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ABSTRACT:A4b intio calculations and normalized experimental measurements of the differential
and integral cross sections for vibrationally elastic scattering of low-energy electrons from ortho-
xylene, meta-xylene and para-xylene are presented. The calculated cross sections are obtained
using the Schwinger multichannel method implemented with norm-conserving pseudopotentials.
The differential cross sections are measured at incident energies from 1 eV to 30 eV and scattering
angles from 10° to 130°. These cross sections are compared to experimental results for toluene.
The comparisons illuminate the role of molecular structure in determining the integral cross

sections and the angular distributions of resonantly scattered electrons.
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1. Introduction

Interest in collisions of low-energy electrons with gaseous aromatic polyatomic molecules was
brought up by the seminal electron attachment work of [1] which concerned breakup of C=C bonds
in these compounds by low energy electrons in the form of ©* resonances. Of interest is the study
of variations of ring aromatics (e.g. furans) found in organic systems such as DNA, whose most
commonly encountered aromatic compound is benzene. Replacing one H-atom by a methyl group
to form toluene breaks the D¢, symmetry of benzene. The symmetry breaking lifts the degeneracy
of the two lowest occupied 7 orbitals in the C-atom, which in turn shifts the energy of the negative
ion resonances formed by electron attachment [2,3] as well as increases the cross section for
electron attachment [4,5]. Our group recently measured low energy elastic scattering differential
cross sections (DCS) from toluene [6], and compared our results with existing DCSs of Kato ef al.
[7] and found mostly good agreement with their results. Comparison of our toluene DCS with
those of Cho et al. [8] for benzene, revealed that the toluene DCSs were in most cases significantly

higher than those of benzene by about 20% for the same incident energy (E) values.

As planned in our project to look at aromatic compounds, we decided to measure DCSs for
elastic electron scattering from xylene isomers (see Fig. 1). By comparing cross sections of xylene
isomers with each other and also with the cross sections of toluene and benzene, we want to
investigate the effect of methylation in the resonance spectra of xylenes isomers. We note that the
investigation of methylation in smaller systems can bring some insight of what happens in larger
systems, in particular DNA, where this effect is important in gene regulation and other

mechanisms [9].

Isomeric differences in compounds in terms of have been of great interest in medical research,
especially in the case of stereoisomers, which react differently with DNA. From the present
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perspective, isomers which have significant differences in geometric structure and therefore
physical properties (viz. electric moments) should have differences in their dynamics with regards
to interaction with scattering particles such as electrons, and photons. An example of such work
was done by Zhou et al. [10], for photoionization of ortho-, meta- and para- xylenes. They found
the three isomers behaved similarly, however since their work is not differential in angle, we
expect that it is possible to see differences between these isomers for differential electron
scattering from these isomers. A quite complete survey on electron and positron collisions with

isomers of hydrocarbons and isomers of other molecules can be found in [11].

In addition, electron impact on hydrocarbons has recently become a research topic in long term
electric propulsion of space vehicles using massive particle where low cost alternatives for xenon
(currently the fuel of choice, mass 131 amu.) could be replaced by hydrocarbons such as inert
cage-type “diamondoid” hydrocarbons e.g. adamantane (C;oHs, 136 amu.) [12]. Presently, xylene
(106 amu.) is a constituent of liquid fuels such as jet fuel and so combustion studies of it induced
by electrical sparking is of interest especially in the orientation of the —CHj; groups on the benzene

ring and its ionization to provide fuels for space vehicles may also be an option.

Ortho-xylene has been shown to possess a much greater degree of reactivity towards oxygen
than its isomers meta- and para-xylene [13]. Under identical conditions, it exhibits a maximum
reaction rate of the order of ten times that observed for the less reactive isomers. Xylene isomers
are considered volatile organic compounds, which are regularly emitted in the exhaust gases of
paint factories, production of semiconductors and production and/or transport of liquid fuels. The
removal of these from gaseous effluents is dependent on the pollutant nature, its concentration and
amount of gas effluent. One of the most recommended methods for removal is the catalytic

combustion [14]. In all these cases, electron interaction with the target (attachment, dissociation,



ionization) is a major route to cause its degradation. There is very little work done on the electron
scattering from xylene isomers. The residual energy electron spectra of all isomers of xylene were
taken at 3eV above threshold by Yamamoto et al [15]. They found all three isomers were
essentially identical with only minor differences. Inner shell excitation of the C 1s orbital was
made by Eustatiu et al. [16], who observed very similar spectra for all three isomers. Similar
observations for the total ionization cross section of the isomers of xylene was made by Jiao and
Adams [17] who find the same total electron impact ionization cross sections for all three isomers
from threshold to 200 eV. They found m-xylene having a somewhat larger cross section, with o-
xylene being the lowest. Unfortunately these differences were all within the error uncertainties of
their measurements. Also, their results are in very good with the result of Harrison ef al. [18] at the
E of 75 eV. They also investigated the major product ions produced of which the single ionization

of CsHj to produce CsHo" had the largest cross section.

Studying all three isomers would reveal the importance of the physical structure as regards
the variation in symmetry in the positioning of the two CHj3 radical groups around the benzene
ring, and in particular see how significantly it affects the scattering cross section as well as the
position of the negative ion resonance dynamics for such a large target, i.e. how much the overall
size of the target relative to the CHj; radicals affected the cross sections. Whereas the dipole
polarizabilities of these isomers are similar i.e. around the same value of = 16 A’ [19], the three
isomers, shown in Fig. 1, have differences in their permanent dipole moments. Here p-xylene, m-

xylene and o-xylene have increasing dipole moments of 0.02 D, 0.30 D and 0.45D [20].

In the present work, we present differential, integral and momentum transfer cross sections for
o-xylene, m-xylene and p-xylene. For all these targets we have conducted a joint experimental and
theoretical study to provide low energy differential elastic and integral cross sections, and to
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compare our results between the theory and experiment. To calculate the cross sections we
employed the Schwinger multichannel method with pseudopotentials, in the static-exchange plus
polarization approximation.

In the following, we describe in Sec. II the experimental and theoretical methods used in this
work. In Sec. III we present our results and the comparisons between the isomers and toluene cross
sections along with discussions about the results. In Sec. IV we finalize with our overall
conclusions. In this work our DCSs were taken at Eq values of 1.0eV, 1.5 eV, 2.0eV, 3.0eV, 5.0eV,

10.0 eV, 15.0eV, 20.0eV and 30.0eV and scattering angles (0) from 10° to 130°.

ITa. Experimental

Our experimental setup is detailed in e.g. Khakoo et al. [21]. The electron gun and detector
employed double hemispherical energy selectors, and the apparatus was made of titanium.
Cylindrical lenses were used to transport scattered electrons through the system, which was baked
to about 130° with magnetically free biaxial heaters [22]. Electrons were detected by a discrete
dynode electron multiplier [23] with a dark count rate of <0.01Hz and capable of linearly detecting
>10’ Hz without saturating. The remnant magnetic field in the collision region area was reduced to
~1mG at the collision region by a double p-metal shield. Typical electron currents were around 18-
25 nA, with an energy resolution of between 40-70 meV, full-width at half-maximum. Lower
currents were chosen for lower E( values to counter space charge broadening of the incident
electron beam. The electron beam could be easily focused at 1 eV and remained stable, varying
less than 15% at maximum during the data acquisition period. The energy of the beam was
established by repetitively (at least daily) measuring the minimum in the elastic scattering of the

2%S He  resonance at 19.366 eV [24] at © = 90° to about ~40meV stability during a daily run.



Typically the contact potential varied from 0.6 eV to 0.7 eV. Energy loss spectra of the elastic
peak were collected at fixed E values and 0 by repetitive, multi-channel-scaling techniques. The
effusive target gas beam was formed by flowing gas through a 0.3mm diameter aperture, which
was sooted (using an acetylene flame) to reduce secondary electrons. In using the aperture instead
of a conventional tube gas collimator, we obviate the experimental need to maintain the gas
pressures of the target gases in an inverse ratio of their molecular diameters, thus removing an
additional systematic source of error that could occur in using tube collimators or similar, see e.g.
[25]. This is a great advantage when working with large molecular targets of masses greater than
100 a.m.u. since the uncertainty in the molecular diameters of such targets can be considerable and
applying the inverse molecular diameter ratio accurately in the Relative Flow Method is made
more challenging, also with the stability of flow of these large targets through collimating needle
sources. The aperture, located =7mm below the axis of the electron beam, was incorporated into a
moveable source [25, 26] arrangement. The moveable gas source method determines background
electron-gas scattering rates expediently and accurately [26]. The measured DCSs were normalized
using the Relative Flow Method with helium as the reference gas, using DCSs from the well-
established work of Nesbet [27] for Ey below 20eV and of Register et al. [28] for Ej above 20eV.
The pressures behind the aperture ranged from 1.2 to 2 torr for He and 0.06 to 0.1 torr for toluene,
resulting in a chamber pressure ranging from 1.0x10° torr to 2x10 torr. Xylene has a high
molecular mass (106.2 a.m.u.) and is the heaviest target so far used in our system. Similar to
tolueneits high viscosity caused instabilities in the flow as it blocked our gas bleed valve
(Granville-Phillips Series 203 valve, [29]) and necessitated its baking at a temperature of about 60-
70 °C. Also, the entire gas line after the bleed valves was heated to = 84 °C to prevent

condensation of xylene. Each DCS was taken a minimum of two times to check its reproducibility



and weighted averaging was made of multiple data sets to obtain the final DCSs. Integral cross
sections (ICS) and Momentum Transfer Cross Sections (MTCS) were evaluated from the
measured DCS by extrapolating the DCS to 6 = 0° and 180° as described in [30] and numerically
integrating the extrapolations using a spline fit.

IIb. Theoretical

In order to compute the cross sections for the xylene isomers we employed the Schwinger
multichannel method (SMC) [31], implemented with norm-conserving pseudopotentials (SMCPP)
[32] and parallel processing [33]. The SMCPP is a well-established method and a review of this
method can be found in reference [34]. In this section we only discuss the theoretical aspects that
are related to the present calculations.

The scattering calculations were performed at the equilibrium geometry of the targets ground
state as obtained from a density functional theory (DFT) with B3LYP functional and aug-cc-pVDZ
basis set, as implemented in the package GAMESS [35]. The xylene isomer exists in different
conformations, which belong to different symmetry groups depending of the orientation of the
methyl group in each isomer. At the ground state, o-xylene and p-xylene belongs to C,, [36] point
group, while m-xylene belongs to Cgs point group. The optimized structures of the xylene isomers
are shown in Fig. 1. In the scattering calculations, for carbon atoms, we employed a 6s5pld
Cartesian Gaussian functions (generated according to [37]) to represent the valence electrons, as
the core electrons were replaced by the pseudopotentials of Bachelet et al. [38]. For the hydrogen
atoms we employed the 4s/3g basis set of Dunning [39] augmented with one p-type function with
exponent equal to 0.75. At this level of calculation, we found the dipole moment values of 0.06,

0.36 and 0.63D for p-xylene, m-xylene and o-xylene respectively.



Our calculations were carried out in the static-exchange (SE) and in the static-exchange plus
polarization (SEP) approximations. We will present only our results obtained in the SEP
approximation. In the SE and SEP approximations the scattering wave function is expanded in a

set of configurations-state functions (CSFs). For the SE level of approximation the CSFs were

build as | Xi j) = A[ltbo) ® |(p j)], while in the SEP level of approximation the CSFs space is
augmented with configurations generated as | )(l-j) = All®) ® |o j)], where|®,) is the target
ground state,|®;) is a singly excited virtual target state, |(pj) is a single-particle function

representing the scattering orbital, and A is the antisymetrizer. To represent the scattering and
particle orbitals, we employed modified virtual orbitals (MVOs) [40], as generated in the field of a
cationic Fock operator with charge +6. We present our calculations in the SEP approximation
where the CSF space was formed by doublets obtained from singlet and triplet coupled excitations
of the target. These virtual excitation were taken from all valence orbitals to the 40 lowest MVOs.
We obtained 21751 CSFs for o-xylene and p-xylene (5600 in A; 5378 in A,, 5430 in B, and 5574
in B,) and 20832 CSFs for m-xylene (10790 in A" and 10042 in A""). We also employed the
standard Born-closure procedure [41] to account for scattering of higher partial waves due the
long-range character of the dipole potential of the target, since our scattering calculations only

adequately describes the lower partial waves.

I11.Results and Discussion

Our experimental DCSs are listed in Table 1 along with standard deviation errors determined
from statistics of the background subtracted scattered electron counts, DCS reproducibility, and
estimated errors in gas flow-rates (2% for He and 3% for xylene) and in the helium elastic DCSs (5

to 7%) used for normalization of the xylene DCSs.



Our experimental and calculated DCSs are plotted in Fig. 2 along with the DCSs for toluene
[6]. “Excitation functions” of DCSs for elastic scattering at 90° are presented in Fig. 3, while the
ICSs and MTCSs are shown in Fig. 4. We present comparisons of the present DCSs with those of
toluene taken earlier by our group [6] and those by Cho et al. [8] at E; = 30 eV. For toluene, at
energies of Eg=> 5 eV agreement between the DCSs from [6] and [8] is very good. For Eg =1 eV
the toluene DCS is mostly forward peaked due to the permanent dipole moment of the molecules,
whereas that of all three xylenes are somewhat similar in the backward scattering region, with m-
xylene and p-xylene showing some forward scattering for 6 > 30°. At this energy, p-xylene shows
essentially isotropic behavior typical of a molecule with a small dipole moment. In fact, all
molecules present small dipole moment and this is reflected in the forward peaked behavior of the
DCSs, which occurs at small scattering angles. The dipole polarizabilities of these molecules,
around 16A°, have similar values of 12.31A% and 10.33 A’ [42,43] for toluene and benzene,
respectively, and so this forward scattering behavior seems to be due more to the permanent
dipoles of these molecules then their polarizabilities. Besides, this energy is close to the 1 eV m;*
resonance (see Table 3) which in the DCS for m-xylene and o-xylene shows more of a p-type
angular distribution than p- xylene. This is confirmed by theory, which shows this resonance for p-
xylene to be too low in energy (at Eg = 0.78 eV, see Table 3). This near-1 eV resonant behavior is
somewhat alluded to our © = 90° excitation functions which rise around this energy, but
unfortunately the experimental data does not extend below 1eV. Nevertheless, it is possible using
our theoretical results to observe with some more detail in Fig. 5, that the first 7;* shape resonance
occurs in different positions with respect to the different isomers. While for p-xylene the first

resonance is located at 0.78 eV, m-xylene and o-xylene have the first resonance located at 1.00 and



1.10 eV respectively. This fact can explain the differences seen in the DCSs of the two isomers at
this particular energy.

At Ep = 1.5 eV, the three xylenes display essentially identical within error bars. Here, a
comparison with toluene shows a similar angular distribution, but toluene is about a factor of 1.8
lower. This difference makes up for quite a large contribution due to the addition of a single
methyl group to a benzene ring, but is reasonable when one considers roughly the geometric added
radius of the group (about 33% greater, this does account roughly for the increased cross section).
This ratio of cross section is found at most of the E, values. At Eg = 2.0 eV we observe the xylene
DCSs having similar qualitative and quantitative behavior. At Ey = 3.0 eV, the o-xylene DCS is
significantly different at 6 > 80°, showing a different angular behavior more typical of resonant
scattering, although the pattern is not on-resonance but somewhat displaced in E¢ from it. It could
be due to the near-onset of the m:* resonance (see Table 2). From our model this resonance for o-
xylene is predicted at slightly lower Ej (5.7 eV) than the others xylenes at 5.9 eV. However our
ICSs show this resonance to be closer to the model values.

At the Ej value of 5.0 eV the m;* resonant behavior is weak (and broad, see Fig. 3) showing a
slight maximum around 6 = 90° seen best in p-xylene (which has the largest cross section at this E
value, see Fig. 4). This weak maximum continues to Eo = 10 eV. At the Eg=> 5 eV the DCSs for the
three xylenes are almost identical and are about a factor of 1.7 higher than those of toluene
indicating a geometric size factor ratio for these targets. Also, strong, similar forward scattering in
these targets is indicative of the similar polarizabilities of these targets =~ 16 A’ for xylene and =~ 14
A’[19]. Higher energy shape resonances are seen experimentally in the excitation functions in Fig.

3.Here p-xylene exhibits a single peak at Eg = 7.0 eV. However, o-xylene displays two peaks, a
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higher one at Ej =4.8 eV and a weaker peak at Eg = 9.4 eV and m-xylene also shows two similar,
but weaker peaks at Eg= 5 eV and at Eg= 9.0 eV.

Our calculated ICSs and MTCSs presented in Fig. 4 show three shape resonances. In order to
characterize those resonances we show in Fig. 6 the first three MVOs responsible for trapping the
incident electron, and forming the resonances. Although the LUMO, LUMO+1 and LUMO+3
have almost identical shapes between the isomers, they present slight differences in energy, which
in our model, reflects differences in the energy positions of negative ion resonances as shown in
Table 2.

As mentioned before, is possible to observe three * shape resonances for each isomer (Fig. 4),
and also a broad shoulder at 10 eV. The positions of the resonances are presented in Table 2. It is
worth to mention that benzene has two * resonances located at 1.1 eV and 4.8 eV, the first being
two fold degenerate and the second a mixture of shape and core-excited resonances [44].
Methylation of benzene to obtain the xylene isomers breaks the symmetry and lifts the degeneracy
of the low-lying resonance of benzene. Despite the fact that for each isomer the resonances are
located at different positions, figure 5 shows an interesting fact: each shape resonance presents
distinct widths, which correspond to different lifetimes with respect to electron autodetachment.
This is also observed for chlorophenol isomers [45], where the first two w* shape resonances of
meta-, para- and ortho-chlorophenol have small differences in position, but significant differences
in width. For the xylene isomers, para-xylene presets the smallest width, corresponding to the
longer lifetime, for the first resonance, while ortho-xylene present the smallest width for the

second and third resonances.
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IV. Conclusions

We have presented experimental and theoretical elastic DCSs, ICSs and MTCSs for low
elastic energy electron scattering from the three xylene isomers at E values ranging from 1 eV to
30 eV, which are large molecular mass targets. The three isomers were studied in order to
investigate differences between these isomers for differential scattering by slow electrons.
Except for our lowest Ey values < 5eV, we found the differential scattering cross section for
these isomers to be essentially identical, and this, to some extent, supports the total
photoionization results of Zhou et al. [10] who see the three isomers having similar
photoionization cross sections. We observe that at these low E( values the role of the permanent
dipole interaction dominates over the molecular polarizability, whereas at E¢> 5 eV molecular
polarizability seems to be more important. The role of resonances differs in E( values (Table 2),
and to some extent the experimental data indicates this behavior in Fig. 3. Unfortunately the
present experimental work does not cover the region E¢< 1eV, which would confirm the
sharpness and positions of the m;* resonances associated with the o-, m- and p- xylenes. This

might be investigated by us in the near-future.

Ortho-, meta-, and para-xylene present three m* shape resonances each, with small
differences in their position between the isomers, but with significant differences in their width.
We investigated the LUMO, LUMO+1 and LUMO+2 for each isomer to help in the

characterization of the shape resonances, which present almost same shape.
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VII. Tables and Figures

0 (deg)|1eV Error|1.5eV Error[2eV Error| 3eV Error| 5eV Error|10eV Error{15eV Error|20eV Error|30eV Error
10 96.0 12.2| 132 17 | 142 17 | 133 17
15 436 56| 764 9.2 |839 104|743 9.1 | 54.0 36
20 11.3 141142 19325 40 |510 60443 50(350 42182 11
25 |11.8 16| 109 1.6 |852 1.16| 10.7 14 | 23,5 3.0 223 2.7 1150 1.8 |9.06 1.16
30 (860 1.20| 839 1.11(6.72 0.85| 106 14 184 122|174 20119 13| 848 107|584 041
35 |6.05 0.84| 6.82 0.89
40 |(4.89 0.67| 6.66 084|6.64 0.79] 11.2 14| 126 16| 813 093] 5.22 0.62| 448 0.52( 3.01 0.23
50 (4.28 0.60| 6.07 0.78(7.04 0.85| 10.8 1.4 |9.36 1.21( 5.13 0.59| 3.66 0.42]| 290 0.34( 2.36 0.24
60 |5.28 0.74| 6.10 0.76|6.48 0.77| 847 1.02| 572 0.69( 415 0.51| 2.81 0.32] 2.64 0.32| 2.05 0.11
70 |6.04 0.75| 542 0.66|5.34 0.69| 6.33 0.77| 458 0.57( 3.85 0.46( 2.71 0.32] 259 0.31| 1.58 0.27
80 [6.29 0.80| 4.64 0.57|4.00 0.49]| 449 0.57| 439 056]| 3.84 043 2.50 0.28| 2.08 0.25| 1.21 0.11
90 |5.94 0.78| 3.74 0.48|3.02 0.36] 406 0.49| 4.47 056| 410 0.50( 2.24 0.26| 1.91 0.22| 1.11 0.11
100 |5.39 0.71| 3.08 0.38|2.41 0.33| 416 0.50| 412 0.53| 4.04 0.49| 2.19 0.25] 1.83 0.21| 1.05 0.06
110 |4.84 0.66| 290 0.38|2.94 0.36( 419 0.50| 3.54 0.45( 3.72 0.44| 2.28 0.26] 1.91 0.22| 1.29 0.07
120 (4.35 0.58| 3.15 0.39(3.56 0.46| 4.05 0.52| 3.40 0.42| 3.60 0.41( 2.68 0.30| 2.08 0.25| 1.57 0.11
125 |[4.48 0.58 3.83 0.52( 3.83 0.47| 3.56 0.43| 3.68 0.43
130 3.25 0.44 3.64 0.52] 3.89 0.50| 3.88 0.45] 3.22 0.37| 2.53 0.32| 1.70 0.16
ICS [752 11.1| 67.2 93 |63.3 81| 796 10.0|91.8 114|987 091|876 10.1| 799 94 | 656 6.5

MTCS |66.0 9.7 | 52.7 7.3 |519 6.7 |596 75 |566 70]533 49437 51330 39]205 20

Table 1a. o-xylene

0 (deg)|1eV Error|1.125eV Error|1.5eV Error|2eV Error| 3eV Error| 5eV Error|10eV Error|15eV Error|20eV Error|30eV Error
10 947 11.7| 118 14 | 114 15 | 148 18
15 175 24 (506 7.0 |70.0 81 |657 79721 9.0]|533 6.1
20 9.30 1.17|11.76 153|318 39 | 450 52 |382 48 (348 44 (202 22
25 139 1.7 14.4 19| 11.8 15 |7.39 0.90( 9.17 1.10 155 20 | 9.67 1.12
30.0 |104 1.2 10.3 1.3 | 955 112|6.76 0.78| 794 092|173 20| 157 19| 100 1.8 |912 112|574 0.65
40 |4.89 0.64]| 6.08 0.77| 7.75 095(6.88 081 795 0.95]11.43 1.38| 7.03 0.87| 5.38 1.06| 3.97 0.50( 2.55 0.29
50 293 0.36| 4.52 0.54( 722 0.87(7.11 087| 744 0.87] 831 1.03| 455 0.58|3.68 0.56| 2.55 0.33( 1.88 0.22
60 [3.43 043] 4.22 0.52 | 6.98 0.84(5.84 0.74| 555 0.68] 541 0.64| 3.61 0.46| 2.86 0.40( 2.21 0.27| 1.57 0.18
70 |4.48 050 4.70 0.54| 6.14 0.74(4.11 050| 3.82 0.46] 437 0.53| 3.45 044|256 037|204 0.25( 132 0.15
80 |5.37 0.71 5.17 0.64| 512 0.61(2.88 036 2.81 0.34] 423 0.52| 3.14 0.40| 2.35 0.32( 1.72 0.22(0.969 0.114
90 |[5.13 0.67]| 4.71 0.55| 3.92 0.49(2.33 028|223 0.26] 3.65 0.44|3.31 0.40| 2.12 0.28( 1.36 0.17(0.926 0.107
100 |4.60 0.58( 3.94 0.49( 3.35 0.41(1.94 024|209 0.24]331 039|325 040|191 0.25( 1.28 0.16 0.923 0.108
110 |4.16 0.45 3.61 0.46 | 3.15 0.38(2.02 0.24| 2.27 0.27] 3.34 042|292 0.36| 2.00 0.25( 1.47 0.18(0.971 0.115
120 |4.17 0.51 3.34 0.43| 3.24 0.39(2.15 0.26| 2.18 0.27] 3.70 0.49| 2.57 0.33| 240 0.30( 1.59 0.20( 1.20 0.14
125 |4.41 0.51 3.11 0.41| 3.53 0.45(2.14 027|228 0.27] 393 0.53| 2.52 0.31| 2.87 0.36
130 416 050|256 032|291 039|191 024|146 0.17
ICS |74.0 104]| 70.7 10.2| 73.5 103|547 7.7 (575 79924 104| 8.6 91 |80.0 96| 700 10.0| 62.7 8.4

MTCS |64.4 9.1 50.7 73 | 543 7.6 (383 60398 55568 64418 44 |371 451|267 38200 27

Table 1b. m-xylene
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0 (deg)|1eV Error|[1.5eV Error|[2eV Error|3eV Error|5eV Error|10eV Error|15eV Error|[20eV Error|30eV Error
10 160 24 | 134 20 | 206 29 | 142 19
15 47.1 6.7 |100.4 12.5| 82.5 10.8| 96.4 12.8| 67.1 9.0
20 128 1.7 |18.7 28 (316 44 (639 82 |469 6.1 |455 57 |250 3.3
25 |6.71 0.86|12.08 1.77(10.7 1.3 (126 1.8 |20.5 2.5 225 28 | 116 14
30 |5.09 0.63| 9.24 1.39(9.55 1.22|119 15 |146 18 (244 31| 150 19| 123 16 |598 0.72
35 |5.15 7.51 0.98
40 |523 0.70| 7.34 098]9.15 1.21|10.2 1.2 (116 14 | 105 13 | 559 0.71| 456 0.58]| 3.33 0.42
50 [6.04 0.75| 6.69 0.85|8.24 1.03|843 1.04(865 1.06| 590 0.76| 411 0.53| 4.01 0.51| 2.21 0.27
60 |596 0.76| 6.71 0.84(6.28 0.80(6.01 0.735.99 0.76 | 447 0.54( 3.84 0.48] 2.99 0.38| 1.78 0.23
70 [7.20 0.92| 597 0.72|4.95 0.63|4.30 0.52(4.45 0.56| 442 0.54| 2.8 0.35| 280 0.36| 1.59 0.19
80 (6.84 0.84| 511 0.63|3.61 0.44|3.37 0.41(4.17 0.53| 450 0.54| 2.65 0.33| 247 0.31| 1.19 0.15
90 |7.16 0.99| 4.12 0.53(2.61 0.34]2.33 0.28|4.27 0.54( 4.03 0.51| 255 0.32]| 202 0.25|1.03 0.13
100 |7.48 1.02| 3.39 0.43(2.01 0.25(1.95 0.25]3.98 0.50| 412 0.51| 226 0.29| 1.80 0.22| 1.01 0.12
110 |7.48 1.00| 3.20 0.40(1.92 0.24(1.89 0.24|3.75 0.48| 3.95 0.50( 2.27 0.29]| 1.96 0.25| 1.14 0.14
120 |7.46 098 | 3.47 0.47(2.75 0.35(2.12 0.26]4.11 0.51| 3.71 0.46| 2.65 0.34] 232 0.30| 1.32 0.17
125 [7.69 0.97 3.61 0.46(2.18 0.27|4.33 0.53| 3.56 0.45
130 3.58 0.47 348 0.46( 3.22 040]2.82 0.38[1.70 0.21
ICS |89.5 11.4| 71.8 9.0 |71.5 9.5 |69.6 9.4 (98.6 13.3| 128 14 | 973 111 105 14 | 754 104

MTCS |92.8 11.8| 54.7 6.9 [60.3 80 |448 6.1 |67.3 9.1 | 565 6.3 |43.7 50| 413 56 [259 3.6

Table 1c. p-xylene

Tables 1 (a —¢): DCSs, ICSs and MTCSs for elastic scattering of electrons from o- m- and p-
xylene. DCS are in 10™'° cm?/sr units. ICS and MTCS are in 10™'® cm?” units. Errors are 1 standard
deviation.

o-xylene

m-xylene

p-xylene

my 5 T3
1.10 1.15 5.7
1.00 1.15 59
0.78 1.23 59

Table 2: Positions (in eV) of the shape resonances of o-xylene, m-xylene and p-xylene.
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Figure 1a: Ball and stick models of toluene, o-, m- and p- xylenes.
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Figure 2 (Color online): DCSs for elastic electron scattering from o-, m- and p- xylenes.
Legend: Present experiment: ® o-xylene, ¢ m-xylene, m p-xylene, Atoluene (except reference [6]

at Eg=30eV); Theory: Schwinger multi-channel

o-xylene, — - —m-xylene,

p-xylene.

25
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<
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Figure 3 (Color online):DCSs for elastic electron scattering from o-, m- and p- xylenes at 6 =
90° as a function of E, (excitation functions): legend: orange line, o-xylene; magenta line, m-
xylene; pink line, p-xylene and present experimental DCSs at 90° from Table 2: legend:  o-
xylene, ¢ m-xylene, m p-xylene.The “spikes” at Eo = 19.33 eV are due to the elastic scattering
He  2°S resonance which produces a sharp dip at this incident electron energy. He elastic
scattering excitation functions are taken serially with the xylene excitation functions, are used to
normalize the excitation functions using data from [26] and also calibrate E, in the measurements
using the He™ 2°S resonance energy from [24].
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Figure 4 (Color online):ICSs and MTCSs for elastic electron scattering from o, m and p

xylenes. Legend: Present experiment:

= 30eV DCSs are from [7]); Theory: Schwinger multi-channel

p-xylene.

o-xylene, — - —m-xylene,

o-xylene, ¢ m-xylene, m p-xylene, A toluene (Note: at Eg
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Figure 5 (Color online): Calculated symmetry decomposition of the ICS into partial CSs for the
resonant irreducible representation. Legend: o-xylene resonant symmetries (orange dash line);
m-xylene resonant symmetry (magenta dot-dash line); p-xylene resonant symmetries (pink
dotted line).
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LUMO+1 (a,) LUMO+1 (a") LUMO+1 (a,)

LUMO+2 (a,) LUMO+2 (a"’) LUMO+2 (b,)

Figure 6 (Color online): Resonant orbitals of xylenes and its symmetries. Ortho-xylene on the
left, m-xylene in the middle and p-xylene on the right.  at first row,  at the second row and
at the third row.
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