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8College of Science and Engineering, James Cook University, Townsville, Qld 4811, Australia

(Received 27 October 2017; accepted 14 December 2017; published online 28 December 2017)

We report on theoretical elastic and experimental vibrational-excitation differential cross sections
(DCSs) for electron scattering from para-benzoquinone (C6H4O2), in the intermediate energy
range 15–50 eV. The calculations were conducted with two different theoretical methodologies, the
Schwinger multichannel method with pseudopotentials (SMCPP) and the independent atom method
with screening corrected additivity rule (IAM-SCAR) that also now incorporates a further interference
(I) term. The SMCPP with N energetically open electronic states (Nopen) at the static-exchange-plus-
polarisation (Nopench-SEP) level was used to calculate the scattering amplitudes using a channel
coupling scheme that ranges from 1ch-SE up to the 89ch-SEP level of approximation. We found that
in going from the 38ch-SEP to the 89ch-SEP, at all energies considered here, the elastic DCSs did not
change significantly in terms of both their shapes and magnitudes. This is a good indication that our
SMCPP 89ch-SEP elastic DCSs are converged with respect to the multichannel coupling effect for the
investigated intermediate energies. While agreement between our IAM-SCAR+I and SMCPP 89ch-
SEP computations improves as the incident electron energy increases from 15 eV, overall the level
of accord is only marginal. This is particularly true at middle scattering angles, suggesting that our
SCAR and interference corrections are failing somewhat for this molecule below 50 eV. We also report
experimental DCS results, using a crossed-beam apparatus, for excitation of some of the unresolved
(“hybrid”) vibrational quanta (bands I–III) of para-benzoquinone. Those data were derived from elec-
tron energy loss spectra that were measured over a scattered electron angular range of 10◦–90◦ and
put on an absolute scale using our elastic SMCPP 89ch-SEP DCS results. The energy resolution of
our measurements was ∼80 meV, which is why, at least in part, the observed vibrational features were
only partially resolved. To the best of our knowledge, there are no other experimental or theoretical
vibrational excitation results against which we might compare the present measurements. Published
by AIP Publishing. https://doi.org/10.1063/1.5010831

I. INTRODUCTION

We have previously discussed why electron and pho-
ton studies on the quinone family, para-benzoquinone
(pBQ, 1,4-benzoquinone, C6H4O2, see Fig. 1) in particular,
are important1,2 and so we do not repeat that detail again
here. Briefly, however, within the electron transport chain of
photosynthesis and cellular respiration, quinones are a cru-
cial molecular subunit as they are able to undergo reversible
reduction. Hence they show potential as a sustainable, low-
cost material for energy applications.3 Quinone derivatives

a)Author to whom correspondence should be addressed: Michael.Brunger@
flinders.edu.au

are also known to form in the combustion of fuels, and their
presence has been observed in air particulate samples within
urban environments.4 Thus an understanding of the poten-
tial environmental implications of quinone and quinone-
derivatives in our atmosphere, if they were to be employed
large-scale in future technology developments, is also vital.
pBQ, as the simplest quinone, has therefore served as a pro-
totypical structure in an attempt to understand these and other
complex chemical processes.

The spectroscopy of pBQ has been somewhat controver-
sial due to it possessing many close-lying electronic-states.
Good reviews on this aspect can be found in the work of Itoh5

and more recently in the work of Ómarsson and Ingólfsson.6

There have also been photoelectron,7–10 Penning ionisation,11
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FIG. 1. Schematic representation of the para-benzoquinone (pBQ, C6H4O2)
and benzene (C6H6) structures.

and matrix isolation12 studies in order to provide insights
into the cationic structure of pBQ. The gas-phase photoab-
sorption spectrum in the visible13–15 and UV2,16–18 spectral
regions has been extensively studied, while in the vacuum
ultraviolet (VUV) range, we note the low resolution study
of Brint et al.19 and our own high resolution investigation.2

From the electron scattering viewpoint, most work has been
undertaken on electron attachment and resonances.20–22 In
addition, Allan23,24 has also performed transmission electron
impact energy loss spectra measurements to gain insights into
attachment and excitation processes. Further, the dynamics of
electron impact ionisation of pBQ have been investigated.1

More recently, Jones et al.2 studied the electronic-state spec-
troscopy of pBQ using photoabsorption and electron energy
loss spectroscopy (EELS). That latter work was supported by
detailed quantum chemical calculations.2 The latest investi-
gation, by Loupas and Gorfinkiel,25 employed the R-matrix
formalism to study low-energy resonances in the elastic and
electronically inelastic scattering channels of pBQ. Significant
electron capture behaviour, leading to resonance structures in
the integral cross section (ICS), was found by those authors.25

Over the last decade or so, we have devoted quite a lot
of effort, both theoretical and experimental, to study elec-
tron scattering phenomena from biomolecules such as water
(e.g., Refs. 26 and 27), tetrahydrofuran (e.g., Refs. 28–30),
pyrimidine (e.g., Refs. 31–36), and α-tetrahydrofurfuryl
alcohol (e.g., Refs. 37–40) and technologically important
molecules such as phenol (e.g., Refs. 41–46) and furfural (e.g.,
Refs. 47–52). Some of those species studied have been recently
reviewed by Brunger53 and Gorfinkiel and Ptasinska.54 Aside
from investigating things like the effect of the molecular elec-
tronic properties (i.e., the dipole moment and dipole polar-
isability) on the collision behaviour and benchmarking our
theoretical and experimental results against each other where
possible, we have also attempted to contribute cross sections
to databases (e.g., LXCaT55) that might then be employed
with Monte Carlo techniques to simulate charged-particle
track behaviour in matter.56–59 Additionally, such databases
might also be used in conjunction with Monte Carlo on
Boltzmann equation approaches to simulate the transport
behaviour of electrons under the influence of an applied elec-
tric field on those molecules.60–65 In the latter case, our simula-
tion results are often benchmarked against independent elec-
tron swarm experiments that measure transport coefficients
such as the drift velocity and Townsend ionisation and diffu-
sion coefficients.63 In this context, the present investigation on
elastic scattering and vibrational excitation seeks to contribute
towards building a “correct, absolute, and comprehensive”66

database, in order to similarly undertake charged-particle track
Monte Carlo simulations and Boltzmann equation solution
analyses for electron transport in pBQ.

The outline of the remainder of this paper is as follows.
In Sec. II, we briefly describe the details of our theoretical cal-
culations and experimental procedures, with our results being
presented and discussed in Sec. III. Finally, in Sec. IV, some
conclusions from our investigation are summarised.

II. THEORETICAL AND EXPERIMENTAL METHODS
A. Schwinger multichannel method
with pseudopotentials (SMCPP)

The Schwinger multichannel (SMC) method67 for
electron–molecule scattering is a variational approach espe-
cially designed to deal with targets of arbitrary geometries. To
accomplish this, it uses square integrable basis functions in
order to obtain the scattering amplitudes. The method takes
into account important effects such as the electron exchange,
the electron–target polarisation interaction, and the possibility
of flux competition between the elastic and inelastic chan-
nels through electronic multichannel coupling. The significant
computational cost for getting meaningful results for poly-
atomic targets like pBQ led us to use parallel computing68 in
an implementation that also employs norm-conserving pseu-
dopotentials69 (SMCPP) and single-excitation configuration
interaction techniques for the target description.70 Since our
method has been recently reviewed,71 here we only need to
give the working expression for the scattering amplitude as

f
(
kf , ki

)
= −

1
2π

∑
m,n

〈
Skf |V | χm

〉
(d−1)mn

〈
χn |V |Ski

〉
, (1)
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dmn =

〈
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�����

[
Ĥ
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−
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+
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2
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P V

] �����
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〉
.
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In the expression above, P is a projector onto Nopen

energy-allowed target electronic channels, i.e.,

P =
Nopen∑
`=1

|Φ`〉 〈Φ` | , (3)

with |Φ`〉 written as a single-excitation configuration-
interaction wave function, G(+)

P is the free-particle Green’s
function projected onto P space, V is the electron–target inter-
action potential, ki(kf ) is the incoming (outgoing) projectile
wave vector, and Ĥ = E � H is the total energy (ground state
energy plus the kinetic energy of the incoming electron) minus
the Hamiltonian of the (N + 1) electrons under the field of the
fixed nuclei. The latter is given by H = H0 + V, where H0

describes the non-interacting electron–molecule system and
Sk is a solution of H0. Namely, it is the product of a plane
wave (projectile) and a target state |Φ`〉. For the expansion of
the variational scattering wave function, the method employs
trial basis sets comprising (N + 1)-particle configuration state
functions (CSFs), denoted by | χm〉, that are built from spin-
adapted, anti-symmetrised products of target electronic states
and projectile scattering orbitals. The energetically open elec-
tronic collision channels are included in the P space, and the
dynamical response of the target electrons to the projectile
field (correlation-polarisation effects) is accounted for through
virtual excitations of the target. Here, the CSFs are given by
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| χm〉 = AN+1 |Φi(1, . . . , N)〉 ⊗ ���φj(N + 1)
〉

, (4)

where for i > 0, |Φi〉 ≡
(2S+1)(hi → pi) is a singly excited

state obtained by promoting one electron to create a hole
in the orbital (hi) of the ground state |Φ0(1, . . . , N)〉 and
occupying a particle orbital (pi), with either singlet (S = 0)
or triplet (S = 1) spin coupling, although in practice only
(N + 1)-electron configurations with total spin S = 1/2 (dou-
blets) are taken into account. If we have Nopen states in
Eq. (3), this level of calculation is called an Nopen-channel
coupling scheme at the static-exchange-plus polarisation
(Nopench-SEP) approximation. Nopench-SE denotes calcula-
tions performed at the static-exchange level of approxima-
tion with Nopen states. In the present implementation, elastic
scattering at discrete intermediate energies (15–50 eV) is
considered with the number of open scattering channels
(Nopen) ranging from 1 to 89 channels in our computations.

Furthermore, in this energy range, we did not detect any
major differences in the elastic differential cross section (DCS)
results between our SEP and SE calculations. As a conse-
quence, in this paper, we simply report our SMCPP-SEP elastic
DCS data (see Table I).

In order to transform the scattering amplitude from the
body-fixed frame (the reference frame best suited for carrying
out the calculations) to the laboratory-fixed frame (the refer-
ence frame where the z-axis is aligned with the direction of
the incident wave vector, i.e., ki = kiẑ), we expand kf in terms
of partial waves,72

f (kf , ki) ≡
〈
kf |f |ki

〉
=

`max∑
`=0

∑̀
m=−`

〈
kf |`m

〉
f (`m, ki), (5)

where
〈
kf |`m

〉
is a spherical harmonic that can be easily

converted from the body- to the laboratory-frame and

TABLE I. Differential cross sections (×10�16 cm2/sr) for elastic scattering of electrons from pBQ calculated within the SMCPP framework utilizing an 89-open
channel (ground state plus 44 singlet states and 44 triplet states) coupling scheme at selected impact energies (16–50 eV) and angles (0◦–180◦). Results shown
are for the SEP level of approximation.

Angle σElas σElas σElas σElas σElas σElas σElas σElas

(deg) (E0 = 16 eV) (E0 = 20 eV) (E0 = 25 eV) (E0 = 30 eV) (E0 = 35 eV) (E0 = 40 eV) (E0 = 45 eV) (E0 = 50 eV)

0 82.0 86.7 91.4 90.0 88.3 88.2 87.0 84.5
5 75.3 78.9 82.1 80.0 77.9 77.1 75.5 72.8
10 58.3 59.1 59.3 56.0 53.1 51.3 48.9 46.2
15 37.8 36.3 34.0 30.5 27.6 25.4 23.1 20.9
20 20.5 18.2 15.5 12.8 10.9 9.40 7.96 6.73
25 9.42 7.59 5.75 4.45 3.70 3.11 2.57 2.18
30 3.89 2.95 2.18 1.80 1.71 1.62 1.52 1.49
35 1.75 1.42 1.25 1.19 1.26 1.29 1.30 1.32
40 1.08 1.00 1.01 0.99 1.05 1.11 1.13 1.13
45 0.89 0.87 0.92 0.91 0.96 1.01 1.03 1.02
50 0.83 0.81 0.90 0.89 0.92 0.93 0.93 0.92
55 0.80 0.78 0.90 0.88 0.87 0.86 0.85 0.83
60 0.76 0.75 0.87 0.84 0.83 0.81 0.80 0.76
65 0.71 0.72 0.82 0.79 0.79 0.77 0.74 0.68
70 0.68 0.70 0.75 0.73 0.74 0.70 0.66 0.62
75 0.66 0.69 0.70 0.68 0.69 0.64 0.60 0.60
80 0.65 0.68 0.67 0.67 0.66 0.60 0.58 0.60
85 0.63 0.66 0.67 0.67 0.65 0.59 0.57 0.58
90 0.61 0.65 0.69 0.68 0.65 0.61 0.59 0.61
95 0.60 0.65 0.71 0.69 0.67 0.65 0.65 0.67
100 0.61 0.67 0.73 0.72 0.72 0.71 0.72 0.74
105 0.64 0.71 0.76 0.76 0.78 0.78 0.78 0.77
110 0.70 0.76 0.81 0.82 0.84 0.83 0.81 0.77
115 0.76 0.84 0.87 0.87 0.88 0.87 0.82 0.77
120 0.83 0.93 0.94 0.92 0.92 0.90 0.85 0.79
125 0.90 1.02 1.01 0.98 1.00 0.99 0.94 0.86
130 0.95 1.08 1.07 1.07 1.11 1.13 1.07 0.99
135 1.00 1.13 1.13 1.16 1.23 1.26 1.20 1.13
140 1.04 1.15 1.19 1.26 1.33 1.37 1.30 1.24
145 1.11 1.19 1.29 1.39 1.43 1.44 1.38 1.33
150 1.22 1.27 1.46 1.55 1.55 1.52 1.47 1.43
155 1.33 1.39 1.70 1.75 1.70 1.63 1.59 1.54
160 1.42 1.50 1.95 1.95 1.84 1.77 1.74 1.67
165 1.43 1.56 2.15 2.07 1.93 1.87 1.88 1.79
170 1.37 1.55 2.25 2.09 1.94 1.92 1.97 1.86
175 1.29 1.50 2.28 2.05 1.90 1.91 2.01 1.89
180 1.25 1.48 2.27 2.02 1.88 1.90 2.02 1.89
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f (`m, ki) = 〈`m|f |ki〉 can be interpreted as the scattering
amplitude of an electron entering the interaction region in
a plane-wave |ki〉 and leaving it in a partial wave |`m〉. For
completeness, we also note that we average the cross sections
over d2ki in the body-frame, which is equivalent to averaging
over the molecular orientations in the laboratory-frame. In the
present study, and consistent with what we found in our earlier
work in furfural,48 we found convergence was achieved with
`max = 13.

B. Independent atom model with screening corrected
additivity rule and interference terms (IAM-SCAR+I)

The IAM-SCAR+I method has been previously
described,73,74 most recently by Traoré Dubuis et al.,52 so that
only a brief précis is presented here. The fundamental premise
of this independent atom model approach is that the molecular
target of interest is not considered as a single multi-centre tar-
get, but as an aggregate of individual atoms.75 As a result, this
approximation effectively assumes that the molecular binding
does not affect the electronic distribution of the atom so that
each atom scatters independently from the others. Put sim-
ply, the atoms of the molecule are viewed as isolated entities.
Hence the initial task in any IAM-SCAR+I computation is
to describe the electron scattering from the atoms constitut-
ing the molecular target (here carbon, hydrogen, and oxygen).
The electron–atom interaction is represented by an ab initio
complex optical potential, where the real part accounts for elas-
tic scattering while the imaginary part represents the inelastic
processes. Note that these inelastic processes are considered
as “absorption” channels from the incident electron beam. The
complex potential for each atom in the molecule is represented
by

Vopt(r) = VR(r) + iVabs(r)

= Vs(r) + Vex(r) + Vpol(r) + iVabs(r). (6)

In Eq. (6), the real part (R) consists of three terms: (i)
a static term (V s) derived from a Hartree-Fock calculation of
the atomic charge distributions,76 (ii) an exchange term (V ex)
which accounts for the indistinguishability of the incident and
target electrons,77 and (iii) a polarisation potential (Vpol) that
describes the long-range interactions.78 Finally, the imagi-
nary part of the potential defined by the absorption potential
(V abs) is based on a quasi-free model developed by Staszewska
et al.79 Initially, quite significant discrepancies between the
experimental data and the optical potential model were found
although these were subsequently corrected.80,81 With those
changes, the Madrid team has developed a method capable of
representing electron-atom scattering over a broad range of
energies and targets (e.g., Ref. 82).

The electron–molecule cross sections are now computed
from the atomic data by the additivity rule (AR).83 Within that
approach, the molecular scattering amplitude is determined
from the sum of all the relevant atomic amplitudes, includ-
ing the phase coefficients, from which the molecular DCSs
can be generated. Although not strictly relevant to this paper,
for completeness, we note that integral cross sections (ICSs)
can then be derived by integrating those DCS. The total cross
sections (TCSs) are determined from the sum of the elas-
tic ICS and the absorption ICS (for all inelastic processes

except rotations and vibrations). The principal limitation of
this approach is that no molecular structure is considered, mak-
ing it valid only for fast incident electrons (typically>100 eV81

although the precise energy is a little species dependent) which
effectively “see” the target molecule as a sum of individual
atoms. For lower incident energies, the atomic cross sections
are sufficiently large to overlap with one another, leading to
an overestimation of the AR molecular cross sections. To
solve that limitation, at least in part, Blanco and Garcı́a84

developed a screening corrected additivity rule (SCAR) pro-
cedure which takes into account the geometric features of the
molecule by introducing some screening coefficients. More
recently, they have also incorporated some interference (I) term
corrections to the SCAR method.74 Within those SCAR and
SCAR+I approaches, the range of validity of the model might
be extended down to incident electron energies of 20–30 eV.
Certainly there is some evidence to suggest that both the IAM-
SCAR or IAM-SCAR+I methods are quite powerful tools
for calculating cross sections at intermediate to high energies
(i.e., ∼50–10 000 eV).59,85–87

C. Experimental details

A typical EELS for electron–pBQ scattering, measured as
a part of this study, is given in Fig. 2. Those data were acquired
with a crossed-beam apparatus housed at Flinders Univer-
sity,88 which has been documented in detail before. Briefly,
however, a monochromated beam of electrons with energies
(E0) of 20 eV, 30 eV, or 40 eV, and a typical flux producing a
current in the range 0.8–3 nA in a Faraday cup, was incident on
an orthogonal beam of pBQ. Para-benzoquinone was a rather
difficult target to work with, with details of our processes for
obtaining a stable beam now being given. The pBQ vapour was
obtained through sublimation of its crystalline solid (Sigma-
Aldrich, >98% assay). Here the solid sample was heated

FIG. 2. An example electron energy loss spectrum for pBQ obtained at an
incident electron energy of 20 eV and a 90◦ scattering angle. Also shown is
our fitting to this spectrum, showing peaks for the elastic feature, and bands
for excitation to unresolved bands describing composite vibrational modes.
Here the assignment of features within each band is summarised in Table II.
The overall spectral deconvolution plot is denoted by the solid black line,
while the fits to the various composite vibrational features (bands I–III) and
the elastic peak are also shown by the dashed blue line. Here the dotted red
lines denote fits for the individual Gaussian functions, which are combined
into a single composite vibrational feature.
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to 55 ◦C. The vapour was transported through a gas handling
system, heated to 70 ◦C to minimise recrystallisation in the gas
lines, where it was introduced into the chamber (also heated
to 70 ◦C) through a variable leak valve coupled to a single
channel capillary (0.7 mm inner diameter) molybdenum nee-
dle that was used as the beam forming device. Note that the
sample reservoir, gas handling lines, leak valve, and scattering
chamber were all insulated from their surrounds to keep their
temperature as stable as possible. Under the stable beam con-
ditions maintained during the EELS measurements, the pBQ
pressure in the vacuum chamber never exceeded 5 × 10�6 Torr
but was typically ∼2–3 × 10�6 Torr, in order to minimise any
possible multiple scattering effects. Finally, the recent study
on decomposition of biomolecules, specifically uracil and a
range of uracil derivatives related to positron emission tomog-
raphy (PET) studies,89 indicated that they are stable against
thermal decomposition up to ∼200 ◦C. As this temperature is
much higher than those we employed in this investigation, we
are confident that pBQ does not decompose here.

The intersection of the electron and pBQ beams defines
a collision volume (interaction region), and those electrons
which collided with the molecules and scattered at some angle
θ, called the electron scattering angle, were energy analysed
using a hemispherical selector before being detected with a
channel electron multiplier. Note that the angular range of
the present EELS was 10◦–90◦, while the angular resolution
of the analyser is 2◦. Further note that the overall instru-
mental energy resolution employed in our measurements was
∼80 meV (FWHM), which was insufficient to resolve many of
the vibrational modes from one another (see Table II). Conse-
quently, composite vibrational mode cross sections for bands
I, II, and III are reported here (see Fig. 2). As noted previ-
ously, pBQ was a particularly challenging target to work with
owing to the low count rates observed under the conditions
to maintain a stable beam for our system. These conditions
were necessary to overcome issues with pBQ vapour recrys-
tallising within the gas handling system and causing pressure
drops/pressure spikes. As such, the accumulation time for
the energy loss spectra, recorded using a multichannel scaler
(MCS) synchronised to a linear voltage ramp that varied the
detected energy loss over the required range, at specific impact
energies and scattering angles, ranged from 1 day to 3 weeks of
continuous run-time. Here we note that this work encompasses
a broader range of energy loss values covering electronic exci-
tation, with the results from that work to be reported elsewhere.

TABLE II. The pBQ composite vibrational feature peak positions, widths
(FWHM), and assignments. Here the uncertainty in the peak position and
widths represents the standard deviation of the fitting parameter employed to
obtain the best fit to the measured spectra across all incident electron energies
and scattering angles.

Position Width Vibrational
Band (eV) (eV) modes Assignment

Elastic 0.00 0.08 ± 0.01 ν23–ν30 Ring distortions
Band I 0.11 ± 0.02 0.10 ± 0.02 ν5–ν23 CC-stretching/CH bending/

0.21 ± 0.03 0.11 ± 0.02 CO stretching
Band II 0.37 ± 0.02 0.11 ± 0.02 ν1–ν4 CH stretching
Band III 0.53 ± 0.02 0.11 ± 0.02 Combination band

Depending on the experimental conditions, energy loss spec-
tra at specific incident energies and scattered electron angles
were run multiple times or collected in a piecewise fashion
over the extended collection period required to obtain rea-
sonable counting statistics required to deconvolute the spectra
(as detailed below). In this way, we were able to check that
the ratio of inelastic to elastic features was consistent to be
within experimental uncertainty across the multiple experi-
mental runs or partial runs in situations where an extended
accumulation period was required.

The ground and excited state vibrational energies have
been extensively studied by Weber et al.,90 where they have
reviewed the available experimental values. We have therefore
assigned specific normal modes to our composite vibrational
features, with these assignments being contained in Table II.
Further, the present vibrational state assignments are consis-
tent with those we obtained in our own optimisation and fre-
quency calculations using DFT in GAUSSIAN at the B3LYP
level with an aug-cc-PVDZ basis set.91

The EELS were deconvoluted into contributions arising
from each individual or unresolved combination of excited
vibrational states.92 In each case, one or two Gaussian func-
tions were used to describe the spectral profile for each resolv-
able inelastic feature and the elastic peak (see Table II), with
a typical example of the result from those fits being given in
Fig. 2. Here the amplitudes of the Gaussian functions (in which
the peak energies and peak widths are fixed in each case) were
then varied in a least-squares fitting procedure92 to provide the
best fit to the measured spectra. The ratio (R) of the area under
the fitting function for each ith vibrational feature to that under
the elastic peak, at each E0 and θ, is quite simply related to the
ratio of the DCSs (σ) from

Ri(E0, θ) =
σi(E0, θ)
σ0(E0, θ)

. (7)

Note that Eq. (7) is only valid if the transmission effi-
ciency of the analyser remains constant over the EL and angular
range studied or is at least well characterised.66,88 Following
a technique similar to that of Allan,93 an additional focussing
lens (synchronised to the voltage ramp) was also employed to
minimise variations in the analyser transmission efficiency for
electrons detected with different values of EL. Of course, in
the present experiments, the scattered electron energies are all
very similar to those for E0 so that a significant transmission
effect is not expected here. Nonetheless, we place a very con-
servative uncertainty of 20% on our analyser efficiency being
unity.66 The present measured Ri for the composite vibrational
mode bands I, II, and III are summarised in Tables III–V,
respectively.

It is immediately apparent from Eq. (7) that the product
Ri × σ0 gives the required composite vibrational mode DCSs
provided the elastic DCSs (σ0) are known. Those results for
bands I, II, and III can also be found in Tables III–V. In this
study, we have used the previously discussed SMCPP results
for 89 open channels and at the SEP level of approximation (see
Table I) to undertake that normalisation. Note that no measured
elastic DCSs for electron scattering from pBQ are currently
published, and given the challenges we found in using pBQ,
we are skeptical that any applications of the relative flow
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TABLE III. Differential cross sections (×10�16 cm2/sr) for vibrational excitation of the composite CC and CO
stretching and CH bending modes (vibrational band I, EL ∼ 0.11–0.21 eV) of pBQ.

E0 = 20 eV E0 = 30 eV E0 = 40 eV

Angle Uncertainty Uncertainty Uncertainty
(deg) Ratio DCS (%) Ratio DCS (%) Ratio DCS (%)

10 0.022 1.330 75 0.011 0.620 84 0.045 2.297 95
20 0.018 0.326 66 0.021 0.266 91 0.016 0.153 73
30 0.062 0.184 59 0.039 0.071 67 0.033 0.053 64
40 0.375 0.376 74 0.226 0.224 52 0.178 0.197 40
50 0.118 0.096 71 0.055 0.050 80 0.034 0.032 23
60 0.083 0.062 72 0.060 0.051 84 0.038 0.031 25
70 0.129 0.090 77 0.078 0.057 75 0.057 0.040 24
80 . . . . . . . . . 0.100 0.066 80 0.077 0.046 23
90 0.133 0.087 74 0.114 0.078 80 0.082 0.050 24

technique94 to attempt such measurements are likely. This
follows as in using the relative flow method, one necessar-
ily cycles the target and standard gases throughout the mea-
surements.94 In our experience, the pBQ pressure took some
time to stabilise, making the duty cycle in a relative flow
measurement with it as the target species highly problem-
atic. The efficacy of using our SMCPP 89ch-SEP results, to
effect the normalisation of our Ri via Eq. (7), is discussed

later in Sec. III. Here we simply note that similar to what
we found in our investigations in phenol42 and furfural,48

we believe the current elastic SMCPP results are a valid
choice.

The current composite vibrational excitation DCSs for
bands I, II, and III in pBQ are given in Tables III–V, respec-
tively. Error estimates on those data are also provided in each
of these tables. Particular attention to the identification and

TABLE IV. Differential cross sections (×10�16 cm2/sr) for vibrational excitation of the composite CH stretching modes and CC/CO overtones (vibrational band
II, EL ∼ 0.37 eV) of pBQ.

E0 = 20 eV E0 = 30 eV E0 = 40 eV

Angle Uncertainty Uncertainty Uncertainty
(deg) Ratio DCS (%) Ratio DCS (%) Ratio DCS (%)

10 1.35× 10�3 7.96× 10�2 74 2.77× 10�4 1.55× 10�2 48 2.58× 10�4 1.32× 10�2 74
20 5.56× 10�4 1.01× 10�2 39 4.33× 10�4 5.55× 10�3 95 4.94× 10�4 4.64× 10�3 59
30 8.17× 10�3 2.41× 10�2 24 3.40× 10�3 6.14× 10�3 95 2.58× 10�3 4.18× 10�3 55
40 5.02× 10�2 5.03× 10�2 23 4.79× 10�2 4.75× 10�2 25 5.70× 10�2 6.33× 10�2 53
50 1.38× 10�2 1.12× 10�2 28 4.08× 10�3 3.65× 10�3 45 2.97× 10�3 2.78× 10�3 36
60 7.37× 10�3 5.49× 10�3 23 3.23× 10�3 2.72× 10�3 55 4.51× 10�3 3.66× 10�3 39
70 1.13× 10�2 7.92× 10�3 27 3.41× 10�3 2.48× 10�3 45 5.09× 10�3 3.58× 10�3 39
80 . . . . . . . . . 4.88× 10�3 3.25× 10�3 30 6.13× 10�3 3.68× 10�3 45
90 1.65× 10�2 1.07× 10�2 22 6.43× 10�3 4.38× 10�3 58 4.04× 10�3 2.47× 10�3 95

TABLE V. Differential cross sections (×10�16 cm2/sr) for vibrational excitation of combination CH stretching modes (vibrational band III, EL ∼ 0.53 eV) of
pBQ.

E0 = 20 eV E0 = 30 eV E0 = 40 eV

Angle Uncertainty Uncertainty Uncertainty
(deg) Ratio DCS (%) Ratio DCS (%) Ratio DCS (%)

10 1.84× 10�4 1.09× 10�2 95 4.08× 10�5 2.28× 10�3 95 1.26× 10�4 6.45× 10�3 76
20 2.47× 10�5 4.50× 10�4 74 9.77× 10�5 1.25× 10�3 95 3.19× 10�7 2.99× 10�6 83
30 1.56× 10�3 4.59× 10�3 44 5.71× 10�4 1.03× 10�3 95 2.29× 10�4 3.71× 10�4 95
40 6.95× 10�3 6.97× 10�3 31 6.37× 10�3 6.32× 10�3 85 5.47× 10�3 6.08× 10�3 60
50 2.03× 10�4 1.65× 10�4 95 1.02× 10�5 9.15× 10�6 95 6.04× 10�4 5.65× 10�4 95
60 8.61× 10�4 6.41× 10�4 44 7.07× 10�4 5.95× 10�4 95 4.18× 10�4 3.39× 10�4 82
70 1.33× 10�3 9.33× 10�4 95 1.16× 10�4 8.41× 10�5 95 3.48× 10�4 2.45× 10�4 83
80 . . . . . . . . . 5.00× 10�4 3.33× 10�4 95 1.32× 10�4 7.92× 10�5 95
90 2.44× 10�3 1.59× 10�3 25 6.25× 10�4 4.25× 10�4 95 1.02× 10�3 6.21× 10�4 95
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quantification of all possible sources of error has been made
in this investigation. Here the statistical errors associated with
the scattering intensity measurements for the elastic peak and
bands I and II are usually small although for the weaker band
III feature they can become important. As noted above, an
additional error due to our analyser transmission calibration
(∼20%) must also be considered. While the inherent error
in our SMCPP elastic DCS computations is negligible, we
have found from the past experience42,71 that it can often
reproduce the experimental data to 10% or better at ener-
gies between 20 and 40 eV. Hence, a 10% uncertainty on our
elastic DCS has been incorporated into our analysis. Another
important source of possible errors is that associated with
the numerical deconvolution of the energy loss spectra, so an
allowance for this is also made in the overall composite vibra-
tional DCS uncertainties. When all these factors are combined
in quadrature, the errors in the composite vibrational mode
DCS (see Tables III–V) are usually found to be in the range
22%–95%. Note that the largest uncertainties often occur due
to the poorer statistics associated with the weaker band III
feature or at the more forward scattering angles where the
elastic scattering intensity is much greater than that for vibra-
tional excitation. This can make it particularly challenging to
uniquely deconvolute these features.

III. RESULTS AND DISCUSSION

In Figs. 3 and 4, we demonstrate how the inclusion of
multichannel coupling impacts on our calculated elastic dif-
ferential cross sections. We do this specifically in Fig. 3 for

the incident electron energies 15 or 16 eV, 20 eV, 25 eV, and
30 eV, while in Fig. 4, we present our elastic DCS results
for the incident electron energies 35 eV, 40 eV, 45 eV, and
50 eV. Note that in Fig. 3 for the 15 eV or 16 eV plot, the
calculations with Nopen = 38 and 89 were performed at 16 eV,
while those with Nopen = 1 and 11 were undertaken at 15 eV.
This was done in order to avoid being close to the energetic
opening of a channel with energy near 15 eV in the expanded
channel space. In order to illustrate the multichannel cou-
pling effect, we compare the cross sections obtained according
to the different channel coupling schemes, starting from the
1ch-SE approximation, where only the elastic channel is open,
to the 89ch-SEP level, which is our most complete calcula-
tion having 89 open channels (the ground state plus 44 singlet
states and 44 triplet states). It is clear from Figs. 3 and 4
that the main effect of multichannel coupling, particularly for
scattered electron angles greater than about 20◦, is to allow
flux from the elastic channel to go into the discrete inelastic
channels,2 which explains the observed decrease in magni-
tude in the elastic DCS as more channels open up. Indeed for
all the energies studied, we see a significant drop in magni-
tude in the elastic DCS, at middle and backward angles, as
we go from the 1ch-SE results to those for our best calcula-
tion (i.e., with all 89 channels open). On the other hand, our
DCS results at the 38ch-SEP and 89ch-SEP levels of approx-
imation are very similar at all energies. This suggests that
the 89ch-SEP results, at least with respect to the electronic-
state inelastic channels (since there are no ionisation channels
currently included in these calculations), are converged up to
50 eV.

FIG. 3. Elastic scattering DCS (×10�16 cm2/sr) at (a) 15/16 eV, (b) 20 eV, (c) 25 eV, and (d) 30 eV for pBQ calculated at the SMCPP-SEP level using different
channel coupling schemes (Nopen = 1-89ch). See also the legend in the figure.
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FIG. 4. Elastic scattering DCS (×10�16 cm2/sr) at (a) 35 eV, (b) 40 eV, (c) 45 eV, and (d) 50 eV for pBQ calculated at the SMCPP-SEP level using different
channel coupling schemes (Nopen = 1-89ch). See also the legend in the figure.

In Fig. 5, we plot the present SMCPP-SEP 89ch elastic
DCS results, at 15/16 eV, 20 eV, 30 eV, and 40 eV incident elec-
tron energies, against our corresponding IAM-SCAR+I cross
sections, for both pBQ and benzene, and also some experimen-
tal elastic DCS for benzene from the work of Cho et al.95 As
can be seen from Fig. 1, pBQ and benzene have similar molec-
ular structures, in which a H-atom in the 1 and 4 positions on
the benzene ring is replaced with an O-atom. In addition, both
these species are non-polar and their dipole polarisabilities are
similar (11.23 Å for pBQ and 9.96 Å for benzene96). Further-
more, in our earlier work on phenol [a compound in which a
H-atom in benzene is replaced by a hydroxyl (OH) group],42

we found very good accord between the phenol SMCPP cal-
culation results and the elastic benzene DCS measurements95

across the common scattered electron angular range. This was
in spite of phenol being polar while benzene is non-polar.
That observation was interpreted, at least in part, as reflect-
ing that the elastic scattering dynamics in those systems are
dominated by scattering from the highly polarisable ring struc-
ture which is common to both. Finally, in Fig. 5, we also see
that our IAM-SCAR+I elastic DCS results, at each energy, are
similar for both pBQ and benzene which therefore suggests,
a priori, that comparing our pBQ theory results with the mea-
sured benzene results is not unreasonable. It is clear from
Fig. 5 that here we also found good agreement between our
SMCPP-SEP 89ch computations and the data of Cho et al.,95 at
15 eV, 20 eV, 30 eV, and 40 eV, but now only for scattered
electron angles less than about 60◦. We believe that the dif-
ference between this latter observation in pBQ and what we
found previously in phenol42 is likely due to each of the

O-atoms in pBQ (see Fig. 1) disrupting the ring bonding
network. Here the doubly bonded oxygen atoms disrupt the
aromatic bonding within the ring. This property significantly
increases the chemical reactivity of pBQ as compared to ben-
zene, and we believe that it plays a role in the different middle
and backward angle elastic cross section data of pBQ com-
pared to that of benzene. Particularly at the lower energies
(15 and 20 eV) of this investigation, agreement between our
pBQ IAM-SCAR+I and SMCPP-SEP computations is quite
marginal. This is perhaps a little unsurprising as even with
the SCAR and I corrections, the IAM-SCAR+I approach is
not necessarily expected to be very accurate at lower elec-
tron impact energies. At 30 eV and 40 eV, their level of
accord is somewhat improved, and it might even be argued (see
Fig. 5) that at those energies and for θ > 80◦, the IAM-SCAR+I
result is actually in better agreement with the benzene mea-
surements95 than the SMCPP-SEP results. Nonetheless, in
considering Fig. 5 in its totality, it is evident to us that it is the
SMCPP-SEP results that we should employ to make the
normalisation of our experimental composite vibrational-
excitation data.

In Tables III–V and in Fig. 6, we present our measured
composite vibrational excitation cross sections for electron
scattering from pBQ. In Tables III–V, we also give values of
the ratios for the inelastic to elastic scattering intensities, which
over all θ typically lie in the range ∼10�1–10�4. It is therefore
apparent that at the intermediate energies of this investigation,
the vibrational excitation probability is significantly smaller
than that for elastic scattering. This is in fact a well-known phe-
nomenon,94 where it is intuitively reasonable to expect that the
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FIG. 5. Comparison of elastic scattering DCS (×10�16 cm2/sr) for pBQ and benzene at (a) 15 eV, (b) 20 eV, (c) 30 eV, and (d) 40 eV. Here we consider the
experimental elastic scattering data from benzene measured by Cho et al.,95 IAM-SCAR+I calculations for both benzene and pBQ, and the SMCPP-SEP 89ch
calculation for pBQ. See also the legend in the figure.

relatively light incident electron will have difficulty in induc-
ing nuclear motion of the much heavier atoms that constitute
the molecule in question.66 Indeed, vibrational excitation only

FIG. 6. Present composite vibrational (bands I, II, and III) excitation cross
sections (×10�16 cm2/sr) for electron scattering from pBQ. See Table II and
the legend at the top of the figure for further details.

leads to significant cross sections, in terms of their contribu-
tion to the total scattering cross section,53 when the incident
electrons are temporarily captured by the target species and
subsequently autodetach leaving that species in one or more
vibrationally excited levels. Nonetheless, just because a cross
section is small at intermediate energies does not mean that
we can ignore it. Do et al.30 quite recently demonstrated the
importance of intermediate energy vibrational-excitation cross
sections in tetrahydrofuran (THF), when seeking to model the
behaviour of a swarm of electrons moving through THF under
the influence of an applied external electric field. Similarly,
the role of intermediate energy electron-impact vibrational
excitation cross sections in simulating charged-particle tracks
in pyrimidine59 was also found to be important, particularly
near the end of the tracks, in achieving accurate results. We
therefore expect that these same observations will also be rel-
evant when simulating electron transport through pBQ so that
the present results are potentially important to include in any
pBQ cross section database that is assembled for modelling
purposes.

Let us now consider Fig. 6 in more detail. Here we observe
that at each energy the shapes of the pBQ composite vibra-
tional mode DCSs, i.e., their angular distributions, for all of
bands I, II, and III are typically very similar. In particular we
find that, to within the uncertainties on the various cross sec-
tions, all the band I–III cross sections at 20 eV and 30 eV
are largely quasi-isotropic. In addition, at 40 eV, the band
II and band III angular distributions are also quasi-isotropic.
The tendency for the angular distributions of composite
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vibrational modes to be quasi-isotropic, at energies in the range
of ∼15–40 eV, has been observed by us previously in THF,30

α-tetrahydrofurfuryl alcohol,39 pyrimidine,34 phenol,43 and
furfural49 and still awaits a definitive explanation from theory.
Nonetheless, if we might speculate briefly, it appears reason-
able to describe vibrational excitation at intermediate energies
within the adiabatic vibrational approximation (AVA),97 which
essentially assumes a fast collision in the time scale of vibra-
tional excitations, ~/∆Eν′←ν . The AVA scattering amplitude is
given by

fν′←ν(kf , ki) ≈
〈
ν′

���f (kf , ki; q)��� ν
〉

, (8)

where ki(f ) again denotes the incoming (outgoing) wave vec-
tor, fν′←ν(kf , ki) is the scattering amplitude for ν′ ← ν vibra-
tional transition, and |ν〉 is a vibrational eigenstate of the target
molecule. f (kf , ki; q) is the fixed-nuclei scattering amplitude
and the semicolon (; q) indicates the parametric dependence
on the target vibrational coordinates, q = (q1, q2, . . . , q3N�6).

To obtain fν′←ν(kf , ki), we must solve the scattering
problem for a number of target geometries (q) to allow for
the numerical integration of the matrix element in Eq. (8),
i.e.,〈

ν′
���f (kf , ki; q)��� ν

〉
=

∫
dq φ∗ν′(q)f (kf , ki; q)φν(q). (9)

It is a common practice, even in resonant scattering, to
assume that the angular distributions are weakly dependent on
the vibrational coordinates, i.e., the scattering amplitude would
have the same dependence on ki(f ) for any geometry q. If we
further assume a first-order dependence of the fixed-nuclei
scattering amplitudes on q, Eq. (9) can be recast as∫

dq φ∗ν′(q)f (kf , ki; q)φν(q) ≈ ∇qf (kf , ki; 0)

·

∫
dq φ∗ν′(q)qφν(q). (10)

In the above expression, the integral over dq becomes trivial
in the case when the target is assumed to be a system of decou-
pled harmonic oscillators. The gradient ∇q f (kf , ki; 0), calcu-
lated at the equilibrium geometry q = 0, would have angular
dependencies essentially identical to the fixed-nuclei scatter-
ing amplitudes if the assumptions described above are valid.
Restricting ourselves to the fundamental excitations of single
modes (1← 0), described in the harmonic approximation, we
have〈

1α
��� f (kf , ki; q)��� 0α

〉
≈

√
~

2µαωα

∂

∂qα
f (kf , ki; 0), (11)

where µα andωα are the reduced mass and frequency of theαth
vibrational mode, qα. In the case of several modes undergoing
fundamental excitations in a given band, the corresponding
DCS will be given by

dσband

dΩ
≈

∑
αεband

kfα

ki

�������

√
~

2µαωα

∂

∂qα
f (kf , ki; 0)

�������

2

. (12)

The main “conclusions” from this analysis are (i) we
would expect the vibrational bands to show angular depen-
dencies similar to those of the fixed-nuclei cross sections and

(ii) an improved description of the collision would consider
different kf wave vectors for the excitation of different modes
(in view of the different excitation energies). This improve-
ment could be achieved with the FONDA scheme of Morrison
and co-workers,98 which, in very simple terms, introduces
appropriate off-shell energies in the exit channels. Thus, what
Eq. (12) suggests is that the observed quasi-isotropic angular
distribution behaviour, for many of the composite modes of
bands I–III, is not the result of quantum interference effects
but rather appears to be due to a “classical” superposition of
the cross sections that make up the respective bands.

Only at 40 eV and for band I do we see an angular distribu-
tion behaviour, specifically the DCS increasing in magnitude
as you go to smaller scattered electron angles, that we might
interpret in terms of the target molecular properties (namely,
here, its quite significant dipole polarisability96). In terms of
the pBQ band I, band II, and band III cross section magnitudes,
it is clear from Fig. 6 that typically DCSbandI � DCSbandII

�DCSbandIII. As bands I and II are largely composed of pBQ’s
fundamental normal modes, whereas band III is made up of
combination bands (see Table II), this observation in regards
to the DCS magnitudes is not surprising. It is well known from
IR spectroscopy that the intensities of the fundamental modes
of a molecule are greater than those for their overtone and
combination lines. Essentially, this is the same behaviour that
we are observing here for the band III DCSs relative to those
for bands I and II (see Fig. 6). In the case of the magnitude
of the band I DCSs being significantly larger than those for
band II, given that both of these composite bands are com-
posed of fundamental stretching and bending modes (band I
only), there is in fact no contradiction. This follows as band I
consists of 19 vibrational modes, while band II consists of
only 4 vibrational modes (see Table II). Hence the differ-
ence between their magnitudes is we believe largely due to
a density of states argument, whereby as band I incorporates
about 5 times as many of the modes as band II, it follows
that one might reasonably anticipate that its DCSs would be
larger.

Finally, we note that there are no other experimental data
or theoretical results that we can compare the current com-
posite vibrational cross section data against. In forming a
cross section database for any prospective modelling stud-
ies, it is better to be able to construct such a database from
results from 2 or more independent investigations. We there-
fore think it would be desirable for our colleagues to also study
this scattering system. Please note that we do not underesti-
mate the difficulty for theorists in moving away from a fixed
nuclei framework, in order to calculate vibrational cross sec-
tions. However this has been attempted in the past99,100 with
some success although in those cases we note that the target
molecules were both homonuclear diatomics.

IV. CONCLUSIONS

We have reported on a joint theoretical and experimen-
tal study into electron scattering from 1,4-benzoquinone. Our
SMCPP-SEP elastic DCS computations were performed with
89 open states, by far the largest number of open states that we
have thus far incorporated into our calculations, and we believe
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they are converged. We therefore employed them to normalise
our measured vibrational excitation DCSs. All the calculated
SMCPP-SEP intermediate energy elastic DCSs were found to
be forward peaked in magnitude, entirely consistent with our
IAM-SCAR+I results and with the quite significant magni-
tude for the molecular dipole polarisability96 of pBQ. However
while agreement between both our calculations improved as
E0 increased, we can overall only characterise the level of
accord between them as being quite marginal. We believe
this reflects on our SCAR with I corrections as not being
totally effective in this case. While all the elastic DCSs were
strongly peaked at the forward scattered electron angles, in the
20–40 eV incident electron energy range, the vast majority
of our measured composite vibrational excitation (bands I–
III) angular distributions were quasi-isotropic in form. The
underlying reason behind this quasi-isotropy remains unclear,
waiting for theory beyond the fixed nuclei approximation to
help clarify.

There were, to the best of our knowledge, no other mea-
sured or calculated data in pBQ against which we could com-
pare our results. This is a situation which we believe needs to
be rectified, particularly in terms of forming a cross section
database for modelling electron transport in such an impor-
tant biomolecule as pBQ is. Finally, we note that the present
investigation is the third1,2 in a series from us that seeks to
provide information on pBQ’s structure, dynamics, and cross
section. The next (fourth) paper will focus on its discrete elec-
tron impact electronic-state excitation DCSs, to be followed
by a paper that details integral cross sections for the scattering
processes considered here as well as the electronic-state excita-
tion, the total ionisation, and the total cross section. Thereafter,
results from an electron swarm study in pBQ, to test the self-
consistency of the assembled cross section database, will be
provided.
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33Z. Mašı́n, J. D. Gorfinkiel, D. B. Jones, S. M. Bellm, and M. J. Brunger,
J. Chem. Phys. 136, 144310 (2012).

34D. B. Jones, L. Ellis-Gibbings, G. Garcı́a, K. L. Nixon, M. C. A. Lopes,
and M. J. Brunger, J. Chem. Phys. 143, 094304 (2015).

35D. B. Jones, S. M. Bellm, P. Limão-Vieira, and M. J. Brunger, Chem. Phys.
Lett. 535, 30 (2012).

36D. B. Jones, S. M. Bellm, F. Blanco, M. Fuss, G. Garcı́a, P. Limão-Vieira,
and M. J. Brunger, J. Chem. Phys. 137, 074304 (2012).

37P. Limão-Vieira, D. Duflot, M.-J. Hubin-Franskin, J. Delwiche, S. V.
Hoffmann, L. Chiari, D. B. Jones, M. J. Brunger, and M. C. A. Lopes,
J. Phys. Chem. A 118, 6425 (2014).

38H. V. Duque, L. Chiari, D. B. Jones, P. A. Thorn, Z. Pettifer, G. B. da Silva,
P. Limão-Vieira, D. Duflot, M.-J. Hubin-Franskin, J. Delwiche, F. Blanco,
G. Garcı́a, M. C. A. Lopes, K. Ratnavelu, R. D. White, and M. J. Brunger,
Chem. Phys. Lett. 608, 161 (2014).

39H. V. Duque, L. Chiari, D. B. Jones, Z. Pettifer, G. B. da Silva, P.
Limão-Vieira, F. Blanco, G. Garcı́a, R. D. White, M. C. A. Lopes, and
M. J. Brunger, J. Chem. Phys. 140, 214306 (2014).

40L. Chiari, H. V. Duque, D. B. Jones, P. A. Thorn, Z. Pettifer, G. B. da Silva,
P. Limão-Vieira, D. Duflot, M.-J. Hubin-Franskin, J. Delwiche, F. Blanco,
G. Garcı́a, M. C. A. Lopes, K. Ratnavelu, R. D. White, and M. J. Brunger,
J. Chem. Phys. 141, 024301 (2014).

41P. Limão-Vieira, D. Duflot, F. Ferreira da Silva, E. Lange, N. C. Jones,
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F. Blanco, and G. Garcı́a, Eur. Phys. J. D 70, 46 (2016).

59A. I. Lozano, K. Krupa, F. Ferreira da Silva, P. Limão-Vieira, F. Blanco,
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