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Resonances in low-energy electron scattering from
para-Benzoquinone
Alexandra Loupas,a,b and Jimena D. Gorfinkiela

We present detailed ab initio scattering calculations for electron collisions with parabenzoquinone. The R-Matrix method has been used to study elastic and electronically inelastic scattering. We have identified 26 resonances of Feshbach, core-excited shape and mixed
character between 0 and 8 eV. Agreement of our resonance spectrum with existing literature is
discussed, in particular that of the low-lying resonances that participate in the photodetachment
process. Integral elastic and total inelastic cross sections are also presented.

1

Introduction

Over the last two decades, computational and experimental studies of low energy electron interactions with biological molecules
have been carried out by a number of groups 1 . DNA constituents
and their derivates have been the main focus of these studies.
Experimental work confirmed that, below the ionization threshold, single and double DNA strand breaks occur via dissociative
electron attachment (DEA) 2 . The first step in DEA is the formation of a temporary negative ion or resonances. Therefore, the
identification and characterisation of these resonances constitutes
an essential step to understand the DEA process. Much theoretical work has therefore been carried out in this area. Other constituents of biological micromolecules (e.g. amino acids) as well
as targets of interest because of their radiosensizing properties
(e.g. cisplatin) have also been studied. 3 However, the scattering
community has paid significantly less attention to other types of
biomolecules.
In this paper, we report the study of electron collisions from
para-benzoquinone (C6 H4 O2 , 1,4-benzoquinone or p-BQ), the
prototypical member of the quinone family; the emphasis of the
work is on the identification and characterization of shape and
core-excited resonances. Quinones are commonly found in nature
and play a crucial role in electron transfer reactions in chemistry
and biology 4,5 , for example in photosynthesis. 6 From the bio-
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chemical point of view, there are several natural and synthetic
quinones known by their antitumoral activity 7,8 , whilst others
are involved as redox cofactors in quinoenzymes 9,10 . Fundamental insights into the mechanism of electron capture by quinones
were obtained from the experimental studies of p-BQ, for example those performed by Cook et al., who studied for the first time
the fluorescence from an excited state of the radical anion of p-BQ
and showed the important implications of the possibility of using
these states for driving chemical reactions (electron transfer) 11 .
Zamadar et al. measured the electron transfer rates in excited
benzoquinone anions in tetrahydrofuran 12 and Holroyd studied
the attachment and photodetachment of p-BQ in different nonpolar solvents. 13
A number of photodetachment experiments are available for
p-BQ 13–16 . Detailed studies of the ultrafast dynamics of p-BQ−
have been performed using time-resolved photoelectron spectroscopy 17 and frequency-resolved photoelectron spectra (and
asymmetry parameters) have been published. 18 These experiments prove a range of molecular geometries (five low lying resonances are understood to play an important role in the photodetachment process 18 ): the energy provided by the photon can take
the system into one of the temporary anionic states of p-BQ which
will decay, through conical intersections, to the ground anionic
state 17 ; the dependence of the anionic states on the molecular
geometry is therefore of great interest. In contrast, electron scattering at the energies studied in this work can be described reasonably well as a collision of the electron with the molecule in
its (fixed) ground state equilibrium geometry (vibrational excitation is ignored; DEA requires the investigation of a large number
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of geometries). Electron scattering experiments (excluding DEA),
therefore, tend to probe mainly the resonances at the ground state
equilibrium geometry only.
Several theoretical calculations have been performed to identify the temporary anions of p-BQ. These are based either on conventional (bound-state) quantum chemistry techniques or they
make use of approaches specifically developed to treat transient
anions (i.e. stabilization techniques or use of a complex absorbing potential). The latter can be expected to produce reasonable
results for the position and width of the resonances. Standard
bound variational techniques, however, are always at risk of collapse to the continuum and should therefore be interpreted in this
light.
All theoretical works resonance information for the equilibrium
geometry of neutral p-BQ (many also provide the energies of
the resonant states for other geometries of interest, in particular the (bound) ground state anion equilibrium geometry). PouAmérigo et al. 19 used standard quantum chemistry approaches
(CASSCF/CASPT2) to investigate resonances found in previous
experiments. Honda et al. 20 used the SAC-CI method to identify
six experimentally observed resonances of shape and Feshbach
character below 5 eV. Cheng et al. 21 studied shape and coreexcited resonances using a stabilization method. They report the
energies and widths of ∼20 resonances - shape and core-excited
- in the range of 0 to 6 eV. West et al. present results from anion
frequency-resolved photoelectron imaging as well as some standard (bound state) quantum chemical calculations for the energy
of six resonances in the range 0-2.4 eV 18 . Finally, Kunitsa and
Bravaya 22,23 performed CAP-EOM-ES-CCSD calculations for the
2 A resonance 22 and used the multi-state multi-reference second
u
order perturbation approach XMCQDPT2 approach, to investigate
the bound and seven resonant states of the anion 23 . The energy
order of the low-lying resonances at the equilibrium geometry
of the neutral molecule varies between publications, as does the
character (shape, Feshbach, mixed) of some of the resonances. 17
To the best of our knowledge, no scattering calculations have
been performed so far for p-BQ. However, several experiments
have been carried out on electron scattering from p-BQ. 24–28 . Allan 25 measured time-resolved electron energy loss spectra below
5 eV and extended the energy range to investigate both vibrational and electronic excitation. 28 Cooper et al. 24 performed electron and Cs scattering measurements (the latter to determine the
electron affinity of p-BQ). Interestingly, electron scattering from
the p-BQ anion has also been studied 29 .
In this work, we have used the well established R-matrix
method 30 to study of elastic and inelastic low energy collisions
between an electron and p-BQ. We have performed detailed calculations for the equilibrium geometry of the neutral and identified
a large number of resonances. Positions, widths and the parent
states of the resonances (when possible) are provided. The inte-
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gral elastic and total inelastic (summed over all electronic excited
states included in the calculation) are also presented.

2
2.1

Theory
The R-Matrix method

The R-matrix method is a well established scattering approach;
its application to molecules has been described in detail elsewhere 31 . Here, we present a summarised description of it. All
our calculations have been performed within the fixed-nuclei approximation, that is, keeping the atomic nuclei fixed. We chose
the ground state equilibrium geometry of the neutral molecule
as our geometry. We have used the UKRmol suite 32 , a computational implementation of the R-matrix method.
The method is based on the division of configuration space into
two regions, delimited by a sphere of radius α: the inner region,
where correlation and exchange effects between all electrons play
an important role and have to be considered; and the outer region, where exchange between the scattered electron and electrons of the target molecule can be neglected. Choosing the radius α of the R-matrix sphere is critical since the charge densities
of the relevant N-electron target states and the (N+1)-electron
configurations χi (see below) must be contained inside the inner
region for the method to be valid.
In the inner region, we use a set of basis functions Ψk to describe the system of (N+1)-electrons:

ΨN+1
=A
k

n

nc

∑ ∑ Φi (xN ; r̂N+1 ; σN+1 )

i=1 j=1

m
ui j (rN+1 )
ai jk + ∑ χi (xN+1 )bik
rN+1
i=1
(1)

where xN and xN+1 stand for the spin and space coordinates of
all N/N+1 electrons, respectively. σN+1 stands for the spin of
the scattering electron, and rN+1 and r̂N+1 correspond to its radial and angular coordinates respectively. The wave function
Φi describes the ith electronic state of the N-electron target, as
well as the angular and spin behaviour of the scattering electron.
u (rN+1 )
The functions i jrN+1
describe the radial part of the wave function of the scattering electron while the L2 -integrable functions χi
are crucial for a good description of the short-range polarisationcorrelation effects. A is the antisymmetrization operator, and
the coefficients ai jk and bik are determined by the requirement
that the functions Ψk diagonalise the non-relativistic Hermitian
Hamiltonian of the (N+1)-electron system, in the inner region. 31
In the outer region, the interaction between the scattering electron and the target molecule is approximated by a single-centre
multiple potential expansion. The basis functions ΨN+1
are used
k
to construct the R-matrix at the boundary between the regions.
This R-matrix is propagated to the asymptotic region, where by
matching with known asymptotic expressions, the K- matrix is
determined. From the K- matrix one can extract resonance pa-

rameters (energy and width) as well as determine cross sections
via the T-matrices.
The choice of target electronic states and the type of the L2
functions included in the expansion (1) defines what we call the
scattering model. We use the Static-Exchange plus Polarization
(SEP) and close-coupling (CC) models. At the SEP level, only the
target ground state wavefunction is included in expansion (1).
The molecule is allowed to be polarized by the incoming electron; this effect is described by inclusion of the appropriate L2
configurations. We include:

χi

:

(core)Nc (valence)N−Nc (virtual)1

χi

:

(core)Nc (valence)N−Nc −1 (virtual)1+1

(2)

In these configurations, the core orbitals of the molecule are always doubly occupied by Nc electrons. Single excitations from
the valence space (defined here as those orbitals of the ground
state configuration that are not core orbitals) to a selected number of virtual orbitals, which are also available for the incoming
electron, are allowed. SEP models describe shape resonances, in
which the electron attaches to the molecule in the ground state,
very well. The method can also describe, poorly, core-excited resonances associated with single excitations of the target molecule
(some of the configurations required for the description of coreexcited resonances are included in the secon set of functions described by equation (2)). When using this method, the target
molecule is described at HF level.
In the more sophisticated CC approximation, a number of target electronic excited states are included in expansion (1). These
are normally described at the complete active space (CAS) level.
In this case, the L2 configurations take the following form:

χi

:

(core)Nd (CAS)N−Nd +1 ,

χi

:

(core)Nd (CAS)N−Nd (virtual)1 .

(3)

Here, the active space includes both occupied and unoccupied
orbitals of the ground state configuration (therefore, the virtual
space is different to that of the SEP L2 configurations).
In these calculations, one should always be careful with balance - the description of the N electron target electronic states
Φi (xN ) and the N+1 electron basis functions ΨN+1
of the scatterk
ing system should be of the same quality. This requirement must
be reflected in the choice of the target configuration interaction
(CI) model and the L2 functions to be included in equation (1).
In particular, the number of virtual orbitals used for the χi should
be such that the ΨN+1
are not overcorrelated. 33
k

2.2

Resonance identification and characterization

An isolated resonance in an electron-molecule collision manifests
itself in the eigenphase sum, δsum (E), as a characteristic jump by
approximately π radians 34 . This behaviour can be approximated
by the Breit-Wigner formula:
δsum (E) = δr + δbg = − arctan

Γ/2
+ δbg
E − Er

(4)

where Er and Γ are, respectively, the position and width of the
resonance and δbg is the background non-resonant contribution to
the eigenphase sum, weekly dependent on energy. We note that a
resonance is not always clearly visible in the cross section (for example, core-excited resonances may not be observed in the elastic
cross section). When the background contribution varies significantly with energy or many (and/or overlapping) resonances are
present, the Breit-Wigner formula is no longer a good approximation and characterizing the resonances using the eigenphase
sum is very hard. We have therefore used the analysis of the
time-delay, which proved to be extremely effective in recent work
on similar target molecules 35 , to identify and characterize resonances.
The time-delay analysis makes it easier to fully separate resonances from the background and also from each other. In this
paper, we used the definition of time-delay as formulated by
Smith 36 and calculated it directly from the S-matrix generated
in the UKRmol suite using (a simple expression relates the eigenphase sum to the trace of the Q-matrix . 36 ):
Q(E) = ih̄S

dS
dE

(5)

The analysis of the positive eigenvalues and the associated
eigenvectors of the Q-matrix allow us to determine Er and Γ:
time-delays much larger than h̄/E are attributed to resonant processes and, when plotted as a function of the electron scattering energy, have the shape of a Lorentzian function. Excitation
thresholds also appear as very narrow peaks in the time-delay
that can interfere in the identification of resonances. (At threshold energies the incoming electron has just enough energy to excite a specific electronic state and therefore loses virtually all of its
kinetic energy, causing a significant time-delay in the collision.)
The analysis of the time-delay also allows us to characterize the
resonances in terms of their parent state(s). The square |c j |2 of
the j-th coefficient of the eigenvectors of Q(E) corresponding to a
resonance is equal to the branching ratio. This quantity gives the
probability of decay of a metastable state into the j-th channel,
and consequently, can be used to determine the parent states of
shape and core-excited shape resonances.

3

Characteristics of the calculation

p-BQ is planar and belongs to the D2h point group (see Figure 1),
so it possesses no dipole moment; it contains N=56 electrons.
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Table 1 Vertical excitation thresholds obtained in this work from
CASSCF calculations for the cc-PVDZ basis sets compared with those
of Pou-Amérigo et al. 40 obtained from CASPT2 and CASSCF
calculations and Scheiber et al. obtained also from CASPT2
calculations 43 . ES stands for Excited State and the energies are in eV.
Also included are available experimental results 45–49 .

O

ES
13 B1u
1 3 Au
13 B1g
11 Au
11 B1g
13 B3g
23 B1u
11 Ag
13 Ag
33 B1u
11 B3g
13 B3u
13 B2g
21 Ag
11 B3u
11 B2g
13 Au
23 B1g
21 Au
21 B1g
13 B2u
11 B2u
11 B1u
33 B1g
23 Au
21 B1u
43 B1u
31 Ag
43 B1g
33 Au
31 B1g
41 Au
23 B3g
21 B3g
53 B1u
23 Ag
33 Ag
41 Ag
23 B3u
23 B2g
21 B2g
21 B3u
33 B3g
33 B3u
33 B2g
23 B2u
33 B2u

Fig. 1 Molecular structure of p-benzoquinone

In our calculations we have used the geometry described on the
NIST website calculated at MP2 level using the cc-pVDZ basis
set. 37 The main ground state configuration of p-BQ is 1a2g 1b21u 2a2g
2b21u 3a2g 1b22u 3b21u 1b23g 4a2g 4b21u 5a2g 2b22u 5b21u 2b23g 6a2g 7a2g 6b21u
3b22u 4b22u 7b21u 8a2g 1b23u 1b22g 3b23g 5b22u 4b23g 2b23u 1b21g . The experimentally determined ionisation energy of the system is 9.9 eV 38
and its experimental polarizability is 11.23 Å3 . 39
The description of core-excited resonances requires inclusion
of electronic excited states in the scattering calculation. These
excited states have been extensively studied in p-BQ using theoretical methods. 40–43 For the energy range we are interested in
(0-8 eV), these studies report most states have valence character. The work of Pou-Amérigo et al. 40 provides the basis for the
description of the electronic excited states in our scattering calculations.
3.1 Target model
We have performed Hartree-Fock (HF) and state-averaged
CASSCF calculations (SA-CASSCF), using a compact basis set ccpVDZ and the MOLPRO suite 44 . This basis set was selected as
providing better excitation thresholds than the 6-311G** and 6311++G** ones (the changes in these energies were relatively
small). The ground state energies obtained were -379.257942164
and -379.376669703 Hartree, respectively.
In the SA-CASSCF calculations, we used the active space
(12,10) (12 electrons distributed among 10 orbitals) that includes
the 4 π and 4 π ∗ orbitals corresponding to double bonds, plus
two non-bonding orbitals of the oxygen atoms. Use of a larger
active space made the scattering calculations too big. We included in our state averaging 8 states - 11 Ag 11 B3u 11 B1g 1 − 21 B1u
1 − 21 B3g 11 Au . The vertical excitation (VE) energies of all the
states included in the close-coupling expansion are listed in Table 1. Agreement is, in general, better with the results obtained
by Pou-Amérigo’s et al. at CASSCF than CASPT2 level, though
our excitation energies tend to be between the two values and occasionally closer to the CASPT2 ones (Pou-Amérigo’s et al. used
a slightly different geometry; the small changes in the geometry
lead to the changes in the excitation thresholds of ∼0.5 eV, even
for the lowest excited states). The energies of Schreiber et al. 43 ,
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Pou-Amerigo
CASPT2
CASSCF
2.91
3.41
2.27
3.55
2.17
3.53
2.50
3.84
2.50
3.88
3.19
3.82
4.41
6.17
4.19
6.11
5.90
7.04
5.15
6.92
4.80
6.87
5.79
7.22
5.76
7.22
6.89
8.30
5.15
7.81
6.86
9.11
5.90
7.04
7.33
8.44
7.39
8.97
6.53
8.32
7.08
9.12
5.49
9.37
8.01
8.11
-

Schreiber
CASPT2
2.99
2.68
2.63
2.80
2.78
3.31
4.25
5.60
5.29
7.91
-

Exp.
2.32 45,47 , 2.35 46
2.28 45 , 2.31 46
2.48 48
2.48 47 , 2.49 48
4.07 49
5.12 49
7.1 50
-

This work
cc-pVDZ
2.958
3.158
3.163
3.309
3.326
3.666
5.135
5.135
5.282
5.502
5.907
6.153
6.158
6.178
6.211
6.215
6.550
6.551
6.700
6.702
6.938
7.462
7.783
7.854
7.875
7.950
7.955
8.229
8.284
8.292
8.336
8.355
8.380
8.400
8.448
8.605
8.737
8.766
8.845
8.849
8.931
8.942
8.956
9.069
9.078
9.079
9.377

calculated at CASPT2 level, are lower than Pou-Amérigo’s et al.’s.
Agreement with experimental data (see Table 1) is, at best, fair.

3.2

Scattering model

The R-matrix radius was set to 13 a0 and the continuum basis
set optimised for this radius was used 51 , with l=4 the largest
partial wave included (inclusion of l=5 in SEP calculations lead
to no significantly changes in the observed resonances). In the
UKRmol suite, the continuum orbitals are Schmidt orthogonalised
to the orbitals of the target; the resulting continuum orbitals
then undergo a symmetric orthogonalisation in which the deletion threshold was set to 1x10−7 .
The 48 lowest-lying electronic states shown in Table 1- all states
with VE energies up to 9.4 eV in our calculations- were included in
the close-coupling expansion. However, the scattering results we
present here are only up to 8 eV, as the quality of the description
of the excited states decreases for higher energies.
The parameters used to generate the L2 functions, following
equations (2) and (3) are Nc =16 and Nd =44 for the SEP and CC
calculations, respectively. Since it is not possible to determine a
priori the optimal number of virtual orbitals to include in the L2
configurations, our approach is to start by performing the calculation with the M lowest energy orbitals and increase this number
until we achieve good agreement with the experimental positions
of the π ∗ resonances 52 . Using this procedure we determined that
the optimal number of virtual orbitals for the SEP calculations is
35 while all 100 are needed in the CC ones.

4

Results

Table 2 lists our values for the positions and widths of the six
lowest resonances of p-BQ together with available theoretical and
experimental data. These resonances have been extensively discussed in the literature in connection to the photodetachment
process 17,18,22,23 .
At first sight, it is noticeable that all experimental resonance energies are in very good agreement (the range is 0.25 eV) whereas
the spread of theoretical results is much broader (up to 1.26 eV).
Nonetheless, it seems clear that the symmetry assignation of the
first two resonances in the experiments is swapped.
Our SEP and CC results produce the same order for these resonances (the Feshbach resonances are, of course, absent from the
SEP calculation). The pure shape resonances appear lower in energy for the SEP calculation (as the polarization effects are better
described; prior work 52 has shown that polarization effects are
not described as well at CC level for unsaturated ring molecules
with high polarizabilities) whereas the mixed shape core-excited
resonances are better described by the CC model where the excited parent states of the resonances are included. Our ’best results’ for the resonance parameters are therefore a combination
of the SEP positions and widths for the shape resonances and
the CC ones for the others. The first pure shape resonances (the
12 Au ) is significantly narrower than shape resonances tend to be,
but wider than those identified as pure Feshbach by us in this

target. Our calculated width corresponds to a lifetime of around
55 fs, in excellent agreement with the value calculated by Kunitsa
and Bravaya. 22 The mixed character resonances (in general not
identified as such by other authors) are of similar widths to the
shape resonances, the 12 B1g being the significantly narrower one.
Our positions for the two pure shape resonances calculated at
SEP level are in good agreement with experiment, whereas the
22 B3u resonance appears more than 0.5 eV higher (at CC level)
than the highest experimental position. This is not unexpected
for two reasons: (i) the potential parent states of this resonance
are approximately 0.3-0.7 eV too high in our calculations, so we
expect the resonance to be shifted to higher energies by a similar
amount; (ii) since this resonance has partly shape character the
poorer description of polarization effects in the CC calculation
would also lead to a somewhat higher resonance energy.
The agreement with the theoretical results is harder to rationalize, due to the spread of values. We note that the order of
our resonances is consistent with Kunitsa and Bravaya 23 but not
with that of West et al. 18 , Pou-Amérigo et al. 19 , Honda et al. 20
or Cheng et al. 21 . For the last three cases, our order corresponds
to swapping the Feshbach resonances. We note that when analyzing the results of Cheng et al. we have chosen, for consistency,
to compare with the resonance positions obtained with the same
method (those listed at the bottom of their Table 3). The positions of the Au shape resonance is in a good agreement with
Cheng et al. but the width is not: our calculations, both SEP and
CC, produce much narrower widths for this and almost all other
resonances in Table 2.
It is important to highlight that some of the resonance energies
are very sensitive to small changes in the neutral equilibrium geometry: CC calculations with a geometry optimized at HF level
lead to the two shape resonances being 0.21 and 0.48 eV higher
whereas the Feshbach ones were 0.61 and 0.71 eV higher; this
changes the order of the resonance putting the second shape and
Feshbach resonances at almost the same energy and below the
first Feshbach resonance in Table 2. This might also help explain
the differences in the character assignation of the resonances. Kunitsa and Bravaya 23 assign a mixed shape-Feshbach character to
the 12 B3u resonance in the equilibrium geometry of the neutral
but Feshbach character at the anion equilibrium geometry. We
find it to be a pure shape resonance, but small changes in the
geometry might lead to character mixing. Similarly, those resonance we find to be of mixed character could become purely
shape resonances for slightly different geometries. This sensitivity of the resonance spectrum to small changes in geometry has
already been highlighted by other authors.
The two Feshbach resonances we found are below the associated peaks described in 1999 by Schiedt et al.. They identified
six peaks between 2.213 and 2.430 eV that they postulate are
likely to correspond to vibrational features of two Feshbach reso-
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Table 2 Positions and widths (in brackets) in eV of the low-lying resonances of p-BQ calculated at SEP and CC levels. Symm: symmetry of the
resonance ; C:Character. The capital letters mean: S: shape; M: mixed shape core-excited and F: Feshbach. We also list theoretical (Cheng et al. 21 ,
West et al. 18 , Kunitsa and Bravaya 23 , Pou-Amérigo et al. 19 , Honda et al. 20 ) and experimental (Cooper et al. 24 , Modelli and Burrow 27 and Allan 25, 28 )
data available. The character of the resonances in the corresponding paper is indicated in brackets.
Sym.
12 Au
12 B2u
12 B3g
12 B3u
12 B1g
22 B3u

ER (Width)
SEP
CC
0.85
1.10
(0.012)
(0.030)
1.70
(8E-4)
1.75
(0.001)
1.96
1.90
(0.159)
(0.071)
3.05
2.35
(0.007)
(0.007)
3.36
2.67
(0.058)
(0.138)

C

Cheng 21

West 18

K&B 23

Pou 19

Honda 20

Experiment

S

0.910(S)
(0.346)
1.136 (F)
(0.014)
0.956 (F)
(0.042)
1.587 (M)
(0.351)
2.099 (F)
(0.058)
2.332 (M)
(0.139)

1.01(S)

0.56 (S)

0.91 (S)

0.83 20 (S)

1.35 24 1.43 25 (S) 1.60 28 (S) 1.41 27

1.03 (F)

0.68 (F)

0.96 (F)

1.22 (F)

∼0.9

0.7 (F)

0.87 (F)

1.09 (F)

0.68 (S)

1.43 (M)

1.31 (M)

1.79 (S)

-

1.73 (F)

1.99 (F)

2.66 (F)

1.86 (F)

2.14 (F)

1.87 (M)

2.44 (F)

F
F
S
M
M

nances. 16 . The parent state of the 12 B2u resonance has been easily identified as the lowest excited state, the 13 Au , by looking at
the R-matrix poles. This is done by finding the pole closest to the
resonance, and searching for the biggest coefficient of the wave
function for that pole. That coefficient is associated to a configuration that allows us to identify the parent state. (One should be
careful with this method as it implies two rough approximations:
the closest pole might be far from resonance and not describe it
particularly well and, in choosing just the main configuration, one
neglects the contribution of all the other configurations for that
state). In the case of the 12 B3g resonance the identification of the
parent state(s) has not been possible. Both resonances are positioned more than 1 eV below the first excitation threshold, which
is unusual.
This is also the case for the mixed character resonances which
should have at least two parent states: the ground state and an
excited one. However, the identification of potential parent states
from the configurations of the closest poles was inconsistent with
the behaviour of the resonances for calculations with different
amount of polarization; the branching ratios do not help in this
case either as resonances of Feshbach character do not decay to
their parent state.
We now proceed to the discussion of the remaining resonances.
The SEP calculation revealed the presence of twelve resonances
of shape, mixed shape core-excited and core-excited character,
identified through the cross section and time-delay analysis (Figures 2 and 3 respectively). Although, as said before, this calculation does not include the excited states of the target molecule, it
does include in the N + 1 wave functions some of the configurations required to describe them, which allow us to observe some
features that might correspond to core-excited resonances. These
are more accurately described when the CC method is used, and
some of them are more clearly visible in the inelastic cross section
(Figure 4). The CC time-delay, plotted in Figure 5, presents, in ev6|
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0.70 24 0.72 25 (S) 0.77 28 (S) 0.69 27

1.90 24 2.15 25 (S) 2.0 28 (S)

ery symmetry, some structure within the energy range 3.0-4.0 eV.
Although the presence of Feshbach resonances in this region cannot be excluded, it is clear that some of the structure is due to the
many thresholds in this range - see Table 1.
Table 3 summarizes the resonances positions and widths for
the CC calculation, as well as the respective parent state(s). The
little available theoretical and experimental data for these resonances is also listed. Not included in the table are resonances
detected experimentally and for which no symmetry assignation
has been attempted. For example, Modelli and Burrow identify a
core-excited resonance at 2.11 eV, but do not assign it a symmetry.
Similarly, they also see a band at 5.8 eV that is very likely a resonance. Allan 28 sees a very broad feature around 4.2 eV that he
describes as of σ ∗ character and another one at 5.45 eV. Cooper
et al. 24 reports a broad energy loss peak at 4.35 eV that they state
could correspond to electronic excitation of the neutral.
Looking at the panel for the Ag symmetry in Figure 2 we can observe in the SEP cross section an extremely broad peak centered
slightly above 6 eV, that could correspond to a wide resonance:
the corresponding feature is visible in the time-delay. However,
the CC results do not show a structure that could correspond to
this one. Similarly, there is some structure above 6.5 eV, again
consistent with some peaks in the time-delay that might be pseudoresonances. If we look at the inelastic Ag cross section presented in Figure 4, two clear peaks are visible (and they are also
present in the in the time-delay) that, since they are absent from
the SEP results, we identify as core-excited resonances. These
two resonances are deemed physical and therefore included in
Table 3.
At the SEP level, the B3u symmetry presents four resonances
clearly visible in the time-delay. The lowest two are the pure
shape and mixed-character resonance already reported in Table 2.
The higher two appear at lower energies in the CC calculation,
that in fact shows, in the inelastic cross section, the presence of

Fig. 2 Contributions to the integral elastic cross section from the scattering symmetries indicated in the panels at SEP (dashed green line) and CC
level (solid black line) for the parameters described in the text. The bottom right hand panel shows the total elastic cross sections (sum of all
contributions shown in the other panels) calculated at both levels.

Fig. 3 Eigenvalues of the time-delay matrix for the scattering symmetries indicated in the panels at SEP level for the same parameters as in Figure 2.
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a fifth resonance. This indicates these resonances have partial
or whole core-excited character. The analysis of the branching
ratios indicates that the resonance at 4.81 eV is of mixed shape
core-excited character. Modelli and Burrow found a resonance
of this symmetry at 4.37 eV that could correspond to our third
resonance or to the wider one present at 5.95 eV. The calculations
presented by West et al. 18 locate the third B3u resonance at much
lower energy. All these resonances are listed by Cheng et al. 21 as
appearing at lower energies than in our calculations.
The Feshbach resonance of B2u symmetry listed in Table 2 is
neither visible in the CC cross section nor the time-delay with the
grid we have used in Figures 4 and 5. An additional calculation
with a grid four times finer was necessary to characterize it. At
higher energies, the SEP calculation only shows the presence of
pseudoresonances. The CC calculation shows two resonances at
5.16 eV and 6.96 eV, confirmed by time-delay. These have pure
core-excited character.
The B1g symmetry has one resonance reported in Table 2, visible in the elastic cross section and time-delay for both methods.
As explained above, the relative positions in both methods points
to a mixed shape core-excited character. The higher peak in SEP
results is most likely a pseudoresonance. The elastic CC cross
section shows a step at 4.97 eV, more visible as a clear peak in
the inelastic cross section, and confirmed by time-delay. There
are two other resonances at higher energies - 7.29 and 7.79 eV,
also supported by the time-delay analysis. These 3 resonances
are of pure core-excited character and the last one has not been
described before.
The SEP cross sections for the B1u symmetry show some structure above 6.5 eV that we identify as pseudoresonances. Even
though there are no peaks in the elastic CC cross section, the
inelastic one presents two peaks at 4.41 and 5.27 eV with the correspondent peaks visible in the time-delay. These resonances are
assigned as pure core-excited and are also observed by Cheng et
al. 21 .
The B2g symmetry presents two clear resonances in the elastic cross section that have mixed shape core-excited character as
evidenced by the shifting of their positions we observe between
models. In the inelastic cross section, it is possible to observe a
third broad feature centered slightly above 7 eV that we cannot
conclusively identify as a physical resonance: the corresponding
feature in the time-delay would be very wide and low and may be
hidden by the presence of other features. Three resonances of this
symmetry are identified by Cheng et al.: a shape one at 5.5 eV and
two core-excited ones at 4.410 and 5.910 eV. The widths of these
resonances are very different to ours (see Table 3). Since the
authors used two different methods to identify shape and coreexcited resonances, we think it is possible they observed the same
(mixed character) resonance at two different energies.
The bound state of p-BQ− has B2g symmetry. For the neutral
8|

1–11

geometry of p-BQ, West et al. positioned the bound state 1.48 eV
below the ground state whereas Kunitsa and Bravaya locate it
1.75 eV below it. The lowest R-matrix pole for the corresponding
symmetry, which gives a reasonable estimate of the bound state
energy, is 1.57eV below the ground state.
The B3g symmetry presents no pure shape resonances. The
barely visible structure at 1.75 eV in the elastic CC cross section,
also just about visible in the time-delay for this calculation, corresponds to the resonance reported in Table 2 and its narrow width
indicates that it is likely a Feshbach resonance. The other peak in
the SEP cross section (at around 7 eV) is almost certainly a pseudoresonance. The CC time-delay shows two clear resonances at
5.12 eV and 7.05 eV (the other structure corresponds to thresholds). Despite the fact that no peak-like feature is visible in the
inelastic cross section, we identify these as physical resonances.
The last symmetry is the Au . The lowest energy resonance for
the system, of pure shape character, has this symmetry and is
reported in Table 2. The CC calculations also show the presence
of three core-excited resonances at 6.99, 7.31 and 7.62 eV, clearly
visible in both inelastic cross section and time-delay.
Table 3 lists the resonance positions obtained by Cheng’s et al.
mainly from simpler calculations than those used for the data
quoted in Table 2 (three resonances identified by them are not
included in this table as they do not correspond to any of ours).
The matching between their and our resonances has been done
on symmetry and energy order. The disagreement between ours
and their results is significant, both in terms of the absolute and
relative position of the resonances. We expect our calculations to
overestimate the position of the resonances and, indeed, most of
Cheng’s et al.’s appear at lower energies. In addition, it is possible
that we may have missed some Feshbach resonances that, being
very narrow and close to an excitation threshold, are very hard to
spot in either the cross section or the time-delay.
As stated before, the parent states of the resonances were determined by the branching ratios obtained from the time-delay
analysis. This was based on the assumption that, given their
widths, the resonances are not of Feshbach character. Our character assignation is consistent with that of Cheng et al. except for
one resonance that appears in our calculation at 7.08 eV and that
we deem core-excited shape whereas they identify it as of mixed
character. In terms of the parent states of the resonances, we find
agreement for some of the resonances but not others as can be
seen from Table 3.

5

Conclusions

We have presented both elastic and inelastic scattering calculations for para-benzoquinone, in the 0-8 eV energy range. These
calculations have enabled us to investigate the resonance spectrum of p-BQ in greater detail than ever before, as well as determine the integral elastic and inelastic cross sections for this

Fig. 4 Contributions to the total inelastic cross section from the scattering symmetries indicated in the panels. The bottom right hand panel shows the
total inelastic cross sections (sum of all symmetry contributions) for excitation into all the excited states included in our calculation.

Fig. 5 Eigenvalues of the time-delay matrix for the scattering symmetries indicated in the panels at CC level for the same parameters as in Figure 4.
Note that most sharp peaks (that normally appear in more than one symmetry) correspond to thresholds.

1–11 | 9

Table 3 Positions and widths (in eV), and character of the resonances found in our CC calculations as well as their most likely parent state(s). The
capital letters mean: M, mixed shape core-excited; CE, core-excited shape. Earlier theoretical data: Cheng et al. 21 (most results quoted are those
from their non-averaged calculation; for the 12 B2g and 22 B2g resonances we also quote the positions and widths from their Table 3 ) , West et al. 18 .
Experimental position of first 2 B2g resonance: Modelli and Burrow 27 ’ Allan 28 .
Symm.
12 Ag
12 B1u
12 B2g
32 B3u
22 B1g
22 B3g
22 B2u
22 Ag
22 B1u
22 B2g
42 B3u
32 B2u
22 Au
32 B3g
32 B1g
32 Au
52 B3u
42 Au
42 B1g

ER (Width)
4.37 (0.041)
4.41 (0.043)
4.74 (0.032)
4.81 (0.133)
4.97 (0.238)
5.10 (0.147)
5.16 (0.169)
5.24 (0.189)
5.27 (0.137)
5.76 (0.526)
5.95 (0.316)
6.96 (0.039)
6.99 (0.142)
7.08 (0.71)
7.29 (0.186)
7.31 (0.249)
7.62 (0.172)
7.62 (0.300)
7.79 (0.096)

Char.
CE
CE
M
M
M
CE
CE
CE
CE
M
M
CE
CE
CE
CE
CE
CE
CE
M

Most likely P.S.
11 Au , 13 Au , 11 B1g
11 B1g , 13 B1g , 11 Au
g.s., 13 B3g
g.s., 13 Au , 13 B3g
g.s., 23 B1u
11 Au , 13 Au , 11 B1g
13 B1g , 11 B1g , 23 B1u
11 Au , 13 Au , 13 B1g
13 B1g , 11 B1g
g.s., 23 B1u
g.s., 13 B3g
11 Au , 13 B1g , 21 B1g
23 B1u , 33 B1u
13 B1g , 11 B1g
13 B3u
23 B1u , 33 B1u
13 B3g , 11 B3g , 21 Ag
23 B1u , 33 B1u , 1Au
g.s., 13 B1u

Cheng et al./other
3.69
3.37
4.24/4.410 (0.397) 4.37 27 4.24 28
3.58 2.4 18
4.14
4.30
3.97
4.06
3.82
5.92/5.910 (0.375)
5.46
4.88
5.41
4.64
5.12
5.87
-

target.

6

We have identified a large number of resonances, mainly of
core-excited and mixed character. Most of these resonances appear above 4 eV, in the same energy region as a large number of
excited states of p-BQ. The characteristics of many of these resonances had been investigated by Cheng et al. 21 .

The six lowest resonances are in good agreement with the
published data. These resonances are energetically very close
(roughly within 1.5 eV) and their order around the equilibrium geometry of the neutral molecule is very sensitive to small
changes in bond-lengths. We believe this may be one of the reasons why different authors have provided different orderings and,
for some resonances, different character. Our results agree with
those of Kunitsa and Bravaya, although their identification of the
first resonance of 2 B3u symmetry as of mixed character contradicts
our analysis that this is a shape resonance. This ordering, or more
generally the relative position of the resonant states, has implications for the photodetachment process. Further work, particularly
experimental electron scattering measurements (e.g. electron energy loss spectroscopy and velocity map imaging experiments),
could contribute to elucidating the details of the resonant spectrum for this very interesting and fundamental molecule. Future
theoretical work is planned on the p-BQ-H2 O complex: action
spectroscopy experiments 53 on p-BQ and p-BQ-H2 O have indicated that hydrogen bonding with one water molecule seems to
have little effect on the photodetachment processes.
10 |
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P.S. (Cheng’s)
Au , B2g , B2u
B3u , B1g , B2u
g.s., Ag , B1u
g.s., B3g , B2u , B1u
g.s., B2u , B1u , B3g
Au , B1u , B1g
Au , B1u , B1g
Au , B2u , B2g
B2u , B3u , B1g
g.s., B1u
g.s., B2u , B1u , B3g
Au , B1g , B1u
B2u , B3g , B1u
g.s., B1g
B2u , B1u , B3g
g.s., B2u , B1u , B3g
-
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