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The development of new alternative routes for production of second generation ethanol from
sugarcane biomass poses a challenge to the scientific community. Current research in this field
addresses the use of a plasma-based pretreatment of the lignocellulosic raw material. With the aim
to provide a theoretical background for this experimental technique we investigate the role of
low-energy electrons from the plasma in the rupture of the matrix of cellulosic chains. In this paper,
we report calculated cross sections for elastic scattering of low-energy electrons by the a- and
B-D-glucose monomers. The calculations employed the Schwinger multichannel method with
pseudopotentials and were carried out at the static-exchange and static-exchange plus polarization
levels of approximation. Through the comparison of the results obtained with inclusion of
polarization effects we discuss the influence of the different conformations of the hydroxyl group
linked to the anomeric carbon on the resonance spectra of these molecules. Resonant structures
appearing at different energies for a- and -glucose at the low-energy regime of impact energies can
be understood as a fingerprint of an “isomeric effect” and suggest that distinct fragmentation
mechanisms proceeding via o™ shape resonances may become operative depending on the glucose
anomer under consideration. For energies above 15 eV the integral elastic cross sections are very
similar for both monomers. Differential cross sections for the glucopyranose anomers considered in
this work are typically dominated by a strong forward scattering due to the molecules’ large electric
dipole moments and, for energies close to the resonances’ positions, they display particular features
at the intermediate angular region, notably a pronounced f-wave scattering pattern, that are probably

associated with the presence of those structures. © 2010 American Institute of Physics.

[doi:10.1063/1.3369646]

I. INTRODUCTION

The control of global warming is currently considered as
one of the greatest challenges to be faced by humanity. In
order to achieve this goal and to prevent dangerous anthro-
pogenic interference with the climate system, an important
issue to be addressed is the reduction of the greenhouse gas
emissions on the Earth’s atmosphere. Within that context, the
replacement of fossil fuels by biofuels obtained from renew-
able resources plays a rather special role. Efforts in this area
have focused on developing alternative technologies, as well
as in the improvement of the existing ones, with a particular
interest on generating the scientific knowledge necessary to
support new developments. The production of cellulosic
ethanol has attracted much attention in this scenario due to
its potential as a substitute for gasoline in the supply of
automotive vehicles.' Although meaningful progress regard-
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ing sustainable production and use of cellulosic biomass
has been achieved in the last years, it is worth noting that
there are still many drawbacks to be overcome in almost all
stages of the bioethanol lifecycle: feedstock growth, fuel
production, distribution, and combustion, to mention only a
few.

Recently, Amorim et al*? proposed a microplasma
source based on the use of atmospheric-pressure (AP) plas-
mas that may be used for selective treatment of lignocellu-
losic material from sugarcane. Nonequilibrium plasmas have
been widely used to promote, with high efficiency, the modi-
fication or treatment of surfaces for a variety of industrial
applications.“f6 The development of a plasma-based pretreat-
ment for the processing of sugarcane biomass may represent
a very important step towards the industrial production of
second generation ethanol considering that: (i) the plasma
attack is a short-time and low-cost process; (ii) the use of a
plasma-based treatment implies a low environmental impact;
(iii) the plasma is a finely controlled environment and its
action on the treated material can, in principle, be directed to
the molecular region of interest; and (iv) these plasmas may

© 2010 American Institute of Physics
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be used not only in the breaking down of the matrix of cel-
lulose and lignin which protects cellulose but also to produce
fermentable sugars.

The present study is carried out with the aim to provide
the theoretical foundations supporting the development of
the new method for selective treatment of sugarcane biomass
based on the use of AP plasmas. In order to accomplish this
task the interaction of the plasma electrons with lignocellu-
losic biomass should be better understood and we begin this
investigation by studying the scattering of low-energy elec-
trons from the biologically active a- and B-D-glucopyranose
(or simply a- and B-D-glucose) monomers, the sugar units
that compose starch and cellulose polymeric chains, respec-
tively.

Low-energy electrons are known to interact with biologi-
cal polymers in a very complex way. In particular, it has been
shown that secondary electrons generated from ionizing ra-
diation can be trapped into specific sites of DNA and RNA
strands, giving rise to temporary anions.” These metastable
ions have lifetimes comparable to typical vibrational periods
and provide a very efficient way to release energy into
nuclear degrees of freedom. This effect is most dramatic
when the resonant potential surface is dissociative since it
can lead to mutagenic strand breaks in nucleic acids. The fact
that electron capture takes place in specific DNA sites, such
as sugars and bases, has motivated an intense effort to un-
derstand electron interactions with DNA cornponents.g_18
Considering that even simple DNA units such as uracil or
thymine display a very rich spectra of resonant states, it is
important to relate the appearance of those resonances, i.e.,
to assign them, to possible dissociative pathways triggered
out by electron attachment in order to put some light into the
discussion about the breakage of chemical bonds that could
be induced. In short, at very low energies (<1 eV) anion
states supported by dipole interactions usually prevail, while
electrons in the energy range of 1-3 eV are usually trapped
into 7" resonances. It has been proposedlgf21 that 7" reso-
nances couple to dissociative o™ resonances in a non Born—
Oppenheimer fashion (i.e., the resonant states are diabati-
cally coupled), although a direct capture into a o™ resonance
is also possible, as discussed by Scheer et al. 2 Gallup et
al.,”* and Rescigno et al.” At higher energies, direct cap-
ture into o* resonances is also possible and core-excited
resonant states become operative.

As long as the reaction mechanisms described above are
concerned, polysaccharides and nucleic acids differ in the
sense that the former have saturated rings lacking of 7 elec-
trons. On the other hand, ¢ resonances could be expected
for polysaccharides, and these might lead to dissociation of
O—H, C—H, C—O0, and C—C chemical bonds. Recent
experimental studies of dissociative electron attachment
(DEA) to saturated cyclic alcohols have indicated a very rich
o resonance spectra (either shape or core excited) leading to
the cleavage of several bonds.”**” The shape resonances
were seen to mostly yield OH fragmentation, while more
complex dissociation pathways could arise from core-excited
(Feshbach) resonances. In addition, recent DEA measure-
ments for gas-phase fructose in the pyranose form observed
the formation of the light fragments OH™, H™, and O~ above
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5eV."® These authors suggested that the first two anions can
be formed by simple bond cleavage whereas the former must
be expelled from the C—O—H unit with a possible subse-
quent formation of a new C—H bond.

In the present work we carry out a comparative study of
low-energy electron scattering from a-D-glucose and
B-D-glucose monomers in order to investigate the influence
of the different conformations of the hydroxyl group linked
to the anomeric carbon on the resonance spectra of these
molecules. We expect these results to elucidate the similari-
ties and differences in the resonant processes responsible for
the breakage of the respective (a1l —4) and (81 —4) link-
ages. Of paramount importance is to get a deeper insight
about the role of electron capture on the hydrogen bond net-
work of cellulose through the identification of resonances
and possible dissociation pathways for the glycosidic bonds.
In particular, the resonance energies should provide invalu-
able information for optimizing the plasma-based pretreat-
ment of lignocellulosic raw material (i.e., by tuning electron
energies in the atmospheric plasma).

The paper is organized as follows: in Sec. II, we briefly
review the main theoretical aspects of the Schwinger multi-
channel method (SMC) and its implementation with pseudo-
potentials (SMCPP). Section III provides information about
the computational details on target and scattering calcula-
tions. In Sec. IV, we present and discuss our results, while in
Sec. V, we summarize our findings.

Il. THEORY

Since the SMC (Ref. 28) and SMCPP (Ref. 29) methods
have been widely discussed previously, we present here only
those aspects relevant to the discussion that follows. In the
SMC method the scattering amplitude (in the body reference
frame) is given by

L
S ) == = 2 (S VXX (@)Xl VISR, (1
w

m,n

where the y,,’s, also known as configuration state functions
(CSFs), are (N+1)-electron Slater determinants constructed
from products of target states with one-particle wave func-
tions. From these products, only overall doublet states are
retained if the target is a closed shell system.30

The d,,, matrix elements are given by

A= Xl A X (2)

where the A operator can be written as

1 H 1 . .
AW = —(PV+VP) - VGY'V + - —(HP + PH).
2 N+1 2

3)
In the above equations, S,;im is an eigenstate of the unper-
turbed Hamiltonian H,, given by the*product of a target state
and a plane wave with momentum k;; V is the interaction
potential between the incident electron and the target; H
=FE-H is the total energy of the collision minus the full

Hamiltonian of the system, with H=H,+V; P is a projection
operator onto the open-channel space
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B-D-Glucose

a-D-Glucose

FIG. 1. Optimized geometrical structure and atoms labeling for a-D-glucose
(left) and B-D-glucose monomers (right).

P= 2 |dXP,

leopen

. (4)

and GS) is the free-particle Green’s function projected on the
P-space.

In this work, we are specifically dealing with elastic
scattering of electrons by molecules at the static-exchange
(SE) and the SE plus polarization (SEP) levels of approxi-
mation. For calculations carried out in both approximations
the P operator is given by

P =|DoNDy|. (5)

For calculations carried out at the SE approximation, the
configuration space is composed by CSFs of the type

Xn) = Al ®o) ® | )], (6)

where |®,) is the target ground state (represented by a single
N-electron Slater determinant), |¢,,) is the one-electron wave
function, and A is the antisymmetrizer. For calculations car-
ried out at the SEP level of approximation, the above set is
augmented by CSFs constructed as

|an> = A[|(I)m> ® |90n>]’ (7)

where |®,,) are N-electron Slater determinants obtained by
single excitations from the occupied (hole) orbitals to a set of
unoccupied (particle) orbitals. As before, |¢,) is represented
by a one-electron wave function and A is the antisymme-
trizer.

The numerical stability of calculations presented in this
paper was checked with the procedure developed by
Chaudhuri and co—vvorkers,3 Uas adapted to electron-molecule
scattering.30 This procedure has been successfully applied to
the removal of spurious structures arising from numerical
linear dependence among basis set functions (see, for in-
stance, Ref. 32).

lll. COMPUTATIONAL DETAILS

For both systems the ground state molecular geometry
was optimized using the GAMESS package33 at the RHF level
with the use of a DZP++ basis set in the C; point group. The
geometrical structures of @- and B-D-glucose monomers are
shown in Fig. 1. The D-pyranose form is biologically active,
and the anomers differ by the axial (&) or equatorial (B)
orientation of the hydroxyl group linked to the C1 atom with
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respect to the ring. Although over 700 conformers may occur
in view of the rotational freedom of hydroxyl and hydroxym-
ethyl groups,34 the scattering properties would not be ex-
pected to significantly depend on these orientational changes,
in principle. However, the dipole moments are strongly af-
fected by the conformation of the hydroxymethyl group.35 As
a result, the dipole-supported states at very low energies as
well as the magnitude of differential cross sections (DCSs) at
low scattering angles would be conformer-dependent
(strictly, many conformations would be accessible at finite
temperatures). In the present work, we mainly focus on
shape resonances whose position and widths should be little
affected by internal rotational degrees of freedom. Employ-
ing the terminology of Ref. 35, the @ and B anomers ad-
dressed here are classified as aG-g and SG-g, abundant in
the gas phase.

Our bound state and scattering calculations were per-
formed using the pseudopotentials developed by Bachelet,
Hamann, and Schliiter (BHS) (Ref. 36) in order to represent
the nuclei and the 1s core electrons of carbon and oxygen
atoms. The BHS pseudopotential V" is a nonlocal operator
given by

‘A/PP(r) = Vcore(r) + ‘A/ion(r) > (8)
with
7 2
‘A/core(r) == — 2 Clgoreerf[(algore) 1/2r] 5 (9)
rli=1
and
1 3 2 +l
Von(N =2 2 2 Are s S [1m)iml. (10)
n=0 j=1 =0 m=—[

In the above equations, Z, is the valence charge of the atom
and in this application it is equal to 4 to carbon and 6 to
oxygen. The coefficients ¢;°, A,;, and the decay constants
;" and a;, are tabulated in Ref. 36. The implementation of
the BHS pseudopotentials in the Hartree—Fock and in the
Schwinger multichannel methods has been described in
Ref. 29.

The basis set employed in bound state and scattering
calculations consists of functions generated by a variational
method, as described in Ref. 37. For carbon atoms labeled as
C2 to C6 the basis set consists of 4s4p uncontracted Carte-
sian Gaussian (CG) functions with exponents: 3.236 886 0,
0.717 066 00, 0.329 964 00, and 0.067 576 000 for the s-type
functions and 4.911 060 0, 1.339 766 0, 0.405 869 00, and
0.117 446 00 for the p-type functions. Oxygen atoms labeled
as Ol and O3 to O6 are described by a 4s4p basis set of
uncontracted CG functions with exponents: 4.887 651 0,
1.147 849 0, 0.337 743 00, and 0.066 792 00 for s-type func-
tions and 10.141200, 2.7829990, 0.841004 00, and
0.232 939 00 for p-type functions. For the hydrogen atoms
we used a 2s basis set composed by CG functions with ex-
ponents: 1.309 757 0 and 0.233 136 00. Since the difference
between a-glucose and B-glucose is precisely the orientation
of the hydroxyl group linked to the C1 atom, these carbon
and the O2 atoms are described by a 5s5p2d basis set of
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uncontracted CG functions with exponents: 12.496 280,
2.470286 0, 0.614 028 00, 0.184 028 00, and 0.039 982 00
for the s-type functions; 5.228 8690, 1.5920580,
0.568 612 00, 0.210 326 00, and 0.072 250 00 for the p-type
functions and 0.603 592 00 and 0.156 753 00 for the d-type
functions in the case of the carbon atom and exponents:
16.058 780, 5.920242 0, 1.034907 0, 0.316 843 00, and
0.06520300 for the s-type functions; 10.141 270,
2.783 023 0, 0.841 010 00, 0.232 940 00, and 0.052 211 00
for the p-type functions and 0.756 793 00 and 0.180 759 00
for the d-type functions in the case of the oxygen atom.

As mentioned before, to take polarization effects into
account, we considered single excitations from the hole (oc-
cupied) orbitals to a set of particle (unoccupied) orbitals.
Recent calculations on electron-molecule collisions per-
formed by Winstead et al.®® and Bettega et al.”® indicated
that an efficient way to describe the distortion of the molecu-
lar target due to the presence of the incident electron is
through the use of modified virtual orbitals (MVOs).40 In the
present work, these MVOs are obtained as follows: by freez-
ing the occupied orbitals, we have diagonalized the cation
Hamiltonian (more precisely, a +4 cationic Fock operator
where four electrons are subtracted from the two highest oc-
cupied orbitals) and generated MVOs from the remaining
virtual orbitals. We considered single excitations from all
valence occupied orbitals to the MVOs with energies less
than 15 eV as a cutoff criterion for selection of the particle
orbital space. The same set of MVOs was then used as scat-
tering orbitals. We included singlet and triplet excitations
which resulted in a total of 8852 doublet CSFs. Recent cal-
culations on electron-propane collisions showed that it is im-
portant to consider both singlet- and triplet-coupled excita-
tions in order to obtain good results for low energies.41

The computed values of permanent dipole moments are
4.4912 and 3.0898 D for a- and B-glucose monomers, re-
spectively. The long-ranged dipole interaction is accounted
for with the Born-closure procedure described in Ref. 42.
The highest angular momenta computed with the SMC
method in the present SEP calculations were {gyc=4 at 3 eV
and €gyec=5 at 5 and 7 eV, €guc=7 at 9, 10, and 15 eV and
€sme=10 at 20 eV. These values were chosen to provide the
best matching between the DCSs obtained with and without
the Born closure for scattering angles above ~40°. The
present integral cross sections (ICSs) were not Born-
corrected, though.

IV. RESULTS AND DISCUSSION

In Fig. 2, we show the ICSs for both glucose monomers
obtained in the SE and SEP approximations without the Born
correction. The Born correction would only increase the
magnitude of the ICS without changing the resonances loca-
tions. Since we are interested in discussing the resonances,
we chose to omit this additional calculation regarding the
ICS. The energies considered in this work range from 3 to
20 eV. The SE and SEP cross sections for a-D-glucose (top
panel) display two structures, a weak peak at 4.5 eV and a
broad structure around 12 eV. For B-D-glucose (bottom
panel) we note the appearance of four structures in the SE
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FIG. 2. ICSs for (a) a-D-glucose and (b) B-D-glucose monomers at the SE
and SEP levels of approximation. From the structures appearing at the SE
and SEP cross sections, those at 4.5 and 12 eV for a-D- and those at 5, 7.6,
and 14 eV for B-D- glucose are considered as physical resonances related to
the capture of the incident electron on a temporary anion state. The peak at
3.7 eV was unstable under our numerical analysis and is ascribed as an
unphysical structure. See text for more details.

results: two sharp peaks with maximum at 3.7 and 5 eV, a
less pronounced peak at 7.6 eV and a broad structure cen-
tered at 14 eV. Cross sections obtained in the SEP approxi-
mation follows the same pattern with the exception of the
first structure that is not present at this level of calculation, or
may have been shifted to lower energies. We discuss these
points based on the following considerations. The cross sec-
tions obtained with the SMC method may be affected by the
presence of unphysical resonances. The occurrence of these
spurious structures is related to numerical linear dependence
in the trial basis set used in the expansion of the configura-
tion state space. In order to investigate the numerical stabil-
ity of present scattering calculations we performed an analy-
sis consisting of the steps briefly described in the last
paragraph of Sec. II (for more details, see Refs. 31 and 32).
The procedure was used to check only the results obtained in
the SE approximation since the analysis for calculations car-
ried out at the SEP level would be computationally demand-
ing. Our conclusions are that in general the results are stable
except for the lowest structure of B-D-glucose, which is sen-
sitive to the removal of few CSFs, suggesting that this struc-
ture is in fact spurious. Besides, our results obtained in the
SE and SEP approximations are quite similar, implying that
the contribution of polarization effects would not be so im-
portant due to the large dipole moments values of a- and
B-D-glucose.
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FIG. 3. (a) Integral and (b) momentum transfer cross sections at the SEP
level of approximation.

Figure 3 compares the SEP integral and momentum
transfer cross sections for the two glucose monomers. For
energies below 15 eV, the resonances seen in both ICSs are
located at different energies, indicating a strong isomeric ef-
fect. As a consequence the two molecules may dissociate by
electron impact at different energies. For energies above
15 eV the ICSs for both monomers become very similar. The
same behavior can be viewed in the momentum transfer
cross sections, which agree above 15 eV and show remark-
able differences for energies below this value. The isomeric
effect can also be seen in the DCSs. The SEP DCSs for «
and B-glucose monomers from 3 to 20 eV are shown in Figs.
4 and 5. At 3, 5, and 7 eV the DCSs for the two monomers
differ, showing the isomeric effect. For energies above 9 eV
the DCSs become similar. At 9, 10, 15, and 20 eV the DCSs
present an oscillatory pattern that is characteristic of f-wave
scattering.

Finally, we make some additional comments based on a
qualitative analysis of the isosurfaces of the energy pseudoe-
igenstates obtained from the square-integrable basis set used
for the scattering calculations. More specifically, we choose
those states with the energy eigenvalue closer to the position
of the resonances that appear in our ICS results. Following
this criterion we found for the a-D-glucopyranose a state
around 4.46 eV, which has the most relevant contributions
for the electronic density localized on the ring oxygen (O1),
on the C1—C2 chemical bond, on the C3—04—H6, and
C4—O0O5—H8 moieties and also on the hydroxymethyl
group, as displayed in Fig. 6. The B-pyranosic anomer, in
turn, has a 4.92 eV energy pseudoeigenstate with significant
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FIG. 4. DCSs at the SEP level of approximation. Solid-line (green):
a-glucose and dashed-line (blue): B-glucose.

density on the Ol, O3, and O6 oxygen atoms, on the
C2—C3 and C4—CS5 bonds and on the C3—0O4—HG6
moiety, as can be seen in Fig. 6(b). From the above consid-
erations we can say that from a general point of view such
resonances, i.e., those appearing at 4.5 eV for @- and at 5 eV
for B-glucose, have at least partial C—C, C—O, and O—H
o" dissociative character. Thus our results suggest that, for
both glucose monomers, the formation of transient states in
this energy range would lead to the breakage of chemical
bonds at the ring as well as to elimination of OH™ and H™
fragments from some specific groups. As mentioned before,
the B-glucose also has a resonant structure located at the
energy of 7.6 eV. In Fig. 6(d), it is shown that the pseudoe-
igenstate with the closest eigenvalue (7.56 eV) has signifi-
cant density contributions located on the O1, O2, and O5
oxygen atoms, on the C2—O03—H4 and C3—04—H6
moieties and, finally, on the C6 carbon. An important feature
that occurs only in this case is related to the fact that the
formation of a transient state at this energy can, in principle,
give rise to dissociation of the OH™ fragment linked to the
anomeric carbon. It is worth noting that, according to the
results obtained in the present calculations, such fragmenta-
tion pathway has no analog in the case of the a-glucose,
since the resonance present in the ICS for the B-glucose at
the energy of 7.6 eV has no counterpart for the other mono-
mer. Only for comparison purposes, we present in Fig. 6(c),
the isosurface for the 7.46 eV energy state of the a-glucose
which has considerable electronic density on the O3, O4, and
06 oxygen atoms, on the C4—O5—HS8 moiety and on the
hydroxymethyl group.

V. CONCLUSIONS

We presented elastic integral, momentum transfer and
DCSs for scattering of electrons from the biologically active
a- and B-D-glucose monomers. The cross sections were
computed using the SMC method with pseudopotentials for
energies from 3 to 20 eV in the SE and SEP approximations.
Our results show a strong isomeric effect for energies below
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FIG. 5. DCSs at the SEP level of approximation. Solid-line (green):
a-glucose and dashed-line (blue): B-glucose.

15 eV. The ICSs for both monomers present shape reso-
nances located at different positions. As a consequence, low-
energy electron may dissociate these two monomers at dif-
ferent energies.

These results have considerable bearing with regard to
the discussion about what happens when cellulosic biomass
is exposed to a plasma treatment since they suggest the fact
that low-energy electrons display a specific bond-selective
behavior depending on whether the interaction takes place
with a-D-glucose or B-D-glucose monomers. In the light of
these findings it appears to be highly desirable to study in a
next step the electron scattering by the D-glucopyranose
dimmers so as to investigate possible influence of electron
capture in the rupture of the (al —4) and (81 —4) linkages.
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