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We report on integral-, momentum transfer- and differential cross sections for elastic and electron-
ically inelastic electron collisions with furfural (CsH4O,). The calculations were performed 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 now incorporates a further interference (I) term. The SMCPP with N energetically open
electronic states (N,p.,) at either the static-exchange (N,p.,ch-SE) or the static-exchange-plus-
polarisation (N,p., ch-SEP) approximation was employed to calculate the scattering amplitudes at
impact energies lying between 5 eV and 50 eV, using a channel coupling scheme that ranges from
the 1ch-SEP up to the 63ch-SE level of approximation depending on the energy considered. For
elastic scattering, we found very good overall agreement at higher energies among our SMCPP cross
sections, our JAM-SCAR+I cross sections and the experimental data for furan (a molecule that differs
from furfural only by the substitution of a hydrogen atom in furan with an aldehyde functional group).
This is a good indication that our elastic cross sections are converged with respect to the multichannel
coupling effect for most of the investigated intermediate energies. However, although the present
application represents the most sophisticated calculation performed with the SMCPP method thus far,
the inelastic cross sections, even for the low lying energy states, are still not completely converged for
intermediate and higher energies. We discuss possible reasons leading to this discrepancy and point
out what further steps need to be undertaken in order to improve the agreement between the calculated
and measured cross sections. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944616]
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. INTRODUCTION

Over the past three decades the interest in developing
new and/or improved (especially towards cost-effectiveness
and sustainability) technologies, notably for lignocellulosic
biomass conversion to biofuels and other biomaterials,' has
been boosted by a scenario in which the growing worldwide
demand for energy” must be met while addressing concerns
about global climate changes. Among the challenges to
be overcome, the natural resilience of plant cell walls,
in particular to the destructive action of microbial and
enzymatic processes (a property collectively know as
“biomass recalcitrance”), is nowadays recognized as being
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largely responsible for the high cost of lignocellulose
conversion into biomaterials that possess a high added value.
Aiming to address this question, theoretical and experimental
investigations revealed that free-electrons and radical species
formed within atmospheric-pressure plasmas have the ability
to contribute to the deconstruction of biomass.>® In this
context, low-energy electrons produced within the plasma
environment have the potential to induce breakage of chemical
bonds through dissociative electron attachment, electron-
impact excitation, and other fragmentation processes.
Motivated by this body of evidence, we have recently
carried out several joint experimental and theoretical studies
on electron collisions with phenol, a subunit of lignin
(an important biomass component), reporting total, elastic,
momentum transfer, vibrational and electronic inelastic cross

©2016 AIP Publishing LLC
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sections.”"!? We have presented experimental results including
vibrational, electronic excitation, and total cross sections
for intermediate energies from 15 up to 50 eV. On the
theoretical side, we have calculated elastic, momentum
transfer, electronically inelastic and total cross sections, with
particular attention on the convergence of the multichannel
coupling, in order to assess how the increase in the number of
excited states included in the open-channel space impacts the
behaviour of the cross sections.

Following the path of plasma applications to biomass
disassembly, we considered furfural as another good candidate
for an electron scattering investigation. Indeed, furfural is a
molecule commonly used in industries and can be obtained
from biomass, specifically from one of its components, the
hemicellulose fraction of lignocellulose (see discussion by
Ferreira da Silva et al.''). The first two papers in respect
to this subject were on the electronic excitation spectrum'!
and on the vibrational excitation'> by electron impact of
furfural. In this paper we will present results for the elastic
integral cross sections (ICSs), elastic momentum transfer
cross sections (MTCS), elastic and inelastic differential
cross sections (DCSs), and total cross sections (TCSs)
for electron scattering by the furfural molecule, focusing
on the analysis of the influence of multichannel coupling
effects.

The paper is organized in such a way that in Section II
we present a summary of the theoretical methods used in the
paper, followed by Section III that contains specific details
of their applications. There are two stable conformations
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of furfural, cis and trans, the latter being more stable by
0.035 eV than the former.'> Therefore, in Section IV, we
present elastic cross sections for both conformations in order
to justify why we will consider only the frans isomer for
the more computationally expensive multichannel coupling
calculations. Furfural, with Cg symmetry, can be considered
structurally similar to furan (C4H40), with C;, symmetry,
since they only differ by the substitution of a hydrogen atom
in furan by a formyl (COH) group in furfural. We can also
consider furfural to be similar in structure to tetrahydrofuran
(C4Hs0), although the latter is saturated and therefore does
not support 7* shape resonances. Nonetheless we can expect to
observe similarities in the scattering cross sections for these
related molecules (see Fig. 1). Regarding the low-energy
resonance spectra, it is well known that furan has two 7*
shape resonances (there are two double bonds on the ring) in
the By and A, symmetries located at around 2.0 eV and at
3.6 eV, respectively.'> Furfural would therefore be expected
to have three 7" shape resonances in the A” symmetry, in
view of the additional double bond in the formyl group. All
these points are considered in Section IV. In Section V,
we present calculated elastic and electronically inelastic
differential cross sections for the scattering of electrons
by furfural for energies up to 50 eV. For a few energies,
for elastic and electronically inelastic excitations, we also
compare our results with corresponding electron-scattering
data independently obtained for furan and tetrahydrofuran
(THF) in this section. Finally, in Section VI, we summarize
our findings with some conclusions.

(e el e

(a) (b)

(c)

FIG. 1. Geometrical structures of (a)
cis-furfural, (b) trans-furfural, (c) fu-
ran, and (d) tetrahydrofuran. These
plots were generated with the software
MacMolPlt. 4

(d)
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Il. THEORETICAL METHODS

A. The Schwinger multichannel method
with pseudopotentials (SMCPP)

The Schwinger multichannel (SMC)'® method for
electron-molecule scattering is a variational approach
specially designed to deal with targets of arbitrary geometries.
For this, it uses square integrable basis functions to obtain
the scattering amplitudes. The method takes into account
important effects such as the electron exchange, the electron-
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electronic multichannel coupling. The high computational
cost for getting meaningful results, for polyatomic targets,
led us to use parallel computing'” in an implementation that
also employs norm-conserving pseudopotentials'® (SMCPP)
and single-excitation configuration interaction techniques for
the target description.'® Since the method has been recently
reviewed,?” here we only give the working expression for the
scattering amplitude,

1
SOk = =5— 3 S VLX) d DnxalVIS). (1)

target polarisation interaction and the possibility of flux m,n
competition between the elastic and inelastic channels through where
|
H HP+PH PV+VP +)
dmn = - + -VG,'V . 2
mn = {Xml N1 > > » Vlxn) 2

In the expressions above, P is a projector onto Ngpen
energy-allowed target electronic channels, i.e.,

N, open

P= Z | D ND, |, 3)

=1

with | ®,) written as a single-excitation configuration-
interaction wave function, GE;) is the free-particle Green’s
function projected onto the P space, V is the electron-target
interaction potential, k; (ky) is the incoming (outgoing)
projectile wave vector, and H = E — H is the total energy
(ground state energy plus 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 = Hy + V, where H describes the non-interacting electron-
molecule system and Sk is a solution of Hj, namely, the
product of a plane wave (projectile) and a target state
|®.). 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 | xm), that are built from spin-adapted, anti-symmetrized
products of target electronic states and projectile scattering
orbitals. The energetically open electronic 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. In this case, the CSFs are given by

Lxm) = Anetl@i(1,...,N) ® |@;(N + 1)), 4)

where fori > 0, |®;) = @*D(h; — p;) is a singly excited state
obtained by promoting one electron to create a hole orbital (/;)
in the ground state |®y(1,. .., N)) and occupy a particle orbital
(pi), with either singlet (S = 0) or triplet (S = 1) spin coupling,
though only (N + 1)-electron configurations with total spin
S =1/2 (doublets) are actually taken into account. If we
have N, states in Eq. (3), this level of calculation is called
an N,pes-channel coupling scheme at the static-exchange-
plus-polarisation (acronym is N,,.,ch-SEP) approximation.
For static-exchange with N, states the acronym is the

(

Nopench-SE approximation. 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 reference frame where the z-axis is aligned with the
direction of incident wave vector, i.e., k; = k;Z), we expand
Ky in terms of partial waves?!

[

Fkp k) = (gl flke)y = Y " (kelem) f(em. ), (5)

=0 m=-¢

where (k¢[fm) is a spherical harmonic that can be easily
converted from the body- to the laboratory-frame and
f(m,k;) = ({m|f|k;) can be understood as the scattering
amplitude of an electron entering the interaction region in a
plane-wave |k;) and leaving it in a partial wave |{m).

For some cases (elastic and dipole-allowed singlet
transitions) a Born-closure scheme was used following the
same strategy as described in Ref. 4. This closure is obtained
from the expression

JERT k. ki) = fiRp(kr k)
[)ﬂax f
+ Z Z (fLAB(fm,ki) —ffﬁg‘(é’m,ki))
¢

=0 m=—
x Yy, (kr), (6)

where f{rs is the scattering amplitude for the permanent
dipole moment potential for the elastic process or for the dipole
transition potential for inelastic dipole-allowed processes.
Both are obtained in the first Born approximation, in a closed
form in the laboratory-frame. The amplitude fiap(£m,K;) is
just the f(£m,k;) of Eq. (5) transformed to this frame.

For the total cross section, we have used the optical
theorem directly on the linear representation of the scattering

amplitude, given by Eq. (1), i.e.,

N,
1 4 o
ru =3 [ @k = ) ot =, @)

n=1
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where o-(1 — n) is the integral cross section for the electronic
transition 1 — n. In order to correct the contribution from
the low-angular region (important for the elastic transition
since some molecules have a non-negligible permanent dipole
moment, and also for singlet excitations to dipole-allowed

states), we have also calculated the TCS, using the amplitudes
obtained from Eq. (6), and the expression

N, open
closure

ol — Z O_closure(l - I’l), (8)

n=1

where o%(1 — n) # (1 — n) only for the above
mentioned transitions.

The SMC method does not take the ionisation channel into
account. In order to obtain the total scattering cross section we
need to compute the elastic and inelastic cross sections and the
total ionisation cross section. To estimate the total ionisation
cross section we have used the binary-encounter-Bethe (BEB)
model.?> The BEB model results in a simple expression for
the ionisation cross section per molecular orbital, given by

Int 1 1 Int
—(l-=]+1---

2 ( t2) t o+l
In the above equation, T is the incident electron energy,
t=T/B and u = U/B are normalized energies, B and U
being the orbital binding and the electron kinetic energy,
respectively, S = 47141(2)N0CCR2/B2 where N, is the orbital
occupation number, ag = 0.5292 A, and R =13.61 eV. To
obtain the total ionisation cross section one needs to sum
o geg(T) over the molecular orbitals satisfying 7 > B. The
resulting total cross sections typically agree with experiment
to within 5%-15% for many different molecules and for
incident energies ranging from the first ionisation threshold to
several keV.?3?*

S
t+u+1

)

g BEB(T) =

B. Independent atom method with screening
corrected additivity rule (IAM-SCAR)

The TAM-SCAR method has had significant use in
calculating electron scattering cross sections for a wide variety
of molecular targets (see, e.g., Refs. 25-30), and over a broad
energy (Ey) range (typically ~1-5000 eV). As a consequence,
we only précis the key points of that approach here.

The first subjects of our computations are the individual
atoms that form furfural, namely, carbon (C), oxygen (O),
and hydrogen (H). The atomic optical model (OM) is based
on a potential scattering approach, where the local complex
potential V(r) is given by

V(r) = Vi(r) + Vex(r) + Vy(r) + iVa(r). (10)

In the above equation V(r) is the standard Hartree potential
of the target, Vi(r) represents the exchange interaction of
Riley and Truhlar,*' Vi(r) is the polarisation potential of
Zhang et al.,’* and V,(r) is the imaginary absorption potential
of Staszewska er al.®* Due to the last term in Eq. (10),
the OM potential approach yields a complex phase shift.
This allows for the calculation of the DCSs and ICSs for
elastic and inelastic (taken to mean all the excited electronic
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states and ionisation processes combined together) scat-
tering, as well as the TCS as the sum of those ICSs, for each
atom.

We subsequently calculate the electron-CsH4O;, cross
sections by applying the additivity rule (AR) to the OM
results of each atom. In that approach, the molecular scattering
amplitude stems from the sum of all the relevant atomic
amplitudes, including the phase coefficients, which gives the
elastic DCSs for furfural. Elastic ICSs can then be determined
by integrating those DCSs. The sum of the elastic and
absorption ICSs (for all inelastic processes except rotations
and vibrations) then gives the molecular TCS. However the
AR does not account for the target molecular structure, so
that it is only applicable when the incident electrons are so
fast that they effectively “see” the target molecule as a sum
of the individual atoms (typically above ~100 eV). To try and
overcome this limitation, Blanco and Garcia®*?’ introduced
the screening corrected AR (SCAR) method which employs
some screening coefficients to account for the geometry of
the molecule (atomic positions and bond lengths). The IAM-
SCAR method as described does not account for rotational
and vibrational excitations. However, for polar molecules
such as CsH40,, additional dipole-induced excitation cross
sections can be computed using the approach of Jain.’® In
that method, rotational excitation DCSs and ICSs for a free
electric dipole are calculated within the framework of the first
Born approximation. Those results can now be incorporated
into our IAM-SCAR results in an incoherent way, just by
adding up the cross sections as independent channels. We call
the cross sections that result from this latter process as “IAM-
SCAR-+rotations.” There is a body of evidence that suggests
that the IAM-SCAR approach for non-polar molecules and
IAM-SCAR+rotations method for polar species”? provides
a fair description of the measured cross sections down to
Ey =20 eV. However, there are also some examples”’39
where the comparison between these two approaches and
the measured cross sections is only reasonable at energies
above ~50 eV. As a result of the latter observation, at least in
part, Blanco and Garcia®” recently introduced an interference
term (I) to help describe that the collision dynamics involves
scattering from multiple centres. Full details can be found
in Ref. 40, we simply note that the method applied here
is called IJAM-SCAR+I. Therefore, one of the rationales of
the present investigation was to test the efficacy of the new
IAM-SCAR-+I results against corresponding results from our
fully ab initio SMCPP at the N,p.,ch-SEP and N,,.,ch-SE
level computations, at representative energies of 50 eV and
below.

lll. COMPUTATIONAL PROCEDURES
FOR THE PRESENT APPLICATION
OF THE SMCPP METHOD

Although the convergence trend with respect to angular
momentum is not shown here, all SMCPP differential cross
sections in this paper, over the entire energy range (5-50 eV),
are numerically converged with €,,,, = 10 (including for 50 eV),
if combined with a quadrature point distribution, using a 26
Gauss-Legendre scheme for 0 < 6; < and 52 points for
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0 < ¢; <2, to describe K;(6;,¢;) in spherical coordinates.
As in any multi-center expansion, we have contributions from
high partial waves in the scattering orbitals due to Cartesian
Gaussians (CGs) of s, p, and d types on the two oxygen atoms
and on each center for the carbon atoms. On the hydrogen
atoms, we have only CG functions of s and p types. As
discussed in our previous applications,?” the limitation on the
CG types makes the description of the high partial waves more
difficult, but the large number of CG centers compensates
this truncation, resulting in good convergence for the elastic
and inelastic differential cross sections. We have also used
pseudopotentials for the carbon and oxygen atoms. This strat-
egy allows a reduction in the number of Cartesian Gaussian
functions, since it is not necessary to consider those involved
in the description of all 1s orbitals of these atoms.

The ground state of the furfural trans conformation was
obtained in the Hartree-Fock approximation, using 241 CG
functions (5s, 5p, 2d on each C and O atom, 45/3s on three H
atoms and 6s5/5s, 1p on the H atom of the aldehyde functional
group), giving a permanent dipole moment of 4.85 D (3.94 D)
for the cis (trans) isomer, against the experimental value
of 3.97 D (3.23 D).*! We first ran a full single excitation
configuration interaction (FSCI) which gave 4014 states, with
32 (53) of them below 9 eV (10 eV) (from the ground
state). Using a mixture of hole orbitals, we obtained a set of
improved virtual orbitals capable of reproducing 26 of those
states below 9 eV (30 below 10 eV) using only 31 hole-particle
pairs. This procedure defined the minimum orbital basis for
single-excitation configuration interaction (MOB-SCI)!” of
the present application. The 31 hole-particle pairs give rise
to 31 triplets and 31 singlets states (see Table I of Ferreira
da Silva et al.'"). In this description, 31 electronic states
are open at 10 eV (31ch-SEP approximation), 53 electronic
channels are open at 20 eV (53ch-SEP approximation), and
all 63 electronic channels are open at 30, 40, and 50 eV
(63ch-SE approximation, no additional closed channels for
polarisation effects). The present application for furfural uses
therefore a projector P containing up to 63 electronic states.
For energies above 26 eV, this is our most sophisticated
(with the largest channel coupling) application of the SMCPP
method to date. Although promising, it is important to point
out that the present FSCI calculation, with 241 CG functions,
generated 32 electronic excited states below 9 eV, 53 below
10 eV, 102 below 12 eV, 263 below 15 eV, and 688 excited
states below 20 eV. This high density molecular spectra, due
to a combination of high density Rydberg states, increase
as we augment the CG basis set. Our MOB-SCI calculation
includes most of the states (26 of the 32 FSCI states) below
9 eV but the computationally needed truncation generated
important convergence consequences, as we will discuss in
Secs. IV and V. Although not accounted for in the scattering
calculation, the present Hartree-Fock approximation for the
ground state of furfural shows the first 3 ionisation potentials
(Koopmans theorem) at 9.2, 11.4, and 12.0 eV, respectively.
Thus our MOB-SCI calculation is almost the complete
calculation using all open channels up to 9 eV. Note, however,
that a “complete” calculation using all possible open channels
up to 12 eV would have the ground state plus 102 discrete
excited states plus 3 ionisation channels.

J. Chem. Phys. 144, 124310 (2016)

For the previously discussed BEB model, the ionisation,
B, and kinetic, U, orbital energies needed in Eq. (9) were
obtained in a Hartree-Fock calculation with the aug-cc-pVDZ
basis set at the optimized geometry at the MP2 level with
the same basis set, using GAMESS.*> We have used a single
channel ionisation potential of the trans furfural isomer at
9.30 eV, in good agreement with the experimental value of
9.22 eV. B

IV. RELATIVE ABUNDANCE AND LOW-ENERGY
SCATTERING

A few properties of the cis and frans isomers were
investigated with density functional theory (DFT) employing
the hybrid functional B3LYP and the correlation-consistent
aug-cc-pVDZ basis set, as implemented in the GAMESS
package.*” The calculated electric dipole moment of the cis
(trans) isomer was 4.45 D (3.79 D), somewhat overestimated
with respect to the experimental value of 3.97 D (3.23 D).*!
The dipole moment magnitudes strongly suggest the existence
of dipole bound states for both isomers, but these were not
investigated.

The calculated relative energy of the cis isomer to the
most stable trans isomer was 29 meV, in good agreement with
the experimental result of 35 meV.'? At the temperature
of our typical experiments,!"'>** ~60°C, the Boltzmann
factor between the isomers is 0.32, such that the relative
population (cis-to-trans) would be around 1:3. In view of the
significant computational effort required by the 63-channel
scattering calculations, we only address the frans isomer,
accounting for ~80% of the gas-phase population. The most
significant difference between the isomers is related to the
larger dipole moment of the cis form. However, the dipolar
potential would only be expected to impact the elastic DCSs at
lower scattering angles (<20°), and hence the magnitude of the
corresponding elastic ICSs should be similar for both isomers.
An upper bound for the difference in magnitude of the ICSs
at low energies can be obtained from a pure dipole scattering
model, i.e., T cis/Tirans = (Deis/ Dirans)* = 1.4. However, based
on previous results for the D-glucose monomers,* we expect
smaller discrepancies above 1 eV. Finally, we also report
MTCSs which have significantly smaller contributions from
the forward scattering arising from the dipolar interaction.
These MTCSs are particularly important when seeking to
model the transport of charged particles under the influence
of an applied electric field.*>

At lower energies, SMC single-channel elastic scattering
calculations were carried out for both isomers. We employed
the static-exchange (SE) approximation that neglects the
dynamical response of the target electrons to the projectile
(no target excitations in Eq. (4)), and the SE plus polarisation
(SEP) approximation that accounts for correlation-polarisation
effects, according to Eq. (4). The cross sections were
symmetry-decomposed into the A’ and A” components of
the C; group to highlight the resonance signatures and
reduce the computational effort. The A” CSF space was
built according to the procedure of Ref. 46. A set of modified
virtual orbitals (MVOs)*” was obtained from a cationic Fock
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operator with charge +4, and the three lowest-lying A" MVOs
were used as scattering orbitals (see Eq. (4)). To expand
the scattering trial function, all symmetry-preserving target
excitations with both singlet and triplet spin couplings were
taken into account. For the A” symmetry, where no long-lived
resonances are found, we employed the 40 lowest-lying MVOs
as both scattering and particle orbitals, including all symmetry-
allowed target excitations with both singlet and triplet
spin couplings.

As previously mentioned, a rich spectrum of 7% anion
states can be anticipated for the furfural isomers. The cross
sections obtained in the SE approximation (not shown here)
indeed suggest three 7* resonances, hereafter labelled 7}, 73,
and x; from the lowest- to the highest-lying. However, the
A” component of the ICS obtained in the SEP approximation,
shown in Fig. 2, only displays two resonances at around
2.16 eV (1.93 eV) and 4.0 eV (4.2 eV) for the cis (trans)
isomer (the higher-lying peaks are pseudoresonances that arise
because energetically open channels are treated as closed in the
single-channel scattering calculations). The diagonalization
of the scattering Hamiltonian in the CSF space indicates
that the 7} state is vertically bound for both furfural forms,
with binding energies <0.1 eV. As discussed elsewhere,*® we
cannot be certain about the existence of these bound states in
view of the limited precision of the calculations (they could
actually be extremely low-lying resonances, just above 0 eV).
Nonetheless, the bound state character of the 7} valence state
was also suggested by the DFT/B3LYP/aug-cc-pVDZ method
described above. The calculated binding energy was 0.045 eV
(0.081 eV) for the cis (trans) isomer.

To gain further insight into the shape resonances we
obtained, the HF canonical virtual orbitals (VOs) employing
the compact basis sets 6-31G(d) are also shown in Fig. 2.
The VO energies can also be used to estimate the vertical
attachment energies (VAEs) employing the empirical scaling

7,* (cis) w,* (trans)
90
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relation of Staley and Strnad* (to our knowledge, there are
no experimental data on the resonance spectra of the furfural
isomers). Denoting bound and resonance states by negative
and positive energies, respectively, the ny, 73, and m; VAE
estimates are, respectively, —0.053 eV (-0.063 eV), 1.97 eV
(1.89 eV), and 3.32 eV (3.44 eV) for the cis (trans) isomers.
These semiempirical VAEs also support the existence of
bound states () and are in good agreement with the SMC
scattering results. The worst agreement is for the 73 resonance,
as would be expected in view of its mixed shape and core-
excited character.’®>! Note that the three 7* anion states have
amplitudes delocalized over the ring and the formyl group. The
bound 7} anion seems to be stabilized by the bonding character
of the C—C bond between the ring and the formyl group.

Narrow o* shape resonances would not be expected for
the furfural isomers. Indeed, the A’ partial ICS, shown in Fig. 3,
does not show evidence of such anion states (inspection of the
four lowest-lying compact VOs of both isomers suggests either
a dipole character or a o, character). The ICS magnitudes of
the isomers are fairly close in value above 1 eV, although they
have not been corrected to account for the dipolar potential
contribution to the higher partial waves. There is a broad
structure around 6 eV, which is more evident for the cis
isomer. However, in view of the number of energetically open
channels around 6 eV (see Table I) we would not rely on the
single-channel approximation at this energy.

Our present results show that all resonant structures below
10 eV are present in both trans and cis conformations. Our
earlier results of Ref. 11 showed that the 1ch-SEP elastic
cross sections for the cis and trans conformations are quite
similar to each other for the 10-50 eV energy region. Besides,
for the majority of electronic states obtained for the trans
conformation there is a counterpart state (lying near to it)
for the cis conformation. Therefore, considering that the gas
mixture contains about 80% of the trans and about 20% of

€
7 * (trans)
FIG. 2. A” partial integral cross sec-

Cross Section (a02)

tion for elastic electron scattering by
the cis (blue line) and trans (black line)
furfural isomers. The calculations were
carried out with the SMC method in the
single-channel SEP approximation (see
text). The n;’3 shape resonances are in-
dicated in the panel, while the lowest-
lying 7} anion is vertically bound, ac-
cording to the present computations.
The lowest-lying A” virtual orbitals ob-
tained with the compact 6-31G(d) basis
set are also shown and labelled as 7}
(bottom left), 73 (top left), and 73 (top

2 3 4 5 6
Energy (eV)

right).
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FIG. 3. A’ partial integral cross section for elastic electron scattering by
the cis (blue line) and trans (black line) furfural isomers. The partial cross
sections were not corrected to account for the contribution of the dipolar
potential to the higher partial waves (see text).

the cis conformation, we feel comfortable to assume that we
can obtain reasonable multichannel scattering results for the
furfural molecule by only calculating the scattering amplitudes
for the trans conformation.

V. RESULTS AND DISCUSSION

In Figs. 4-6, we show how the inclusion of multichannel
coupling impacts on our calculated elastic integral-,
momentum transfer-, and differential cross sections. In order
to do this, we compare the cross sections obtained according to
the different channel coupling schemes, starting from the 1ch-
SEP approximation, where only the elastic channel is open,
to the 63ch-SE approximation, which is our most complete
calculation having 63 open channels. The results presented in
Fig. 4 start at different energies due to distinct thresholds used
in each calculation, as indicated in Table 1. Fig. 4 displays
a systematic decrease in the magnitude of the integral and
momentum transfer cross sections as more channels became
energetically allowed. Indeed, the main effect of multichannel
coupling is to allow flux from the elastic channel to go to the
inelastic channels, which explains the decrease in magnitude

J. Chem. Phys. 144, 124310 (2016)
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FIG. 4. Influence of the multichannel coupling effects (a) on the elastic
integral (ICS) and (b) on the momentum transfer (MTCS) cross sections of
furfural. The results shown here were obtained according to the 1ch-SEP
up to the 63ch-SE levels of approximation, depending on the energy con-
sidered (see text for details). Thin solid (black) line: 1ch-SEP; long-dashed
(magenta) line: 4ch-SEP; dotted (brown) line: 6¢h-SEP; long dashed-dotted
(yellow) line: 7ch-SEP; dashed-dotted-dotted (blue) line: 31ch-SEP; short
dashed-dotted (green) line: 53ch-SEP; short dashed (red) line: 57ch-SEP; full
solid (black) line: 63ch-SE approximation.

in the integral and momentum transfer cross sections as more
channels open up. There is a large drop in the cross section
magnitude in going from the 1ch-SEP to the 4ch-SEP, a small
one from the 4ch-SEP to the 6¢h-SEP, another big drop in the
magnitude from the 7ch-SEP to the 31ch-SEP, and a small

TABLEI. Summary of the calculated and experimental excitation energies below 10 eV for furfural from Ref. 11.
The MOB-SCI calculation aimed to reproduce all 30 states of the FSCI calculation lying below 10 eV. These are
7 triplet and 5 singlet states listed below. The remaining MOB-SCI below 10 eV are 11 singlet states opening up
at 6.64, 7.37,7.51, 7.76, 8.09, 8.27, 8.30, 8.37, 8.80, 9.05, and 9.14 eV and 13 triplet states opening up at 6.51,
6.77,7.26, 7.46, 7.85, 7.97, 8.14, 8.18, 8.28, 8.64, 8.96, 9.13, and 9.95 eV. The MOB-SCI also contains 32 less
precise states (pseudostates), 18 singlets, and 14 triplets, lying between 10 and 25.2 eV.

Dipole transition

Energy (eV)

Expt. band Symmetry in Debye FSCI MOB-SCI TD-DFT
Triplet Band 1 (2.7-4.4 eV) A’ 2.60 3.00 2.82
Band 1 (2.7-4.4 eV) A” 4.03 4.35 3.11
Band 2 (4.4-5.4 eV) A’ 4.46 4.73 4.53
Band 2 (4.4-5.4 eV) A’ 5.18 5.47 5.01
Singlet Band 1 (2.7-4.4 eV) A" 0.16 4.72 497 3.65
Band 2 (4.4-5.4 eV) A" 4.80 5.46 6.30 4.79




124310-8 da Costa et al. J. Chem. Phys. 144, 124310 (2016)

100 Ty 10T

E (a)6.0eV ] F (b) 12.0eV

10g 3 0F 3

= i \/ i : SR
%) L S i L T LT ] FIG. 5. Influence of the multichannel
N E 3 3 3 coupling effects on the elastic differ-
£ £ ] £ ] ential cross sections of furfural for (a)
(OO 0.1 i PRI RN TR RN BN E SN ] 0.1 i PRI ST I N A NS H N H S BNVE | 6.0 ev’ (b) 12.0 CV, (C) 15.0 CV, and
N 0 30 60 90 120 150 180 O 30 60 90 120 150 180 (d) 20.0 eV electron impact energies.
o 100 100 Thin solid (black) line: 1ch-SEP; long-
Z ;..\'""""""""E N dashed (magenta) line: 4ch-SEP; dot-
N FN\ (c)15.0eV 7 F (d)20.0eV 7 ted (brown) line: 6¢ch-SEP; long dashed-
(@) TN ) i 1 dotted (yellow) line: 7ch-SEP; dashed-
Q 9F 3 %F 3 dotted-dotted (blue) line: 31ch-SEP;
E E o 3 short dashed-dotted (green) line: 53ch-
i Y 1 r 2 ] SEP; short dashed (red) line: 57ch-SEP

1 E N - 3 1 E _emT 3 approximation.
] AP R AU RN R PP St IR R B S B
0 30 60 90 120 150 180 0 30 60 90 120 150 180

Scattering angle (degrees)

drop from the 31ch-SEP to the 53ch-SEP results. The cross
sections obtained in the 53ch-SEP, 57ch-SEP, and 63ch-SE
approximations agree very well with each other, suggesting
that the results, at least with respect to the electronic inelastic
channels (since there are no ionisation channels included in
these calculations), are converged up to 50 eV. The same
behavior presented by the integral and momentum transfer
cross sections is observed in the elastic differential cross
sections, shown in Fig. 5, for energies at 6, 12, 15, and 20 eV,
and in Fig. 6, for energies of 25, 30, 40, and 50 eV. They
also clearly decrease in magnitude, particularly for scattered
electron angles greater than 20°, as more channels are included
in the calculations. Except at 6 eV, where there are only 4
channels open, there is a considerable difference in magnitude
between the 1ch-SEP results and the best calculation (with all
channels open) for the other energies.

Now, in Fig. 7, we compare our integral-, momentum
transfer-, and total cross sections obtained by the SMCPP
method at the 1ch-SEP and up to 63ch-SE levels of
approximation and by the IAM-SCAR+I method with
experimental'>33-36%60 and other theoretical?>»>>78 results
for furan and THF molecules, that as mentioned before can
be considered as being structurally similar to furfural. The
curves presented in this figure as a full solid black line
contain contributions from calculations starting with 6¢ch-SEP
up to the 63ch-SE (considering the different thresholds) and
represent our most complete calculation for energies from 5
to 50 eV. The SMCPP results obtained at the 1ch-SEP level of
approximation (thin solid black line) are bigger in magnitude
than all the other results for furan and THF shown in this
figure, while the integral cross sections given by the full solid
black line (SMCPP results obtained within the 6¢ch-SEP up to

FIG. 6. Influence of the multichannel
coupling effects on the elastic differ-
ential cross sections of furfural for (a)
25.0 eV, (b) 30.0 eV, (c) 40.0 eV, and

(d) 50.0 eV electron impact energies.
Thin solid (black) line: 1ch-SEP; long-

dashed (magenta) line: 4ch-SEP; dot-
ted (brown) line: 6¢h-SEP; long dashed-
dotted (yellow) line: 7ch-SEP; dashed-
dotted-dotted (blue) line: 31ch-SEP;
short dashed-dotted (green) line: 53ch-
SEP; short dashed (red) line: 57ch-SEP;
full solid (black) line: 63ch-SE approx-
imation.

100 gy 100g g
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FIG. 7. Elastic (a) integral (ICS), (b) momentum transfer (MTCS), and (c)
total (TCS) cross sections of furfural. The SMCPP results shown here were
obtained according to the 6¢h-SEP up to the 63ch-SE levels of approximation,
depending on the energy considered (see text for details). Thin solid (black)
line: SMCPP 1ch-SEP; full solid (black) line: SMCPP from 6¢h-SEP up to
63ch-SE approximations (referred as SMCPP (up to 63ch-SE) in the legends);
dashed-dashed-dotted (red) solid line: SMCPP (up to 63ch-SE)+Born ICS
and MTCS (see text for details); full dashed-dotted green line: SMCPP
(up to 63ch-SE) TCS plus total BEB ionisation cross section (see text for
details); full long dashed (red) line: SMCPP (up to 63ch-SE)+Born TCS plus
total BEB ionisation cross section (see text for details); full dashed (black)
line: IAM-SCAR+I plus rotations; full dotted (blue) line: IAM-SCAR+I
(see text for details); full (cyan) circles: experiments for furan of Ref. 15;
long dashed-dotted (dark green) line: SMCPP up to 9ch-SEP results for
furan of Ref. 52; full (red) squares: experiments for THF of Ref. 53; full
(green) diamonds: experiments for THF of Ref. 54; full (blue) up triangles:
experiments for THF of Ref. 55; (yellow) stars: experiments for THF of
Ref. 56; dashed-dotted (magenta) line: complex-Kohn elastic results for THF
of Ref. 57; dashed-dotted-dotted (orange) line: SMC elastic results for THF
of Ref. 58; long dashed-dotted (maroon) line: IAM-SCAR results for THF of
Ref. 25; open (magenta) diamonds: experiments for furan of Ref. 59; open
(violet) squares: experiments for THF of Ref. 60.

63ch-SE levels of approximation) and by the full dashed
black line (IAM-SCAR+I plus rotations) are within the
experimental error bars, and with about the same magnitude
as the theoretical results for the furan and THF molecules.
Such an outcome is not surprising since all these molecules are
comparable in size. The SMCPP calculation (with and without
closure) corresponds to rotationally summed cross sections
(RSCSs), considering the molecule initially in the ground state
and being excited to all rotational levels allowed by the angular
momentum coupling. The TAM-SCAR+I approximation,
however, does not consider the dipole interaction, so that only

J. Chem. Phys. 144, 124310 (2016)

pure (orientation averaged) elastic DCS are calculated. On
the other hand, the TAM-SCAR+I plus rotations calculation,
which includes the dipole interactions through a first Born
approximation approach, takes into account that the molecular
gas is at room temperature. The temperature only affects the
very low angular region of the DCS, but this can have a strong
effect on the ICS. Therefore, in terms of DCS comparisons:
the SMCPP and IAM-SCAR+I results can be compared,
but excluding the smaller angles of the DCS results, and
the SMCPP+Born and TAM-SCAR+I plus rotations results
should be compared because both give a full treatment of the
dipole interaction, although here again at angles too close to
zero degrees differences are expected due to the temperature
effect (initial rotational states in the TAM-SCAR+I plus
rotations approach are due to a Boltzmann distribution of
levels). It is worth noting here that for ICS the temperature
effect has a greater influence, and so for the ICS it is not
expected that a valid comparison between results from these
two approximations might be made. We also include in the
bottom panel of Fig. 7, our total cross sections obtained
by the optical theorem as given by Eq. (7) summed to
the ionisation cross section contribution given by Eq. (9)
(dotted-dashed green line). Similar to observations in phenol,
the SMCPP (up to 63ch-SE)+BEB TCS agrees well with
the experimental data for furan and THF. However, there
is a significant discrepancy between our SMCPP (up to
63ch-SE)+BEB TCS and our IAM-SCAR+I plus rotations
TCS which we believe might be indicative of how the two
approaches differently address dipolar scattering. In order to
assess the impact due to the dipole potential contribution
(since furfural has a large permanent dipole moment) on the
SMCPP results for integral, momentum transfer and total
cross sections we have used the Born-closure procedure to
include the contribution of higher partial waves, as described
in Egs. (6) and (8). This clearly brings the SMCPP and
IAM-SCAR results into somewhat better accord, although an
important discrepancy between them remains. Clearly some
experimental results would be useful in trying to resolve this
issue. Note that such experiments will always suffer from
what is known as the “forward angle scattering effect,”® and
so to give the reader an idea for what an electron-furfural
TCS might roughly look like in Fig. 7(c) we also plot the
IAM-SCAR+I total cross section with rotations excluded (full
dotted blue line). Figs. 8 and 9 compare the present computed
differential cross sections with experimental'>>3-3%61-64 and
theoretical®>>>73% results for furan and THF. In Fig. 8 we
show our results at 6 eV, with a 6¢ch-SEP calculation, at
12 eV, with a 31ch-SEP result, at 15 eV, with a 53ch-SEP
computation, and at 20 eV, with a 57ch-SEP. The DCSs of
furfural follow the shape of the DCSs of furan and THF, but
with a somewhat different magnitude. At higher energies the
agreement improves, as shown in Fig. 9, where we present
our results at 25 eV, with a 57ch-SEP, and at 30, 40, and
50 eV, with a 63ch-SE calculation. The good agreement
between the DCSs of furfural, furan, and THEF, especially
at 40 and 50 eV, suggests that at energies high enough
these molecules present similar DCSs for the elastic electron
scattering process. Our SMCPP+Born DCSs agree well with
the IAM-SCAR-+I plus rotations results, especially for higher
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FIG. 8. Elastic differential cross sections of furfural for (a) 6.0 eV, (b) 12.0

eV, (c) 15.0 eV, and (d) 20.0 eV electron impact energies. Full solid (black)

line: SMCPP up to 63ch-SE results; full dashed (black) line: IAM-SCAR+I plus rotations at the energies of 7.0, 10.0, 15.0, and 20.0 eV; full (cyan) circles:
experiments for furan of Ref. 15; open (violet) up triangles: experiments for furan of Ref. 61; long dashed-dotted (dark green) line: SMCPP up to 9ch-SEP results
for furan of Ref. 52; (indigo) crosses: experiments for THF of Ref. 62; full (red) squares: experiments for THF of Ref. 53; full (green) diamonds: experiments
for THF of Ref. 54; dashed (blue) line: experiments for THF of Ref. 55; (yellow) stars: experiments for THF of Ref. 56; open (brown) circles: experiments for
THF of Ref. 63; dashed-dotted (magenta) line: complex-Kohn elastic results for THF of Ref. 57; dashed-dotted-dotted (orange) line: SMC elastic results for

THEF of Ref. 58; long dashed-dotted (maroon) line: IAM-SCAR results for THF

energies as expected. These results give us real confidence
in using our present SMCPP elastic DCSs to undertake our
inelastic normalizations in our other furfural experimental
studies.'>%

Basically, all observations from the analysis of the elastic
cross sections are also applicable to the DCSs for the
electronically inelastic scattering of electrons by furfural.
Representative results involving the transitions from the
ground state to the first excited triplet, the third excited triplet,
and the first excited singlet states are presented in Figs. 10
and 11, Figs. 12 and 13, and Figs. 14 and 15, respectively.
In all transitions considered in the present study (even those
not shown here) we found that the magnitude of the DCSs
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of Ref. 25.

decreases as long as more channels were included in the
calculation. For energies from 12 eV to 50 eV, especially
at the higher ones, the biggest drop in the magnitude of
cross sections occurs when going from the 7ch-SEP to the
31ch-SEP level of approximation. Here it is important to
note that at the 31ch-SEP level of approximation all physical
states obtained according to the MOB-SCI strategy become
energetically allowed and, therefore, were included in the
calculation. Once again, it is observed that the cross section
results obtained according to the 53ch-SEP, 57ch-SEP, and
63ch-SE levels of approximation are quite similar to each
other. But in contrast to the elastic DCSs, comparison with the
experimental data for the electronic excitation from the ground

Present SMCPP.
+ Present IAM-SCAR+

FIG. 9. Elastic differential cross sec-
tions of furfural for (a) 25.0 eV, (b)
30.0 eV, (c) 40.0 eV, and (d) 50.0 eV
electron impact energies with the same
legend definitions as in Fig. 8, except
for (orange) stars: experiments for furan
of Ref. 64.
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FIG. 10. Influence of the multichannel
coupling effects on the electronically
inelastic differential cross sections for
the first triplet state of furfural for (a)
6.0 eV, (b) 12.0 eV, (c) 15.0 eV, and
(d) 20.0 eV electron impact energies
with the same legend definitions as in
Fig. 5, except for full (cyan) circles:
experiments for furan of Ref. 15 at the
energies of 6.0, 10.0, and 15.0 eV; open
(violet) up triangles: experiments for fu-
ran of Ref. 61 at the energies of 6.6,
10.0, and 20.0 eV, long dashed-dotted
(dark green) line: SMCPP up to 9ch-
SEP results for furan of Ref. 52.

FIG. 11. Influence of the multichannel
coupling effects on the electronically
inelastic differential cross sections for
the first triplet state of furfural for (a)
25.0eV, (b) 30.0 eV, (c) 40.0 eV, and (d)
50.0 eV electron impact energies with
the same legend definitions as in Fig. 6.

FIG. 12. Influence of the multichannel
coupling effects on the electronically
inelastic differential cross sections for
the third triplet state of furfural for (a)
6.0 eV, (b) 12.0 eV, (c) 15.0 eV, and
(d) 20.0 eV electron impact energies
with the same legend definitions as in
Fig. 5, except for full (cyan) circles:
experiments for furan of Ref. 15 at the
energies of 10.0 and 15.0 eV; open (vi-
olet) up triangles: experiments for furan
of Ref. 61 at the energies of 6.6, 10.0,
and 20.0 eV, long dashed-dotted (dark
green) line: SMCPP up to 9ch-SEP re-
sults for furan of Ref. 52.



124310-12 da Costa et al.
L B e e e HLELE B B e e
01 H4 01 3
PR S S st I -
o 00F ER E
0 3 E 2 E
[aV] E ] F ]
e i (@) 25.0eV T C (b) 30.0eV ]
(OO 0001 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 0001 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1
‘.‘O "0 30 60 90 120 150 180 O 30 60 90 120 150 180
:: -l T I T T I T T I T T I T T I T l- -l T I T T I T T I T T I T T I T l-
0 oip 4 o1 (d)50.0eV
@) g E E 3
() C ] C i
0,01 2 cim i -2 0,01 -
i (c)40.0eV ] i ]
0001 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 0001 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1
"0 30 60 90 120 150 180 O 30 60 90 120 150 180
Scattering angle (degrees)
—_—— T —_
otk 4 o,1:,_\_________<b)12‘°fV -
— 3 (a)6.0eV F E
(D L - - -
S~
NE | i L el o
©° oottt ] gl
‘.‘O ’ 30 60 90 120 150 180 ~ O 30 60 90 120 150 180
: LA L L N L L LB L LA L L B L ) LB BN
(D 0,1 T T T T T -~ 0,1 (d)Z0.0QV —
O - 3 FoT T I T T -]
(@] - ] - ]
i (c)15.0eV | i T
001 77" ST oot T T T
S N T S N T T T

0 30 60 90 120 150 180 0 30 60 90 120 150 180

Scattering angle (degrees)

T T I T T I T T I T T I T T I T T T T I T T I T T I T T I T T I T T
0,1 0,1:— —
0,01 001 .. .. -
5 S T [T E
T~ C = — 4
Al o ] F 3
& r (a)25.0eV ] i (b) 30.0eV ]
QOO 0,001 b—=— | PRI TR BT RRTN BRI SR 0,001 —=— Ly by by by 1y
‘.‘O "0 30 60 9 120 150 180 O 30 60 90 120 150 180
- 0,1E e S i E 0,1E LI s s s e B B E
(V] C (c) 40.0eV 1 C (d)50.0eV 1
O = ] - ]
o B C ]
0.01¢ 3 E
ool o v b v vt gl b b
"0 30 60 9 120 150 180 O 30 60 90 120 150 180

Scattering angle (degrees)

J. Chem. Phys. 144, 124310 (2016)

FIG. 13. Influence of the multichannel
coupling effects on the electronically
inelastic differential cross sections for
the third triplet state of furfural for (a)
25.0eV, (b)30.0eV, (c) 40.0 eV, and (d)
50.0 eV electron impact energies with
the same legend definitions as in Fig. 6.

FIG. 14. Influence of the multichannel
coupling effects on the electronically
inelastic differential cross sections for
the first singlet state of furfural for (a)
6.0eV, (b) 12.0eV, (c) 15.0 eV, and (d)
20.0 eV electron impact energies with
the same legend definitions as in Fig. 5.

FIG. 15. Influence of the multichannel
coupling effects on the electronically
inelastic differential cross sections for
the first singlet state of furfural for (a)
25.0¢eV, (b)30.0eV, (¢) 40.0 eV, and (d)
50.0 eV electron impact energies with
the same legend definitions as in Fig. 6.
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state to the first two triplet excited states of furan (namely,
the 3B, and 3A; excited states)®>°! indicates that, even with
the inclusion of 63-open channels, the electronically inelastic
results are not yet fully converged. This point is examined
further in Ref. 65.

VI. CONCLUSIONS

We have presented integral-, momentum transfer-, and
differential cross sections for elastic and electronically
inelastic electron scattering by furfural. Total cross sections
were also reported. The results reported in this work represent
the most sophisticated application of the SMCPP method
in terms of the level of approximation used to incorporate
the effects of multichannel coupling. Elastic and total cross
section results were also obtained using an improved version
of the JAM-SCAR method, which included an interference
term that allows for a more realistic description of the collision
dynamics. As in our previous applications to ethylene, furan,
and phenol, we found that the magnitude of our SMCPP
cross sections for furfural are reduced as more channels
are included in the scattering calculation. The decrease
in magnitude is considerable in going from the 1ch-SEP
to the 53ch-SEP level of approximation, while the results
obtained at the 53ch-SEP, 57ch-SEP, and 63ch-SE levels of
approximation are very similar to each other. In the case of
elastic scattering, the results obtained with inclusion of the
multichannel coupling effects were in very good agreement
with the experimental and other theoretical data for furan
and THF available in the literature. Combined together, these
findings provide a strong indication that our elastic results
could be considered as converged. On the other hand, our
SMCPP electronically inelastic cross sections are still bigger
than the experimental data for furan, showing that probably
even more channels (including discrete electronic as well
as ionisation channels) must be included in the scattering
calculations.
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