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We report an experimental and theoretical investigation into the dynamics of electron-impact ionization of the
unresolved outermost molecular orbitals (6ag + 1b1g) of pyrazine (C4N2H,). Experimental triple differential cross
sections (TDCS) are compared with cross sections calculated within a molecular 3-body distorted wave (M3DW)
framework. The M3DW theory was able to reproduce the qualitative scattering behaviour in the binary region,

but failed to describe the absolute intensity of the TDCS and the recoil scattering behaviour. Momentum profiles
were used to identify possible sources where the M3DW may mask the quantum character of the ionized orbitals
in describing the ionization dynamics.

1. Introduction

Radiation-based therapies involve exposing biological systems to
primary ionizing particles that deposit their energy through successive
collisional interactions with the molecular constituents. Simulations of
charged-particle tracks through liquid water, a surrogate for soft bio-
materials, provide insights into the early physical and chemical radia-
tion actions on matter [1]. It has been demonstrated that the secondary
electrons produced in the primary ionization events can potentially
damage DNA, even at low impact energies [2]. Thus, in order to char-
acterise all DNA-damaging events, it is essential to understand how all
primary and secondary particles are transported and deposit energy in
media other than pure liquid water, to more appropriately represent real
biological systems.

For charged-particle transport [3,4], plasma [5] or radiative
modelling [6] it is necessary to have complete cross section libraries that
describe the likelihood of each scattering process [7-9], and that cover
the full range of accessible energies found within the environment to be
simulated. To meet these demands, it is essential that developed theo-
retical models are predictive and applicable to a broad range of
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biomolecules over a large range of collisional regimes. We have there-
fore focused on trying to understand the role of molecular structure in
the dynamics of electron scattering [7]. As a part of this work, we have
performed systematic experimental and theoretical investigations into
the electron impact ionization of biomolecules, with different functional
groups, under coplanar asymmetric scattering conditions at intermedi-
ate impact energies in order to investigate the role that structure plays in
the collision dynamics [10-13]. This experimental work has been
essential in developing and refining theoretical models and approxi-
mations that enable the calculation of ionization cross sections of
complex molecular species. A number of different theoretical models
have now emerged that are applicable within this regime, which in-
cludes the molecular 3-body distorted wave (M3DW) calculations,
distorted-wave first Born approximation calculations [14-17] and
multicentre distorted wave calculations [18-20]. These methods have
all revealed the importance in performing a proper average over the
molecular orientation, in the calculated triply differential cross sections,
when comparing to experimental data where the molecular orientation
is undefined. While these theoretical methods have largely addressed
the characteristic shapes of observed triple differential cross sections
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(TDCS), questions still remain about their intensity for the calculated
TDCS, with experimental TDCS angular distributions typically being
obtained on a relative scale. Recently, experimental TDCS for complex
molecules have been inter-normalised [21,22] or fully captured in re-
action microscopes [23], so that we can now begin to assess the intensity
scales of theoretical TDCS for complex molecular systems.

To further contribute to this work, we now present results from an
investigation into pyrazine (C4N2H,4). Pyrazine is an azabenzene, having
strong similarities to the DNA base analogue pyrimidine, with the
ionization of pyrimidine having been the subject of numerous experi-
mental and theoretical investigations [16,24,25]. The present investi-
gation therefore enables an evaluation of how the location of the
nitrogen atoms, within the 6-membered ring, influences the scattering
process, thereby continuing our efforts to understand the role of struc-
ture in electron scattering reactions.

As a prototypical biomolecule, pyrazine has been the subject of
numerous electron scattering studies. Elastic scattering data has been
measured by Palihawadana et al. over the 3-50 eV range [26], while
theoretical calculations have been performed using the R-matrix [27]
and Schwinger Multichannel methods [28]. Those studies have been
more recently supplemented by total cross section measurements over
the 10-500 eV range [29]. Theoretical calculations have also investi-
gated the nature of resonance structures in the diazines [30]. There have
also been recent theoretical investigations of positron collisions with
pyrazine [31]. The structural similarity of pyrazine to benzene, and the
other azabenzenes, has made its electronic structure the subject of VUV
photo absorption [32] and electron impact excitation [32,33] in-
vestigations. These works have also been supplemented by theoretical
quantum chemical calculations of the excited electronic structure of
pyrazine [32,34]. Ionization studies of pyrazine include He (I) UPS in
the gas-phase [35,36] and in supersonic jets [37], and synchrotron
photoelectron spectroscopic investigations [38]. Non-adiabatic pro-
cesses in pyrazine have also been investigated using time-resolved
photoelectron spectroscopy, with this reviewed by Suzuki [39].

In the present manuscript we present our results from an investiga-
tion into ionization dynamics from pyrazine. In Section II, we provide
details of our experimental and theoretical methodologies. This is fol-
lowed, in Section III, by a presentation and discussion of our results.
Lastly, a summary of our findings is presented in Section IV.

2. Experimental and theoretical details.

An (e,2e) coincidence technique was employed to obtain triple dif-
ferential cross sections for the electron impact ionization of pyrazine.
This kinematically complete ionization reaction can be described
through:

e, (Eo ko) + TPyrz_’T;;rz(ei-,q) +e (E, ki) +e, (Er k) 1)

Here an electron with well-defined energy (E,) and momentum (ko) is
incident on and collides with a pyrazine target molecule (Tpy;) at rest.
The ionizing collision produces a fast scattered (e;) and slow ejected
(e3) electron with well-defined energies (E;,E2) and momenta (kz,k2),
respectively. Conservation of energy in the collision requires,

& =FEy— (E +E) 2

where ¢; is the energy needed to remove the bound electron from the
pyrazine molecule to produce a residual pyrazine ion, T;yrz(ei,q). To
conserve momentum in this collision, this ion recoils with momentum q.

The TDCS is observed under asymmetric energy sharing coplanar
kinematics, where the energies of the incident (Ey = 250 eV) and ejected
(E2 = 20 eV) electrons are fixed, and the angles of the electrons, made
with reference to the incident electron direction, varies. Here the energy
of the scattered electron is selected to conserve energy in the ionization
of the unresolved highest occupied molecular orbital and next highest
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occupied molecular orbital (HOMO + NHOMO) of pyrazine. In the
collision, we define the momentum transferred to the target by:

K =ky—k. 3)

Under these kinematics, the momentum transfer magnitude in-
creases with the changing scattered electron angle from 6; = -5 to
—15°. Here the momentum transfer magnitude is typically less than or
close to that of the slow outgoing electron |K| < |kz|, so that the TDCS
angular distribution is particularly sensitive to the collisional scattering
dynamics. In discussing TDCS angular distributions, we refer to binary
collisions and regions, where the momentum vector of the ejected
electron is close to being parallel to the momentum transfer direction
(+K). We also refer to recoil scattering, where the ejected electron leaves
the collision at angles close to being antiparallel to the momentum
transfer direction (-K).

Our experiments are performed in an experimental apparatus that
has been described by Cavanagh and Lohmann [40]. Briefly, a fixed
energy electron beam is formed by the collimation of thermionic elec-
trons emitted from a tungsten filament in an electron gun. The electron
beam intersects an effusive beam of pyrazine, flowing into the collision
region through a beam forming needle. Here the pyrazine vapour is
obtained from a solid pyrazine sample (Sigma-Aldrich, purity > 99%) at
room temperature. Note that this solid pyrazine sample had been
degassed using repeated freeze-pump cycles, and that the vapour flow-
ing into the chamber through the needle is controlled using a variable
leak valve. Here the vacuum chamber pressure used for the experiments
was typically less than 5 x 107 torr. The vacuum chamber itself was
heated to ~ 30 °C to prevent deposition of the pyrazine vapour on the
walls of the chamber. Electrons scattering from the pyrazine target were
detected using two electron analysers that are mounted on indepen-
dently rotatable turntables. Each analyser is comprised of a set of elec-
trostatic lenses, electron energy selecting hemispheres, and a channel
electron multiplier [40].

Binding energy spectra (BES) for pyrazine were obtained by
observing the coincident count rate, while scanning over a range of
scattered electron energies and keeping the incident (E; = 250 eV) and
slow scattered electron (E; = 20 eV) energies fixed. Here the scattered
and ejected electron detection angles (made with respect to the incident
electron direction) were also fixed at —10° and 75°, respectively. The
binding energy spectrum was used to identify the scattered electron
energy (and thus binding energy) corresponding to the ionization of the
unresolved HOMO + NHOMO (6ag + 1b1y) of pyrazine, with an example
of a present BES being given in Fig. 1.
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Fig. 1. Experimental binding energy spectra for pyrazine. Here the incident
and slow ejected electron energies were fixed at 250 and 20 eV, respectively.
The fast scattered and slow ejected electrons were detected at 6; = -10° and 0,
= 75°, respectively. The grey dotted curves are Gaussian functions used to fit
the resolvable experimental features, and the blue curve is their sum.
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Triple differential cross sections (TDCS) were subsequently recorded
by fixing the detection energy of the scattered electron analyser, so that
it matched the ionization of the unresolved HOMO + NHOMO, noting
that our coincidence energy resolution of ~ 1.1 eV is insufficient to
uniquely resolve the HOMO and NHOMO. Angular distributions of the
TDCS were finally obtained by recording the coincidence count rate for a
fixed detection angle of the fast-scattered electrons, and then scanning
over relevant angular ranges of the ejected electrons. TDCS for different
scattered electron angles were then inter-normalized by fixing the
ejected electron angle and scanning the TDCS over the scattered electron
angles. Under these experimental conditions, the TDCS was recorded in
a binning mode [41] to account for any variations in electron beam
current and the target density in the interaction region during the
measurements.

Theoretical cross sections for the pyrazine HOMO and NHOMO were
calculated using the M3DW method, that has been described previously
[25,42-44]. Within this framework, the transition matrix is evaluated
for a molecular orientation of the pyrazine target (R),

Tar(R)= (ry (ki ri)xs (kay72) Cia(r12) [Vo — Us b, (ra, R)yg (Ko, 1)) 4

Here y{(ko,r1), y1 (k1,r1) and y; (ko,r2) are distorted waves for the
incident, scattered and ejected electrons, respectively. Cia(r12) is the
Coulomb post-collision interaction factor between the two outgoing
electrons. In the above expression, r; and ry correspond to the positions
of the initially incident and bound electrons, respectively, while r5 is
the distance between the two electrons. Here, Vo and Uy describe the
electron-target interaction and distorting potentials, respectively.
Lastly, ¢p, (r2, R) is the one electron Dyson orbital [43]. The TDCS for an
oriented molecule is then obtained through,

&0 I ki

" (R =——
dQldQZdE( )

2y Ty T R) P T R) 7 () ~

Tu®) ")
®)

Here Tex:(R) is the exchange amplitude, which is calculated in the same
way as the direct scattering amplitude (eq. (4)) but with an interchange
of the scattered and ejected electron coordinates in the final state. In the
present experimental work, the orientation of the molecules during the
collision is unknown. Therefore, to directly compare the theoretical and
experimental TDCS, the theoretical cross sections are averaged over all
possible molecular orientations in order to account for the unknown
orientation of the molecule during the collision. In this work, the proper
averaged TDCS,

Dot B d—ﬂl‘fgﬂ (R)dQg ©
dQ,dQ,dE JdQx

is obtained by evaluating the M3DW TDCS at specific molecular orien-
tations and performing a numerical integration. Theoretical cross sec-
tions reported in the present work are in atomic units (a.u.) and are
differential with respect to the solid angles of the scattered and ejected
electrons and their energy sharing in the ionization process.

To assist in the interpretation of the experimental data, we have
additionally performed quantum chemical calculations to derive spec-
troscopic details about pyrazine, and the related azabenzene pyrimidine.
These calculations included optimizing the molecular geometries at the
B3LYP/aug-cc-pVDZ level and performing single point energy calcula-
tions using that same Density Functional Theory (DFT) level. All of these
calculations were performed in Gaussian 09 [45], and they allowed us to
calculate momentum profiles [41] for the orbitals that were ionized
[46].

3. Results and discussion

A typical binding energy spectrum for pyrazine is presented in Fig. 1,
with the present ionization energies of pyrazine being presented in
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Table 1

Experimental and theoretical binding energies (€) of pyrazine, and their spec-
troscopic assignments. @ The ordering of the symmetry axes has been changed
for consistency in the orbital assignments.

Present Expt. PES PES OVGE/ P3/
ce- ce-
pvDZ pVTZ

e(eV) Assign. Assign.  [37] [38] (471 @ [47] @

9.75 6ag + 6ag (n) 9.288  8.70-9.95 9.234 9.788
1byg
1big(x)  10.169  9.95-10.80 9.763  10.290
11.75  5by, + 5byy 10.80-11.35 11.164  11.573
Tbyg ™
1bag (1) 11.35-12.75  11.497  12.013

Table 1 where they are compared with previously reported theoretical
and experimental values. In our BES, we observe a band for the unre-
solved HOMO and NHOMO (6ag + 1b1g), which is well separated from
the next feature, assigned to the unresolved (5byy + 1byg) orbitals. Our
results are consistent with the interpretation of the photoemission
electron spectra (PES), which with its higher resolution are also able to
resolve the HOMO (6ag) and NHOMO (1byg). Ortiz and Zakrzewski [47]
carried out calculations for the ionization energies, using outer valance
Green’s function (OVGF) and Partial 3rd order (P3) methods, with the
assignments and position of the spectral features being in good accord
with the experimental data. The central position of the unresolved (6ag
+ 1by) orbitals, through the conservation of energy, sets the scattered
electron energy we employed for undertaking the TDCS angular distri-
bution measurements.

The TDCS angular distributions for the ionization of the unresolved
(6ag + 1byg) orbitals are presented in Fig. 2. Here we experimentally
observed, in the 6; = -10° and —15° angular distributions, that the TDCS
in the binary region suggests a weak minimum at or near the momentum

Pyrazine (HOMO+NHOMO), E =250eV, E =20eV

TDCS (a. u.)

0 60 120 180 240 300 360

Ejected Electron Angle, 6, (degrees)

Fig. 2. Experimental and theoretical TDCS for ionization of the unresolved
HOMO + NHOMO (6ag + 1b;g) of pyrazine, obtained for incident and ejected
electron energies of 250 eV and 20 eV, respectively. Here the fast-scattered
electron was detected at (a) —5°, (b) —10°, and (¢) —15°. Solid curves indi-
cate theoretical data while dashed curves indicate data that has been rescaled.
See text for further details.
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transfer direction in the angular distributions, with the TDCS intensity
subsequently reaching a plateau or increasing for the larger ejected
electron angles. The intensity of this broad binary lobe, in all the
observed TDCS angular distributions, does drop off at the angles far
(~60°) from the momentum transfer direction. Finally, we note that the
experimental distributions do not show any evidence for any significant
recoil peak structure.

We now compare the M3DW theory to the experimental data (again
see Fig. 2). Here the experimental TDCS angular distributions have been
internormalised, so that the TDCS have been placed onto the absolute
scale, using a single point normalisation to the theoretical M3DW cal-
culations. From this, we can observe that the relative intensity of the
calculations does not match that which we observe experimentally.
Theoretically, the M3DW predicts a binary region intensity that de-
creases as the scattered electron angle changes from, ¢; = -5° to —15°.
Experimentally, we see that the intensity is comparable for the 8; = -5°
and —10° binary-region angular distributions, before dropping when the
scattered electron detector moves to ¢#; = -15°. The experimental dis-
tribution therefore doesn’t display the same intensity decrease in the
binary region seen in the theoretical calculations, as the momentum
transfer to the target increases.

To assess the shape of the theoretical TDCS, each angular distribution
has been independently renormalised to the experimental data (with the
relevant scaling factors also shown in Fig. 2). Here the theoretical dis-
tributions do a reasonable job at reproducing the gross scattering
behaviour observed in the binary region, but the theory does suggest
some smaller structures in the TDCS that are not consistent with the
experimental observations. In particular, we see a local maximum in the
measured TDCS, where the ejected electrons are emitted at angles slightly
larger than the momentum transfer direction in the §; = -5° and —10°
angular distributions, while the theory suggests a local lower intensity
region.

Recently, there has been interest in understanding the role of mo-
lecular structure in the ionization dynamics, with investigations indi-
cating the important role played by the orbital that is ionized [48,49].
Builth-Williams et al previously reported a TDCS angular distribution
for the ionization of the HOMO (7by) orbital of pyrimidine, under the
same asymmetric coplanar kinematics and with a 250 eV impact energy,
for a scattered electron angle of §; = -15° and a 20 eV ejected electron
energy [24]. This work was recently revisited, with new theoretical
calculations employing the proper averaged M3DW theory [25]. In
order to discuss the role of structure in the TDCS, M3DW calculations for
the 6a; and 1b;, orbitals of pyrazine and the 7b; orbital of pyrimidine
[25] are presented in Fig. 3. To further assist in understanding the role of
structure in the calculations, we also present the orbital momentum
profiles for all the relevant orbitals in Fig. 4.

In the theoretical TDCSs, we observe in Fig. 3 significant variations in
the intensity scales for each orbital considered. Here the pyrazine 6ag
orbital gives the biggest intensity, followed by the 7b, orbital of py-
rimidine, and lastly the 1b;4 orbital of pyrazine. When considering the
orbital characters and momentum profiles (see Fig. 4), the 7by pyrimi-
dine orbital has strong similarities to the pyrazine 6ag orbital, with both
orbitals exhibiting a nitrogen p-character that couples to the ¢ carbon
frame. In pyrimidine the location of the nitrogen atoms in the 1,3 po-
sitions leads to a parity inversion between the nitrogen p-characters and
the o carbon frame contributions, compared to that for pyrazine where
the parity of the nitrogen (1,4 positions) p-like character is matched. In
pyrazine, this orbital parity gives rise to a small ‘s-character’ (i.e. a finite
intensity at zero momentum) in the momentum profile. The theoreti-
cally weakest TDCS of the pyrazine 1b;, orbital originates from the
highly delocalised n-bonding orbital. This delocalisation reduces the
cross section intensity in the binary region, and also prevents any sub-
stantial recoil scattering. That latter observation is entirely consistent
with previous results from other orbitals with a delocalised n-bonding
character, such as those in phenol [50].

The momentum profiles [41] for all the orbitals investigated in

Chemical Physics Letters 781 (2021) 139000

——
10 - (@) 91=-5°
8| ]
6
4
2
O : T N T N { T 1
sl (b) 0,=-10°
35
s
(]
Q
[a)
[
0 = .:.. : - ': } \:__,,I . ) { ; ~=I~r_‘_:,__—
151 ——6a#b,  (c)0,=-15° |
L 1b,,
1.0 - ----6a, b
- 7b, (Pyrimidine)
05/  o¥~s K
0.0 F

0 60 120 180 240 300 360

Ejected Electron Angle, 0, (degrees)

Fig. 3. Theoretical TDCS for ionization of the HOMO (6az), NHOMO (1byy),
and HOMO + NHOMO (6a; + 1byg) of pyrazine, obtained for incident and
ejected electron energies of 250 eV and 20 eV, respectively. Here the fast-
scattered electron was detected at (a) —5°, (b) —10°, and (c¢) —15°. Also
shown is the TDCS for the HOMO (7b,) of the structurally similar molecule
pyrimidine. See text for further details.
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Pyrazine 6a,

Pyrazine 1b,,

Intensity (arb units)

Pyrimidine 7b,

Momentum (a.u.)

Fig. 4. (a) Theoretical momentum profiles and (b) diagrammatic representa-
tions of the HOMO (6ag), and NHOMO (1b,g) of pyrazine and the HOMO (7by)
of pyrimidine. See text for further details.

pyrazine and pyrimidine display strong p-characters, with the maximum
intensity being found away from zero momentum (see Fig. 4). The
behaviour of the momentum profile is often reflected in the binary re-
gion of the experimental TDCSs, under kinematics approaching the
Bethe ridge, where the momentum transfer magnitude is comparable to
that for the ejected electron (¢; = -15° in our kinematics). Under these
conditions, the behaviour of the TDCS at the momentum transfer di-
rection corresponds to the near zero component of the momentum
profile. As the ejected electron angle moves away from the +K direction,
the momentum that the bound electron had when it was ionized should
increase so that the TDCS should mimic the behaviour of the momentum
profile. Indeed, the experimental TDCS for the unresolved (6ag + 1b1g)
orbitals of pyrazine and the 7by orbital of pyrimidine exhibit this
behaviour. While the orbital character is indeed reflected in the pyrazine
M3DW TDCS, it is not observed in the M3DW TDCS of pyrimidine (see
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Fig. 3) as it has maximum intensity on the momentum transfer direction.
This observation suggests that the scattering dynamics in the M3DW
theory may be masking or losing important aspects of an orbital’s
character, that will be essential in reproducing the measured ionization
behaviour. An inadequate description of such key orbital features may,
in part, explain why minor structures in the experimental pyrazine TDCS
intensity are not so well reproduced in the theoretical TDCS. It may also
contribute to the variations in absolute cross section intensity observed
when the scatted electron angle changes. The M3DW -calculation,
employing the proper average, has made significant progress in
describing the complex ionization dynamics, however, there are clearly
still aspects of the theoretical description that limits its ability to fully
reproduce the experimentally observed TDCS in pyrazine.

4. Conclusions

A joint experimental and theoretical investigation into the ionization
dynamics of pyrazine has been reported. The theoretical M3DW model
was able to provide a reasonable description of the shape of the TDCS in
the binary scattering region but failed to reproduce the relative intensity
of the experimental TDCS with changing scattered electron angle. As a
result, it appears that the physics contained in the M3DW predicts that
shape of the cross section much better than the absolute value for this
case. Where a comparison could be made in the recoil region, the level of
accord between our measured and calculated TDCSs was marginal.
Momentum profiles for the ionized orbitals were used to qualitatively
explain the characteristic features of the experimentally observed TDCS.
We found that their behaviour was not consistently reproduced through
the M3DW calculations, which may indicate that aspects of the molec-
ular structure are currently getting suppressed through the theoretical
calculations. The testing of the M3DW theory with proper averaging
over molecular orientations against experimental data have revealed the
improvements over earlier models, but still shows that the model must
be further refined to enable a complete description of the ionization
process.
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