In this study, we investigate this
lowest core-excited resonance in the water anion. Extensive
previous theoretical and experimental work on the resonances
of water makes it a suitable candidate for our study. As a
narrow resonance, it provides a contrast to the shape
resonance, which will be discussed later.
Here, we have attempted to characterize the Feshbach

resonance in water using the stabilization method with
multireference theory. It should be pointed out that we also
tried to calculate the resonance using the EOM-EA-CCSD
method by starting from a triplet reference, but the lowest
triplet reference obtained from Unrestricted Hartree Fock
(UHF) did not correspond to the parent 3B1 state, so the
reference obtained at CCSD was incorrect.

Figure 2. Molecular orbital diagram of neutral water molecule.
Symmetry labels are given according to the C2v point group.

Figure 3. π-orbitals of neutral benzene. Symmetry labels are given
according to D6h and the highest Abelian point group of benzene, D2h
(in parenthesis).
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Multireference Results. The stabilization curves at the
RASSCF level are shown in Figure 4a. Two well-defined
avoided crossings are obtained. Analytic continuation results
for the avoided crossings corresponding to the 2B1 Feshbach
resonance in water anion are summarized in Table 2. The
positions of the resonances are reported in eV relative to the
ground state of the neutral, calculated at the same level of
theory.

The position from the first and second avoided crossings
stands at 6.69 eV and is consistent at all GPAs and both
avoided crossings. However, the widths obtained from the
avoided crossings are different from each other. Since the
imaginary component of the stationary point from the
analytical continuation on the first avoided crossing was zero,
we were not able to extract any information regarding the
width. From the second avoided crossing however, we obtain a
finite width of 0.003 eV at (4,4,4) expansion of the GPA and
0.006 eV at (5,5,5) expansion.
We also computed the resonance parameters for the 2B1

state at the MR-CISD level, which once again manifests itself
in the form of two avoided crossings in the stabilization plot
(Figure 4b). The analytical continuation results for the avoided
crossings are reported in Table 2. From the first avoided
crossing, we get a position of 7.25 eV, which is consistent
across all expansions of the GPA and a finite width of 0.006
and 0.008 eV at (4,4,4) and (5,5,5) expansions of the GPA,
respectively. The analysis of the second avoided crossing
reveals a position of 7.20 eV, consistent with all expansions of
the GPA. The width changes when we move from (3,3,3) to
(4,4,4) expansion but remains consistent across the higher-
order expansions.

Comparison with Previous Results. Extensive theoretical
studies over the last two decades have investigated the
formation of Feshbach resonances in water and their dynamics
leading to dissociative attachment processes. A summary of the
previous theoretical and experimental results is reported in
Table 3. Experimental estimates place the position of the 2B1

Feshbach resonance at 6.5 eV, as seen in Table 3. The position
determined at the RASSCF level is close to this value, while
that from MR-CISD is approximately 0.7 eV higher. There are
no experimental values for the width, but there are theoretical
values based on the scattering theory.52−54 The most recent
calculations by Haxton et al. investigated the complex potential
energy surfaces of the water anion using complex Kohn
variational calculations and reported a width of 6.0−10 meV
for the 2B1 Feshbach resonance. Our values at the MR-CISD
level are within this range, while the RASSCF values are
somewhat smaller. Given the very small value of the widths,
this is a very good agreement.
An important uncertainty in our calculations is how we

compute the ground-state reference. Some uncertainties in the
calculated positions are expected because of differences in
electron correlation arising from the state-averaging over
multiple excited states. In the RAS study on water anion, state-
averaging over 15 states was done to determine the energies of
the excited states and the ground state. The sensitivity in the
resonance positions due to state-averaging of the ground-state
energy is shown by comparing the results between averaging
15 states or just 1 state. The energy is overestimated by more
than 2 eV at the RASSCF level, when no averaging is used in
the neutral, but only by 0.25 eV at the MR-CISD level.

Figure 4. Stabilization curves of 2B1 Feshbach resonance in water at (a) RASSCF/aug-cc-pVTZ+[3s3p3d] and (b) MR-CISD/aug-cc-pVTZ
+[3s3p3d] levels of theory.

Table 2. Resonance Positions and Widths in eV Obtained at
the RASSCF and MR-CISD Levels for the 2B1 Feshbach
Resonance in Watera

ER(Γ)

GPA AC1 AC2

RASSCF
(3,3,3) 6.69 (0.000) N/A
(4,4,4) 6.69 (0.000) 6.69 (0.003)
(5,5,5) 6.70 (0.000) 6.69 (0.006)

MR-CISD
(3,3,3) 7.25 (0.000) 7.19 (0.006)
(4,4,4) 7.24 (0.006) 7.20 (0.007)
(5,5,5) 7.25 (0.008) 7.20 (0.007)

aThe resonance stabilization curves have two avoided crossings (AC1
and AC2) in both cases that are analyzed.

Table 3. Selected Previous Experimental and Theoretical
Studies on the Dissociative Attachment in Water Anion Are
Listed along with the Position of the 2B1 Feshbach
Resonancea

ER(Γ)
Lozier48 (exp) 6.6
Mann et al.49 (exp) 7.1 ± 0.5
Buchelnikova55 (exp) 6.4
Schulz50 (exp) 6.5 ± 0.1
Compton and Christophorou51 (exp) 6.5 ± 0.1
Trajmar and Hall56 (exp) 6.5
Jungen et al.57 (exp) 7.0
Belic et al.58 6.5
Gorfinkiel et al.52 (theory) 6.99 (0.004)
Haxton et al.54 (theory) 6.09 (0.010)

aThe value in the brackets indicates the width of the resonance.
Positions and widths are given in eV.
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Including higher-order excitations into virtual space and
increasing the size of the basis set could improve the calculated
energies. Nevertheless, stabilization method coupled with
multireference calculations yield satisfactory results for the
resonance parameters when compared to the experiment.
Benzene Resonances. Figure 3 shows the valence orbitals

in benzene. The shape resonances in benzene originate from
attachment of an electron to the unoccupied π* (e2u and b2g)
orbitals. The resulting ground state in the anion has 2E2u
symmetry and is subject to the Jahn−Teller effect.59 The next
shape resonance has 2B2g symmetry. The core-excited states
originate from attachment to an excited state of benzene. The
lowest excited states in benzene calculated using EOM-EE-
CCSD are shown in Figure 5. The lowest states are between 4

and 6 eV, and they are triplet states originating from π → π*
(e1g → e2u in D6h symmetry) excitations, 3B1u,

3E1u, and
3B2u.

60−64 The first singlet state 1B2u is also in this energy
range, while the other singlet states are higher in energy.
Attachment of an electron to the e2u lowest unoccupied
molecular orbital (LUMO) of the 3B1u state will lead to a E1g
resonance, while attachment to the 3E1u state leads to
resonances B1g, B2g, and E1g, and finally, attachment to the
higher 3B2u leads to another E1g resonance. The lowest core-
excited resonances then are expected to have E1g (three of
them) and B1g, B2g symmetries. Electron transmission spectra
show that there are a number of resonances near 5.7 and 7.5
eV which are likely corresponding to these five core-excited
resonances.65−67 The B2g core-excited resonance can mix with
the B2g shape resonance. Furthermore, the E1g resonances are
subject to the dynamical Jahn−Teller effect.68 In lowering the
symmetry to the D2h group, this state splits into B2g + B3g, and
the B2g components can further mix with the B2g shape
resonance. Mixing of the B2g shape resonance with all these
core-excited resonances can explain the experimental observa-
tion that the resonance can decay to all triplet states.65,66,69 In
this work, we want to explore the B2g shape resonance and the
low lying core-excited resonances and their possible mixing.
Low-level CASSCF calculations with a cc-pVDZ basis set

and a (7,6) CAS were used to obtain a qualitative description
of the resonances and their ordering. Figure 6 shows the states
of the anion in D6h symmetry, while on the right, the splitting
of the states in D2h symmetry is shown. The lowest 2E2u shape
resonance splits into 2Au and 2B1u, while the next one is the
2B2g shape resonance of interest in this work. The next states
are core-excited resonances. The lowest two have E1g

symmetry, while B2g is much higher in energy (last state in
that diagram). As discussed above, in D2h symmetry, E1g splits
and gives the B2g components which can mix with the B2g
shape resonance.
In this work, we examine the 2B2g shape and core-excited

resonances in benzene using single- and multireference
methods and explore the mixing of the aforementioned
resonant channels. Although this is not the main focus of
this work, we have also calculated the lowest 2E2u resonance,
and the results are shown in the Supporting Information.

EOM-EA-CCSD Results. The stabilization curve for the
shape resonance at the EOM-EA-CCSD level is shown in
Figure 7. After applying analytic continuation, the coupled-
cluster calculations yield the position of the 2B2g shape
resonance at 5.9 eV at cc-pVTZ+[p] basis set, as shown in
Table 4. The energy of the shape resonance for different
expansions of the GPA remains constant with a small deviation
of up to 0.1 eV. The widths, however, exhibit significant
change as we go from (3,3,3) and (4,4,4) to (5,5,5), where the
width at (5,5,5) is 1.2 eV, while the one obtained from the
former expansions is 0.7 eV.
The 2E1g core-excited shape resonance was obtained using

EOM-EA-CCSD starting from a triplet reference. This
resonance is predicted to be above the shape resonance by
about 1.2−1.3 eV. From Figure 7b, we see that the two
avoided crossings (first at α = 0.39 and the second at α = 0.65)
define the core-excited resonance state. The analytic
continuation results for the two avoided crossings are
summarized in Table 4. The first avoided crossing provides a
position of 7.23 eV and a width of 0.117 eV, which is
consistent across all expansions of the GPA because of the
well-defined nature of the crossing accompanied by a smaller
width. The second avoided crossing reveals the resonance
position at 7.31 eV with a width of 0.039 eV. Some
inconsistency between the results of avoided crossings has
been observed before,23 and we believe it is because of the
limitations of our basis sets. From these results, it is quite
evident that the lifetime of the core-excited shape resonance is
significantly higher than that of the corresponding shape of the
same symmetry. The width for the core-excited state is about
an order of magnitude smaller than that of the shape
resonance. On the other hand, the width of the core-excited
resonance here is much larger than the width in the Feshbach

Figure 5. Energy level diagram of the neutral and anion states in
benzene calculated at the EOM-EE-CCSD and EOM-EA-CCSD
levels, respectively.

Figure 6. Energy level diagram of the anion states in benzene
calculated using CASSCF(7,6)/cc-pVDZ. The D6h geometry was
obtained at the B3LYP/6-31+G(d) level, while the C2 geometry was
taken from Bazante et al.59 B2g states are shown in red to highlight
which states can mix. In both geometries, zero is set to the lowest
energy state. The symmetry labels used are D6h and D2h.
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resonance in water. This is expected since the core-excited
resonance is about 2 eV above its parent triplet state, while in
water, it is below its parent neutral triplet state. Though EOM-
EA-CCSD provides us with very good estimates for the energy
of the resonances and their relative stability with respect to
their parent neutral states, it does not provide us with any
information regarding the mixing between different resonant
channels. To delve into the information regarding the resonant
channel mixing, we turn over to multireference methods.
Multireference Results. We performed stabilization calcu-

lations using RASSCF at the same basis set we used in EOM-
EA-CCSD to determine the resonance parameters and extract
information regarding the mixing. Here, both the shape and
core-excited resonances are obtained from the same stabiliza-
tion curves, where all states have B2g symmetry in the D2h point
group. The stabilization curves are reported in Figure 8 and the
analytic continuation results are summarized in Table 5. The
position of the resonance is predicted to be at 7.5 eV, while the
width is between 0.3 and 0.4 eV depending on the GPA
expansion. The position of the shape resonance is over-
estimated by ≈1.5 eV compared to the position obtained at the
EOM-EA-CCSD level, while the width is underestimated. The

overestimation can be traced back to the absence of dynamical
correlation in RAS and the basis set description.
The stabilization curve at the MR-CISD level is also shown

in Figure 8. The position at the MR-CISD level is predicted to
be 5.9−6.1 eV, comparable with that of EOM-EA-CCSD,
which demonstrates the importance of adding dynamical
correlation in the characterization of resonant states. The
width at (5,5,5) GPA obtained from MR-CISD calculations is
similar to the one obtained with (4,4,4) at the EOM-EA-
CCSD level, but it is less than half of the width obtained at
GPA (5,5,5) with EOM-EA-CCSD.
The resonance parameters for the core-excited resonances

are reported in Table 5. We see two configurations for the
core-excited shape resonances as the electrons can be paired in
one of the two-fold degenerate LUMO orbitals in benzene.
These correspond to one component of the energetically
lowest two degenerate E1g resonances. The two core-excited
states captured in these calculations are separated by 0.7−0.8
eV. Overall, the resonance positions for all the three states that
we located have come down by 1 eV in comparison with RAS,

Figure 7. Stabilization curves of (a) 2B2g shape resonance and (b) 2E1g core-excited resonance in benzene at EOM-EA-CCSD/cc-pVTZ+[p] level
of theory.

Table 4. Resonance Positions and Widths in eV for Benzene
2B2g Shape and 2E1g Core-Excited Resonances Obtained at
the EOM-EA-CCSD/cc-pVTZ+[p] Levela

ER(Γ)

shape (2B2g) core-excited (2E1g)

GPA AC1 AC2

(3,3,3) 5.94 (0.678) 7.23 (0.117) 7.32 (0.039)
(4,4,4) 6.02 (0.722) 7.23 (0.113) 7.31 (0.039)
(5,5,5) 5.91 (1.227) 7.23 (0.117) 7.31 (0.039)

aThe energies are reported with respect to the neutral reference state.
The core-excited resonance stabilization curve has two avoided
crossings (AC1 and AC2) that are analyzed.

Figure 8. Stabilization curves of benzene resonances at (a) RASSCF/cc-pVTZ+[p] and (b) MR-CISD/cc-pVTZ+[p] levels.

Table 5. Resonance Position and Widths in eV for Benzene
Shape and Core-Excited Resonances Obtained from
RASSCF/cc-pVTZ+[p] and MR-CISD/cc-pVTZ+[p] Levels
of Theory

ER(Γ)

GPA shape (2B2g) core-excited A (2E1g) core-excited B (2E1g)

RASSCF
(3,3,3) N/A 8.26 (0.016) 9.05 (0.049)
(4,4,4) 7.54 (0.325) 8.26 (0.005) 9.05 (0.053)
(5,5,5) 7.48 (0.457) 8.26 (0.017) 9.05 (0.053)

MR-CISD
(3,3,3) N/A 7.37 (0.003) 8.07 (0.023)
(4,4,4) 6.11 (0.743) 7.37 (0.003) 8.08 (0.024)
(5,5,5) 5.86 (0.534) 7.37 (0.001) 8.08 (0.024)

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.0c07904
J. Phys. Chem. A XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.jpca.0c07904?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c07904?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c07904?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c07904?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c07904?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c07904?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c07904?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c07904?fig=fig8&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c07904?ref=pdf


a consequence of the treatment of dynamic correlation in MR-
CISD. The widths for the first 2p-1h resonance are smaller
than the second according to both RASSCF and MR-CISD
results, sometimes by almost an order of magnitude. For both
resonances, longer lifetimes of these states are predicted
compared to the shape resonance. The widths are smaller at
the MR-CISD level compared to RASSCF, while the EOM-
EA-CCSD width is larger than that predicted from both of the
multireference methods.
In order to examine the mixing between shape and core-

excited configurations, we examine the configuration inter-
action (CI) coefficients. At α = 1.95, we see that the CI
coefficient of the shape resonant configuration is 0.65, an
indication of its mixed character. The low CI coefficient
indicates that there is some mixing going on with other states,
and hence, this resonance is not of a pure shape character. The
orbital occupation numbers for the π* orbitals also point to
that. These are as follows: 0.4 for the degenerate e2u pair and
0.6 for the b2g orbital. Since the configuration of the pure shape
resonance should not have any occupation in the e2u orbitals,
these occupations are another strong evidence of heavy mixing
between the b2g shape and core-excited shape resonances. In
D6h, the immediate core-excited resonances have a different
symmetry, but when the symmetry is broken, the mixing can
be amplified. In order to confirm this, we also look at the CI
coefficients from the small CASSCF calculations we performed
using the minimum C2 geometry. These coefficients show that
at the lower symmetry, the shape resonance again has a CI
coefficient around 0.65 and a coefficient of 0.58 for the
(HOMO)1(LUMO)2 configuration (HOMO = highest
occupied molecular orbital). It is expected that the vibrations
of the molecule will break the symmetry and the mixing will be
substantial. This mixing explains the observed population of
the low-lying triplet excited states following the decay of the
shape resonance. This study highlights the crucial role of
multireference methods in providing a detailed understanding
of the mixing of various resonant channels and their origin.
Comparison with Previous Results. Table 6 shows the

previous results on the benzene resonances. Electron trans-
mission spectroscopy studies by Nenner and Schulz69

indicated that the lowest resonance in benzene was a
degenerate 2E2u state at an energy of 1.14 eV. The same
study reported that the next higher-lying resonance, which is
commonly referred to as the “third” shape resonance in

benzene (2B2g), was located at an energy of 4.85 eV. They
proposed that this “third” shape resonance might be mixing
with a core-excited resonance of the same symmetry because of
low-lying triplet and singlet excited states in the vicinity of the
resonant state. It was shown that the 2B2g resonance not only
decays into the ground state of benzene but also to the 3B1u,
3E1u, and

1B2u excited states.65,66 Previous theoretical study by
Gianturco and Lucchese using scattering theory placed the
position of the 2B2g resonance at 7.44 eV.71 Bettega et al.
employed Schwinger multichannel method to calculate the
total electronic scattering cross sections, and they observed the
position of 2B2g resonance at 9.4 eV within the static exchange
approximation which moved to a value of 8.3 eV when
polarization was included.72 The large discrepancy in the
theoretical values when compared to the experimental one is
attributed to a poor description of the core-excited character in
the (N + 1)-electron configuration space used by the authors.
This discrepancy was later addressed in the work by Winstead
and McKoy on the resonances of pyrazine.74 By including
triplet-coupled excitations into the description of the (N + 1)
electronic configuration space to treat polarization effects, the
authors saw a substantial lowering of the third resonance
position in pyrazine by ≈1.6 eV.75 This observation dictates
that a multiconfigurational treatment of the (N + 1)-electronic
configuration is required for the accurate description of the
“third” shape resonance in benzene and similar molecular
systems. Recent works which have employed the Schwinger
multichannel method with pseudo-potentials have reported an
improved position for the 2B2g resonance at 4.9 eV with a
width of 0.56 eV, the position being in excellent agreement
with the experiment.73,76 OSM using EOM-EA-CCSD on the
other hand gave a value of 5.9 eV and a width of 1.4 eV.59

Another orbital stabilization study using density functional
theory gave similar positions.70 CAP-based EOM-EA-CCSD
study by Jagau and Krylov24 reported a position of 6.75 eV for
the B2g shape resonance which is overestimated compared to
the experiment, previous work, and current study. Jagau et al.
attributed the discrepancy in their results to stabilization of a
pseudo-continuum state rather than the actual resonant state
due to deficiencies in the basis set size and improper choice of
the CAP onset. This points to an additional problem with the
CAP approach, which is the need for very large basis sets. The
demands of basis sets are higher for CAP compared to the
stabilization method. Even though we also do not include a
very large basis set, we still obtain more accurate results than
Jagau et al. with OSM.
Our results for the position of the shape 2B2g resonance at

the EOM-EA-CCSD and MR-CISD levels are in good
agreement with the previous study at the EOM-EA-CCSD
level,59 even though we used smaller basis sets. They are
however still 1 eV off when compared to the experiment, where
most studies predict the position of the shape resonance to be
around 4.8 eV. Including correlation beyond single and double
excitations and increasing the basis set size should be able to
address this discrepancy. Although we did not test the effect of
increasing the size of the basis set, there is some information in
the literature. In an orbital stabilization study (with EOM-EA-
CCSD) conducted by Falcetta et al.,22 it was shown that the
shape resonance of N2 was only affected by 0.1 eV in the
position and 0.03 eV in the width when going from aug-cc-
pVTZ to aug-cc-pVQZ basis. The role of basis functions was
also examined in the study by Zuev et al.77 using CAP and
EOM-EA-CCSD. It was once again observed that going from

Table 6. Selected Previous Experimental and Theoretical
Studies on the Resonances in Benzene Aniona

ER(Γ) ER

shape (2B2g) core-excited (2E1g)

Nenner and Schulz69 (exp) 4.85
Allan66 (exp) 4.8 6.5
Burrow et al.67 (exp) 4.82 5.7, 7.5
Cheng and Shih70 (theory) 5.5−5.9
Gianturco and Lucchese71 (theory) 7.44
Bettega et al.72 (theory) 8.3
Bazante et al.59 (theory) 5.93 (1.4)
Costa et al.73 (exp) 4.6 ± 0.2
Costa et al.73 (theory) 4.9 (0.56)
Jagau and Krylov24 (theory) 6.75 (0.35)

aPositions in eV are given. The values in the brackets indicate the
width of the resonance in eV.
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triple zeta to quadruple zeta, the resonance position changes by
about 0.1 eV. Adding extra diffuse functions had a larger effect,
reaching ≈0.5 eV changes in the position. Furthermore, the
resonant positions obtained at the multireference level are
subject to uncertainties as we saw in the case of water.
There is no experimental information on the width, and

previous theoretical values have large variations. Bazante et
al.59 predicted a width of 1.4 eV using OSM, and Jagau and
Krylov24 report a width of 0.35 eV using CAP-EOM-EA-
CCSD, while the scattering theory gave a value of 0.56 eV.73

Our values also span this range, although the MR-CISD values
are closer to the smaller value. In our previous study, we had
reported that it is difficult to do analytic continuation of
resonances with large widths.23 It should also be expected that
the mixing of the shape resonance with the core-excited ones
will affect the width, most likely toward smaller values. This
may be the reason that the multireference methods predict
smaller widths, and this indicates that they may be more
accurate.
Much more limited information exists on the core-excited

resonances. Evidence for 2p-1h resonances around 6−7.5 eV
have been seen in previous experiments, but there is hardly any
theoretical information available. Our results are in that range.
More importantly, both EOM-EA-CCSD and MR-CISD
predict the first 2E1g resonance to be around 7.3 eV and be
long-lived.

■ CONCLUSIONS
Two-particle one-hole resonances were investigated using
OSM in combination with multireference methods and EOM-
EA-CCSD when possible. In benzene, the resonances were
calculated using both EOM-EA-CCSD and multireference
methods. Comparing the results, we see that the resonance
positions obtained from the EOM-EA-CCSD methods are in
good agreement with the ones obtained from multireference
calculations with dynamical correlation (MR-CISD). On the
other hand, RASSCF, which lacks dynamical correlation, has
significant differences compared to these methods. This
demonstrates the importance of dynamical correlation in the
relative energies of the resonant states. The widths of the
resonances are harder to describe accurately, and they are
especially challenging for broad resonances and when mixing is
involved.
In order to be able to use EOM-EA-CCSD methodology to

treat two-particle one-hole resonances, we need to use an
appropriate triplet state as the reference. In most cases, this will
give one core-excited resonance, obtained by attaching an
electron to the ground triplet state obtained at CCSD. If the
description of the underlying triplet reference obtained at
CCSD is not parent to the resonance of interest, as we have
seen in the case of water, or if we are interested in several core-
excited resonances, then we are unable to use this approach.
Another drawback of EOM-EA-CCSD method stems from the
absence of a multiconfigurational nature of the computed
excited states because of which it is difficult to obtain any
information regarding the mixing of resonant channels, as in
the case of benzene. A major advantage of EOM-EA-CCSD
however is the accurate balance between neutral and anionic
states, without the variables present in multireference methods.
On the other hand, with multireference methods, we can

compute both shape and core-excited resonances in the same
calculation and obtain the mixing between them, if any. One
drawback of the multireference approach is the uncertainties in

the calculated positions with respect to the energy of the
neutral ground state. The energy of the reference ground state
changes significantly upon state-averaging, which can affect the
final reported positions significantly. RASSCF was found to be
very sensitive, while adding dynamical correlation improves the
error.
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