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Abstract

CrossMark

A theoretical study of electron scattering by a thermal mixture of glycine molecules in the
energy range from 1 to 10 eV is performed using the UK-RMol codes which are based on the

R-Matrix method. The six lowest relative Gibbs free energies glycine conformers considered, Ip,
[Ip, IIn, ITIp, IlIn and I'Vn, are significantly populated in thermal mixtures. All these conformers
present similar resonance structures in the eigenphase sums: a lower-energy resonance state
near 1.8 eV and another at higher-energy above 7 eV. For the six conformers the lowest
resonance lies between 1.75 eV and 2.21 eV. The very large dipole moments of 6.32 D and 5.67
D for IIp and IIn, respectively, makes the magnitude of their cross sections significantly larger
than other conformers, which increases the average cross sections in thermal mixtures compared
with the cross sections of the lowest energy Ip conformer. Three conformer population sets are
used to calculate the averaged differential and integral cross sections: two theoretical sets based
on the relative Gibbs free energies and another set that aims to mimic experiment based on the
observed populations. The averaged cross sections are similar for all population sets, but differ

from the Ip conformer cross section. This suggests that, for large and flexible molecules, the
computed average cross sections should be used when comparing with experimental data.

Keywords: elastic, electron, scattering, thermal, mixtures, glycines

(Some figures may appear in colour only in the online journal)

1. Introduction

Since the discovery that slow electrons (<20 eV) can dam-
age plasmid DNA [1] studies of low-energy electron scatter-
ing by molecules of biological interest has increased hugely.
This issue is relevant when ionizing radiation hits living tissue
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producing large quantities of secondary, low-energy electrons.
The general mechanism proposed to shatter DNA molecules
goes through the formation of a temporary anion states (res-
onance) which decay into fragments via dissociative electron
attachment (DEA). In the shape resonance, the transient neg-
ative ion (TNI) is formed when a low-energy electron is cap-
tured by an unoccupied target orbital. If this metastable state
crosses the target state potential, it is possible that the molecule
decays into fragments. To understand the fragmentation com-
plex dynamics many experimental and theoretical studies of
DNA constituents are found in the literature using precursor
organic molecules, nucleobases, amino acids, sugar backbone,
phosphates, etc see Sanche [2] and references therein.

© 2023 The Author(s). Published by IOP Publishing Ltd
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The glycine molecule is the simplest, non-essential and
proteinogenic amino acid; it is a precursor which is incorpor-
ated into proteins biosynthetically. This flexible molecule has
three internal rotational degrees of freedom associated with
the C—C, C-N, and C-O bonds, see figure 1, which lead to the
formation of several stable conformers. Glycine is observed
in zwitterionic form in the condensed phase (crystalline or
in solution) [3, 4], however the gaseous glycine conformers
exist in neutral (non-zwitterionic) form [5-8]. Neutral glycine
also provides a good model to understand more complex bio-
molecules such as peptides, proteins or even DNA. Glycine is
a solid powder at room temperature. To observe rotational and
vibrational spectra, and to make electron scattering measure-
ments in the gas phase, it is necessary to warm up the substance
to near 150 °C; many theoretical studies indicate that there are
manifold stable conformers with relative energies lower than
1000 cm™! therefore is expected that several conformers will
coexist in glycine vapour.

The significance of gaseous glycine conformers can be
evidenced in a pertinent discussion in the literature. In 1977,
Vishveshwara and Pople [9] calculated optimized structures
of glycine conformers using standard bond lengths and angles
at the Hartree—-Fock (HF) level with 4-31G basis sets and
found two stable conformers: stretched form I (lowest-energy)
and a cyclic form II. In 1978, two independent measurements
of microwave (MW) spectrum of glycine [10, 11] assigned
a conformer where the rotational constants and the dipole
moment were in conflict with the lowest-energy structure for
glycine proposed by Vishveshwara and Pople. Brown et al
[11] declared that glycine vapour could contain more than
one conformer. They inferred that the detected cyclic form
was the lowest energy conformer because they assumed that
it was the most abundant form. This misunderstanding started
to be resolved when Sellers and Schéfer [12] performed full
geometry optimization calculations for glycine structures and
confirmed that the lowest-energy conformer was the stretched
form I in agreement with Vishveshwara and Pople. They found
a small energy difference between the conformers I and II of
2.2 kcal mol~!. The dipole moment of the cyclic structure II is
6.5 D which is consistent with the high experimental molecu-
lar dipole moment observed for structure II along the a inertial
axis of 4.6 D, in MW spectra [11]. Since the dipole moment
of the conformer I is much smaller, near 1.1 D, they also con-
cluded that theoretical results did not necessarily contradict the
experiments and species I and II could both exist in the vapour,
but that conformer I would give relative weak intensities in the
MW as the intensities of pure rotational transitions are pro-
portional to the square of the dipole moment. This means that
even in an Boltzmann equilibrium distribution of mixture of
conformers, the MW spectrum could be dominated by the less
populated conformer (glycine II). Reconciliation between the-
ory and experiment came when new spectra of gaseous glycine
detected a new conformer (I) with relative energy below the
previously reported conformer (II) [5, 6, 13, 14]. The result-
ing experimental spectroscopic parameters are in reasonable
agreement with the theoretical calculations.

A related issue is the relative population of conformers
in glycine vapour. As the MW/millimeter spectra of glycine

are strongly dependent on the dipole moment, the transition
intensities alone cannot be used to estimate the relative pop-
ulation, as some conformers have relatively large dipoles and
therefore even when less populated can give a strong signal.
An alternative approach to getting the relative populations is
to use theory to find reliable energy differences between con-
formers. However, achieving the accuracy required to give the
composition in a thermal mixture is a challenging task for both
theory and experiment. Some disagreement in geometric struc-
tures, proposed by spectral analysis and calculations, promp-
ted many theoretical searches of the potential energy surface
(PES) to find optimized geometries and molecular properties
for stable, non-zwitterionic glycine conformers [15-30]. Con-
formational features and stable geometries in the gas phase are
determined by internal interactions which are related to bond
rotations, steric strain, steric repulsion of electron lone-pairs
and intramolecular hydrogen bond. The last one is the dom-
inant intramolecular factor in stabilizing various conformers
[23, 31, 32]. So a high accuracy description of these effects is
required to determine the fidelity of the relative energies theor-
etically. Both the use of high level methods and the choice of
basis set are important. To obtain correct conformer structures
methods which treat electron correlation are necessary (MP2,
MP4, CISD, CCSD(T), DFT) as also large polarised and dif-
fuse basis sets, see [7, 17, 24, 25, 29, 30, 33, 34] and refer-
ences therein. For example, Csdszar [27] performed correlated
level ab initio calculations for 13 conformers of neutral glycine
obtaining accurate geometric structures and various proper-
ties of spectroscopic interest. His calculations at the corrected
B2 MP2 level showed that the six lowest energies conformers,
Ip, lp, IIn, IIp, IlIn and IVn, should be the most populated.
B2 is a large basis set [27]. In Csdszar’s notation ‘p’ refers
to a planar configuration of heavy atoms (N-C-C-0) and ‘n’
refers to non-planar. Independent of the method or basis set
used all theoretical predictions point to the Ip as the lowest-
energy conformer and this conformer should be the most pop-
ulated conformer at any temperature.

From the experimental point of view, many studies used
theoretical rotational constants and transition frequencies in
attempts to identify glycine conformers in thermal mixtures.
Besides the MW spectra cited above, gas phase electron dif-
fraction was applied to evaluate relative energies between con-
former I and II, and estimate a population of 76% and 24% at
temperature of 219 °C, respectively [6]. Jet expansion spectro-
scopic investigations found that only conformers I and II were
observed after expansion [35, 36] in proportion 79% to 21%,
which are in contrast with their theoretical calculations which
predicted that the lowest four (I, II, IV and VII) conformers
should be present in detectable amounts. A possible explana-
tion is that while a 219 °C Boltzmann equilibrium distribution
was used in the jet expansion, during the expansion collisional
relaxation occurs to conformers I and II, facilitated by the low
barrier of interconversion (for example, IV — I). A few exper-
iments using noble gases (Ar, Ne, Kr) matrix-isolation com-
bined with Fourier transform infrared spectroscopy allowed
conformers I, II and III to be observed [37-39]. The relative
population in a glycine thermal mixture is a complex issue and
some authors suggest that it does not depend only on relative
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energies but also on other factors such as quantum effects or
dynamical of interconversion due to absence of direct pathway
[28, 34].

All of this issues have significance for any compar-
ison between theory and experiment of electron collision
cross sections for gas-phase glycine. There are some stud-
ies involving electron scattering by neutral glycine molecules
in gas phase. lijima et al [6] made a joint analysis of elec-
tron diffraction and rotational constants indicated the pres-
ence of more than one glycine conformer in 219 °C vapour
and proposed geometric parameters for the glycine conformer
which generated the most intense signal observed. Neville et al
[40] using momentum profiles (orbital images) of gaseous
glycine from electron momentum spectroscopy measurements
and electronic structure calculations proposed the presence of
the five lowest energy conformers (Ip, IIp, llIp, [Vn, and Vn)
which were Boltzmann weighted at 165 °C. Aflatooni et al
[41] measured the TNI formation of some amino acids by
the electron transmission spectroscopy and reported vertical
attachment energy. They assigned the experimental value of
1.93 eV to the attachment of electron to 7* orbital of -COOH
group of glycine molecule. DEA of glycine provided the most
prominent peaks, around 1.2—-1.4 eV associated with the frag-
mentation of the [G-H] ™ anion and also above 5.5 eV [42-46].
Gianturco and Lucchese [47] studied three glycine conform-
ers and reported resonance spectra and possible anions states
involved in fragmentation of the molecule. Tashiro [48] and
dos Santos et al [49] reported theoretical elastic cross sections
for glycine. dos Santos ef al also analysed the resonance fea-
ture for the second conformer of glycine. Although some of
the above works comment on the possibility of the existence of
glycine conformers, only actually consider the lowest energy
conformer in the analysis of their data. We are proposing a
systematic analysis of the contribution of the most populated
glycine conformers in a thermal mixture to the resonance fea-
tures and the elastic scattering cross sections.

In this work we present elastic electron collision cross
section for six conformers of glycine and a thermal mixture of
these conformers computed using R-Matrix method. First, we
compare our cross section for each conformer with the lowest
energy conformer Ip. Then we simulate the cross sections of
thermal mixtures of glycine conformers. This paper is organ-
ised as follows: section 2 presents details of calculation and the
R-Matrix methodology used; section 3 results and discussions
are presented. Section 4 presents our concluding remarks and
summarizes the present findings.

2. Calculation details

2.1. R-matrix method

The UK molecular R-matrix methodology used in this work is
described in detail in [50, 51], and the references therein. We
present the most relevant features of the method.

In this method, the configuration space is divided in two
regions: inner and outer. The inner region is delimited by a
sphere of radius @ which should contain all the electronic dens-
ity of the N-electrons of the isolated target. In this region,

a complex of N+ 1 electrons is formed and the continuum
electron has short-range interactions, and the correlation and
exchange interactions must be described more precisely than
in the outer region. The inner region is the most demanding
in terms of computational time and effort however the advant-
age in this step is that the electronic structure of the (N + 1)-
electron complex needs to be calculated only once for each
symmetry.
In the inner region, the (N + 1)-electron wave function is
described by
LPEY

S XN41) )ul](xN-H)

AZaUk¢
+ szkX,

where ¢ is the target wave functions of the ith state; u;; rep-
resents the continuum electron orbital; A4 is the antisymmet-
rization operator due to the indistinguishability of inner-region
electrons that must satisfy the Pauli principle. The second sum-
mation in equation (1) depict functions ng +1 which describe
all N+ 1 electrons but should vanish at r=a; these are
described by L? configurations and are added to relax the
constraint of orthogonalization between continuum and tar-
get orbitals of the same symmetry, and, as discussed below,
to simulate the polarisation of the electronic cloud of the tar-
get; a;x and by are the variationally-optimized coefficients
of expansions. The partial wave expansion is used to expand
the target and continuum orbitals, consequently, also interac-
tion potential and K-matrix, up to some maximum value of
{ = {ax Where we consider the reasonably converged results.

In a static-exchange (SE) calculation the continuum elec-
tron is allowed to occupy a virtual (unoccupied target) orbital.
Polarisation effects are included in the inner region via second
sum in equation (1), using singly-excited L? configurations
of the HF ground state wave function. Each configuration is
obtained by promoting one target electron into a virtual orbital
and also the continuum electron into a virtual orbital generat-
ing a two-particle one-hole (2p,1h) configuration. This model
of calculation is called static-exchange plus polarisation (SEP)
level. The polarisation level is handled by the number of virtual
orbitals (NV) considered to generate the L? configurations.

In the outer region, the interaction of the continuum elec-
tron with the N-electron target is weaker than in the inner
region; it can be represented via long-range multipole poten-
tial interactions, such as dipole interactions, and it is not neces-
sary to explicitly include correlation and exchange effects. In
this region, the scattering electron is described by one-electron
wave function which moves in an scattering potential com-
puted by the electronic density of the target. A one-particle
coupled second-order differential equation for the continuum
electron is solved for the electron scattering process. The inner
and outer solutions are match by the R-matrix on the sphere
boundary. The R-matrix is propagated to large r where the K-
matrices and scattering observables are computed.

Glycine molecule has a permanent dipole, so the Born clos-
ure procedure is used to take into account a portion of long-
range interaction that is neglected when partial waves from 0

-XN+1) (D
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to /max are considered. To include higher partial waves, our
lmax T-matrices are added to analytic dipole Born T-matrices,
using the ANR approximation to take account of rotational
motion, and then corrected by subtracting the partial wave
dipole Born contributions [52—54]. To avoid the divergence of
nuclei fixed approximation in forward direction we are using
rotating dipole approximation to include rotational motion in
the Born closure procedure [52]. The rotationally-unresolved
elastic differential cross sections are obtained by the sum of
rotationally-resolved elastic and inelastic cross sections until
convergence. All these calculations are performed with the
code POLYDCS [55] and only the rotationally-unresolved
cross sections are presented here.

In this work, initial input files were generated using version
4.1 of the Quantemol-N expert system [56], and calculations at
the SEP level are performed directly with the UKRMol codes
[57]. Quantemol-N provides a quick way to construct correct
and self-consistent inputs for the UKRMol code at the SE level
which we adjust to perform SEP calculations.

Convergence analysis of the R-Matrix calculations fol-
lowed our previous work [58], where we tested parameters
such as: radius a from 10 to 15 ag; fmax equal 4 and 5. And
the numbers of virtual orbitals (NV) up to 50. For all results
presented, values adopted here are: a = 10 ap; max = 4 and
NV = 40. These parameters were chosen based on reasonable
convergent results and computational cost. For example, the
ICS changes less than 2% when we move from NV = 40 to
NV =50 1n an SE level calculation.

2.2. Conformers

Csaszar’s [27] PES search found altogether 13 conformers of
non-zwitterionic glycine which are all expected to exist in gas
phase; no glycine conformers are expected to coexist in equi-
librium in the gas phase in the zwitterionic form. Here we only
consider the six lowest energy conformers from Csédszar’s cal-
culations, because we assume they will contribute more sig-
nificantly to the thermal population. These conformers are Ip,
IIp, IIn, IIp, In, IVn and their structures can be seen in the
figure 1. The order of energies for these six lowest relative
energies conformers were confirmed by Ke et al [29] who cal-
culated also relative Gibbs free energies at 298 K. The con-
former populations at a given temperature are better estimated
using relative Gibbs free energies instead of relative energies,
which we used in our previous study of a-alanine [59].

Our calculations used HF level target wavefunctions com-
puted with 6-311G** or cc-pVTZ basis sets. However, as the
cross sections proved to be very similar, all the data presen-
ted in this paper were calculated using 6-311G** basis set.
The geometries used in this work were optimized by Csészar
[27] and we are following the same nomenclature used in that
work. Even though the ‘p’ conformers can be represented by
the C, point group while ‘n’ conformers have no symmetry
(Cy point group), in this comparative study we decided to rep-
resent all conformers using the C; point group to ensure the
same R-Matrix parameters for all conformers, unless specified
otherwise.

To represent the thermal mixture of glycine conformers at
a given temperature, three population sets are considered, two
theoretical and one experimental, are presented in table 1. The
first theoretical population set for Ip, IIp, IIn, IlIp, IIIn and IVn
glycine conformers is determined by the Boltzmann equilib-
rium ratio using the relative Gibbs free energies at 298 K from
Ke et al [29] calculated in the B3LYP/6-31+G . The other
theoretical set is obtained from relative Gibbs free energies at
438 K calculated by Neville et al [40], who deemed that Ip,
IIp, IlIp, IVn and Vn should be present in significant amount.
Neville et al, based on previous experiments which did not
observe some of the conformers predicted by calculation and
also in their own theoretical results, proposed a population set
with only five conformers. However, as shown in table 1, we
consider only the Ip, IIp, IlIp and IVn conformers to represent
the population set of Neville et al [40], since the Vn conformer
should contribute only around 1.6% at 438 K and its dipole
moment is intermediary, near 2.4 D. Therefore we do not
expect that Vn would contribute significantly to the averaged
cross sections. In addition to the different conformer compos-
ition and temperature between [29, 40], we can attribute part
of the difference in proportion of the IIp and IlIp conformers
in the two sets to the DFT functionals used to estimate the free
Gibbs energies. For example, Ke et al [29] observed the func-
tional PBE1PBE resulted in different relative Gibbs free ener-
gies compared to the B3LYP functional and consequently to
the different populations. The experimental population set was
obtained from Stepanian et al [38] who observed only three
conformers in the matrix isolation in inert gases; these con-
formers were assigned as I, II and III, and belonging to point
groups Cs, Cy and Cj, respectively. Stepanian et al evapor-
ated the glycine at temperature of 170 °C (443 K) and then
converted the vapour into a matrix isolation to probe the exist-
ence of these three conformers. As they do not identify the
conformers in ‘p’ and ‘n’ configurations, to calculate the aver-
aged cross sections we supposed, for example, the population
of conformer II and III are distributed in the same proportion
of n and p that we have estimated the population at 443 K using
data from Ke et al.

3. Results and discussion

3.1. Eigenphase sums for conformers

The eigenphase sums for the six Ip, IIp, IIn, IIIp, IIIn and IVn
glycine conformers are presented in the figure 2. All results are
at the SEP level with NV = 40 virtual orbitals including a Born
correction. The resonance positions and widths were fitted by
an automated procedure [60] using the Breit—Wigner formula.
Table 2 shows the resonance positions and widths found for
the six glycine conformers. Some very narrow resonance states
for energies above 6 eV are not listed; these are likely pseudo-
resonance and artifacts of the calculation procedure.

As shown in figure 2 the eigenphase sums for all con-
formers exhibit two resonance structures, one at lower energy
near 1.9 eV and another at higher energies near 8 eV. The
lower-energy shape resonance ranges from 1.75 eV, for Illn,
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Figure 1. Structure of six lowest-energy gas-phase conformers of glycine: Ip, Ilp, IIn, Illp, IlIn and IVn. The figures were obtained using
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Table 1. Theoretical and experimental population, in %, of glycine conformers at temperatures of 298 K, 438 K and 443 K, respectively.
The theoretical values are based on relative Gibbs free energies from Ke er al [29] and Neville et al [40]. The experimental data are
estimated from Stepanian et al [38].

Theoretical Experimental
T=298K T=438K T=443K

Conformer Population [29] Conformer Population [40] Conformer Population [38]
Ip 62.6 Ip 53.7 I 70

IIp 4.50 IIp 9.1 11 15

IIn 12.60 — —

IIp 8.40 IlIp 30.2 11 15

IlIn 8.69 — —

IVn 3.21 IVn 6.9 — —

up to 2.21 eV for Ilp conformer. The most stable con-
former Ip displays this feature at 1.82 eV. This shape res-
onance is referred in literature as being due to the electron

attachment in the unoccupied 7* orbital of CO bond, it has
been observed in molecules with —COOH group, such as
amino acids. Aflatooni ef al [41] using electron transmission
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Figure 2. SEP eigenphase sums for electron scattering by the six lowest-energy gas-phase conformers of glycine: Ip, Ilp, IIn, IlIp, IIIn and

IVn.

Table 2. Resonance Position (P) and Width (W), in eV, for the six
lowest energy conformers of glycine. Dipole moments are in Debye.

Conformer Dipole P W P W P W P w

Ip 123 1.82 0.12 8.71 1.68

IIp 6.32 221 033 7.13 2.01 867 2.08 880 1.19
IIn 5.67 217 0.34 7.59 2.12 872 0.97

IIp 2.00 1.78 0.13 8.69 1.66

IIIn 191 1.75 0.27 8.67 2.23

IVn 228 1.88 0.26 850 1.34

spectroscopy measured the vertical electron attachment for
the temporary anion formation for glycine as being 1.93 eV.
These results are corroborated by other experiments studying
vibrational excitation in the lowest-energy resonance region
[45, 61]. Experimental studies on DEA of amino acids show a
peak in the cross sections near 1.2 eV which, due to the prox-
imity to the shape resonance, are widely attributed to attach-
ment via the -COOH 7* orbital. However, Scheer et al [43]
discuss the possibility that this 1.2 eV feature could be due to
direct attachment to the lowest ¢* orbital.

On the theoretical side, only a few studies have calcu-
lated electron-scattering cross-sections and resonance pos-
itions. Tashiro [48], using the R-Matrix method, found
the lower-energy resonance calculated at the SEP level at
2.15 eV. Although Tashiro performed calculations at other
levels such as close-coupling studies with a CASSCF target

wavefunctions, we are also using the SEP method; there are
some differences between our calculation that could explain
the discrepancy. First, Tashiro used a maximum of only NV =
30 virtual orbitals in his polarisation model and we use
NV = 40 virtual orbitals, meaning that our treatment includes
increased polarisation effects. Another difference is that the
dipole moment for glycine molecule calculated by Tashiro is
1.95 D and our lowest-energy conformer Ip presents 1.23 D. It
would appear that Tashiro performed calculations with a gly-
cine structure closer to the IIIn or IlIp conformers (see the
dipole moment at table 2). Another theoretical study on elec-
tron scattering was done by dos Santos et al [49] using the
Schwinger Multichannel method (SMC) and obtained a 7*
shape resonance position of 2.4 eV for the lowest energy con-
former at the SEP level. It seems that the glycine molecular
geometry used by dos Santos et al [49] should be similar to
our Ip conformer as the dipole moment of their conformer
is 1.317 D. Since in their method the polarisation potential
is calculated like our method, part of the difference in the
resonance position is probably due the level of polarisation
included.

A broad structure is also seen in the eigenphase sums, in
figure 2, for all conformers starting from 6 eV, which we
call the higher-energy resonance region. Table 2 shows the
higher-energy resonances ranging from 7.1 eV to 8.8 eV. This
structure is also supplemented by some other narrow struc-
tures which are not presented in the table. This higher-energy
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Figure 3. SEP differential cross sections with Born closure for electron scattering by glycine Ip, IIp, IIn, IlIp, IIIn and IVn conformers for

impact energies of 1, 2, 3 and 4 eV.

resonance is more complex to assign to a specific process
and in the literature it is generally described as to a core
excited shape resonances [43, 48], which occurs when the
continuum electron is attached to an electronically excited
state of the target molecule. A DEA experimental study of
gas phase glycine showed appearance of fragments, such as,
[Gly —H]~, [H4CoNOJ]~ and [H,C,0,]™ at lower energies
while were detecting many small fragments, for example,
[OH]~, [O]7 /[NH,]~, [HCO,] ", etc appearing at energies
ranging from 6 eV to 8 eV [42]. Gianturco and Lucchese [47]
made a theoretical study to understand the dynamics of reson-
ant capture of low energy electrons and an analysis in the TNI
to explain the DEA experiment. They plotted the wave func-
tions of the resonant states for three glycine conformers in the
plane of heavy atoms of the molecule to indicate some pos-
sible pathways of fragmentation. For higher-energy resonance
states they observed that these very likely lead to core-excited
shape-resonance trappings.

In general, for most conformers basically two resonance
regions were found: lower-energy near 1.9 eV and a higher-
energy with broad resonance around 8 eV. Except for the
structures IIp (6.32 D) and IIn (5.67 D) which where the
fits found four and three resonance states, respectively. These
extra resonances are probably related to the strong perman-
ent dipole moment in these two conformers. Dipole bound
states could also be expected for these conformers, since their
dipole moments are bigger than the critical value to support
them (>1.625 D) [62]. In fact, the electron binding energy for
dipole bond state was predicted and measured for conformer
II anion formation (>5.5 D) [63]. However, in our R-Matrix
calculation, for IIp conformer at NV = 50 level of polarisation,

the total energy of the lowest-energy anion state remains just
above zero.

3.2. Differential cross sections for conformers

Figures 3 and 4 present differential cross sections (DCSs) for
glycine Ip, Ilp, IIn, Ip, IIIn and IVn conformers for impact
energies of 1, 2, 3,4, 5, 6, 8 and 10 eV. The calculations are
done in SEP level (NV = 40) and the Born closure procedure
used to account for higher partial waves. The electron scat-
tering cross sections follow a similar trend to that discussed
above for the MW spectrum, i.e. conformers with larger dipole
moment have larger cross sections, as seen for IIp, IIn and
IVn. At 1 eV, the cross sections of conformers are more sens-
itive for the details of molecular structure. The minimum near
45° and 135° indicates that the d-partial waves are domin-
ant in DCS for impact energy below 5 eV, for all conformers.
The deep minima seen at 1 eV, near 45 and also at 145° for
Ip, IlIp and IIIn conformers, are artifacts caused by the com-
bination of Born closure procedure and the polarisation level:
this structure increases or disappears depending on the num-
ber of virtual orbitals considered in the SEP calculation. This
behaviour is also observed for other methods in the literature
when Born closure is used. In the DCS forward directions, as
expected, the IIn, IIp and IVn conformers show large cross
sections below 30° compared to Ip, due to their larger dipole
moment.

As the impact energy increases all DCSs move closer to
that to of the Ip conformer. For example, at 10 eV the DCS
is much less sensitive to the spatial arrangement of group of
atoms, mainly for Ip, IlIp, IIIn and IVn conformers. However
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Figure 4. SEP differential cross sections with Born closure for electron scattering by glycine Ip, IIp, IIn, IlIp, IIIn and IVn conformers for

impact energies of 5, 6, 8 and 10 eV.

the DCS for IIn and Ilp are still bigger than Ip because of the
large difference between their dipole moments.

3.3. Averaged DCS

The averaged differential (or integral, ICS) cross sections for
the six lowest-energy conformers are weighted by the popula-
tion ratio given by

(CS)™¥(T) = Y ci(T)(CS), @

where ¢;(T) are the temperature-dependent equilibrium
Boltzmann population ratios and (CS); are the SEP DCS
(or ICS) with Born closure for the ith conformer.

The DCS for a thermal mixture of gas phase glycine con-
formers are shown in the figures 5 and 6 and compared with
the most stable conformer Ip and also with the only two the-
oretical DCS available for glycine. These two DCS data, one
was calculated by Tashiro [48] using the R-Matrix method
and another done by dos Santos et al [49] using the SMC
method, both computed at the SEP level without Born closure,
while our calculations for glycine Ip conformer and the aver-
aged DCS (AVG-DCS) include Born closure and they reflect,
in part, the difference in behaviour of DCS at small angles.
One reason for the difficulty in making a straight compar-
ison between our results for the Ip conformer with the DCS
reported by [48, 49], is that neither of these studies disclosed
the glycine geometries used in their calculations. The stated
values of glycine dipole moment (1.95 and 1.317 D) suggest
that the geometry used by Tashiro differs from that adopted
by dos Santos et al [49]. Despite that, the DCS of [48, 49]

are in reasonable magnitude agreement in the energy range
shown. At 3 eV their DCS results are higher than ours for Ip
which can be explained because there is a resonance near this
energy in their calculations that could affect the magnitude of
DCS, our lower-energy resonance is shifted to 1.82 eV. How-
ever, our DCS results for Ip is lower than those of Tashiro and
dos Santos et al above 45° for all energies. At impact energies
of 8 and 10 eV, the comparison with DCS from Tashiro and
dos Santos et al with our results is surprising because their
results are even larger than all our AVG-DCSs (AVG-teol,
AVG-teo2 and AVG-exp). As our AVG-DCS (teol) includes
contributions from conformers IIp and IIn which have very
large dipole moments, this is unexpected. To understand this
issue, we made some tests. First, we compared (not shown)
the DCS for Ip for a SE calculation level with their available
cross sections and find good agreement. However, the differ-
ence increases with the level of polarisation included. When
we calculate the Ip conformer using C; point group symmetry,
the low-energy resonance feature appear in the A’/ symmetry
and the behaviour is the same as that observed in Tashiro and
dos Santos et al’s cross sections. The discrepancy appears in
the A’ partial symmetry which has no lower-energy resonance
feature, however, in our calculation the introduction of polar-
isation effects reduces the cross sections in this symmetry.
As our calculation has higher level of polarisation effects
than Tashiro, it could partly explain the difference. Another
part of this difference could be attributed to Born closure
procedure.

The averaged DCS (AVG-DCS) was calculated using three
population sets, two theoretical and one experimental. The first
population set, named AVG-teol, was derived from the relat-
ive Gibbs free energies for glycine Ip, IIp, IIn, IIp, IIIn and
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IVn conformers calculated by Ke er al [29] at temperature of
298 K. The AVG-teo2 theoretical set is deduced from the rel-
ative Gibbs free energies calculated by Neville et al [40] at
438 K. The experimental population set, AVG-exp, is based
on measurements by Stepanian et al [38] on glycine vapour at
443 K, who observed only three conformers that they called
I, IT and III, where we assumed the proportion of ‘p’ and
‘n’ for II and III conformers follows the Ke et al ratios. The

population of conformer II from Stepanian ef al is very sim-
ilar to the summed population of IIp and IIn from Ke et al
(see table 1); the same occurs for the III conformer. That is
why there is no significant difference between the AVG-DCS
for the AVG-teol and AVG-exp population sets even for dif-
ferent temperatures, since IVn contributes only around 3% in
the mixture composition. The discrepancy between the lowest
energy conformer Ip to the AVG-DCS is more accentuated at
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lower impact energies. The AVG-DCS (teol) is higher than Ip
mainly due to the very large DCS of IIp and IIn conformers
despite their summed populations is around only 15%. AVG-
teo2 is systematically smaller than AVG-teol and AVG-exp,
mainly because the contribution of conformer Ilp is only 9%
compared to about 15% (IIp, IIn and II) in the other two sets.
In general, the AVG-DCS is not so different from the DCS of
conformer Ip as the DCS of Ip is dominant and also because
the DCS for all conformers approach to the DCS of conformer
Ip as the impact energies increase. Although the DCS for con-
formers IIp and IIn are still consistently higher than Ip and
contribute to increasing the average.

3.4. Integral cross sections

Figure 7 shows the ICS calculated in SEP with Born clos-
ure for Ip, Ilp, IIn, Illp, IlIn and IVn glycine conformers.
The AVG-ICS are also presented for two theoretical and one
experimental populational sets, at 298 K, 438 K and 443 K,
respectively. As discussed for the MW spectrum above, for
conformers with larger dipole moment have the bigger ICS
in electron scattering. The ICS for each conformer is scaled
by the dipole moment squared, the magnitude of ICS for
[Ip>In>IVn>IIp>IIIn>Ip. The lowest energy conformer Ip
has the smallest dipole moment of 1.23 D and also has the
smallest ICS at all energies studied. The next ICSs in mag-
nitude are for IlIp and IIIn, which have very similar cross
sections as are their dipole moments, 2.00 and 1.91 D, respect-
ively. The dipole moments for IIp and IIn conformers are
6.32 D and 5.67 D and also have similar ICS’s, however, they
are around an order of magnitude larger than the ICS for the

conformer Ip. Considering the angular integration of DCS,
the ICS is dominated by forward scattering mostly because
of the long-range electron-dipole interactions as seen in the
figures 3 and 4. The Born closure procedure compute these
contributions by including the higher partial waves in the T-
matrices. The lower-energy resonance peak near 1.8 eV in the
ICS is observed for Ip, Illp, IIIn and IVn conformers, but is
not noticeable for IIp and IIn due to the strong contribution of
their large dipole moments in ICS masks the resonance peak. A
smoothed resonance peak near 1.86 eV is also observed in the
AVG-ICS. In spite of the very large ICS values for conform-
ers IIp and IIn compared with Ip, they contribute around 15%
while the lowest energy conformer contributes with more than
62% for the thermal mixture in both population sets (AVG-
teol and AVG-exp). This means that the AVG-ICS is about
4.8 times bigger than Ip at 1 eV and almost double at 10 eV.
It is to be expected that as the impact energy increases the
spatial distribution of atoms in the conformers becomes less
relevant although the contributions of conformers with very
large dipole moments make the averaged cross sections signi-
ficantly different from the results considering only the lowest
energy conformer Ip. The difference between AVG-teol and
AVG-teo2 in the ICS is around 28% near 1 eV and around
17% near 10 eV. This difference is produced mainly because
the population sets give different contributions by the IIp con-
former beyond the distinct conformers composition and tem-
perature in the glycine vapour. Therefore, the measurement of
elastic cross sections by glycine vapour would be desirable as
it would provide more information about the vapour compos-
ition and the importance of conformers to the averaged cross
sections.
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4. Conclusions

In this work we present a theoretical study of electron scat-
tering by glycine molecules in the gas phase. We assume that
thermalised glycine vapour at temperatures of 298 K, 438 K
and 443 K is mainly populated by up to six conformers of gly-
cine Ip, IIp, IIn, IIIp, IIIn and IVn. An analysis of eigenphase
sums shown that all conformers display resonance structures
in two regions. The lower-energy resonance usually assigned
as the electron attachment to the 7* orbital of CO bond in
—COOH group, lie in the range 1.75-2.21 eV depending on
the glycine conformer. The higher-energy resonance is broad
structure starting above 7.1 eV and discussed in the literature
as being related to core-excited shape resonances. In general,
an automated fit found further two resonance states for the IIn
and IIp conformers, which have very large dipole moments,
near 6 D. These additional states could be related to the dipole
bound states, since their dipole moments are bigger than the
critical value (>1.625 D). The DCS and ICS are calculated
for six conformers and compared with averaged DCS and ICS.
The comparison between the DCS shown that at lower impact
energies the cross sections are more sensitive to the different
spatial distribution of atoms in the conformer and with increas-
ing energies the discrepancy reduces.

The AVG-DCS and AVG-ICS are calculated using three
population sets. The theoretical population sets are due to the
Boltzmann distribution based on the relative Gibbs free ener-
gies, one set is for the six conformers at 298 K (teol) and
another is for four conformers at 438 K (teo2). The exper-
imental population set is derived from infrared analysis on
matrix isolated glycine vapour at 443 K. This experimental
observed only three types of conformers I, IT and III, the aver-
aged cross sections calculated by all sets give similar cross
sections. However, the AVG-teo2 cross sections are smaller
than other AVGs cross sections mainly due to the less con-
tribution of glycine Ilp, which has very large dipole moment.
The averaged cross sections is significantly different from the
lowest energy conformer Ip cross section due to the contri-
bution of conformers with very large dipole moments which
have the biggest effect at lower energies. Therefore we suggest
that comparisons with measured cross section should really be
made with theoretical averaged cross sections when it involves
electron scattering with large and flexible molecules, which
can generate several conformers; this is particularly important
when (some of) these conformers have a large range of dipole
moments.
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