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Cross-section data for electron impact induced ionization of bio-molecules are important for mod-
elling the deposition of energy within a biological medium and for gaining knowledge of electron
driven processes at the molecular level. Triply differential cross sections have been measured for
the electron impact ionization of the outer valence 7b, and 10a; orbitals of pyrimidine, using the
(e, 2e) technique. The measurements have been performed with coplanar asymmetric kinematics, at
an incident electron energy of 250 eV and ejected electron energy of 20 eV, for scattered electron
angles of —5°, —10°, and —15°. The ejected electron angular range encompasses both the binary and
recoil peaks in the triple differential cross section. Corresponding theoretical calculations have been
performed using the molecular 3-body distorted wave model and are in reasonably good agreement
with the present experiment. © 2012 American Institute of Physics. [doi:10.1063/1.3675167]

. INTRODUCTION

Studies of the electron-impact ionization of bio-
molecules provide important information on the role of elec-
trons in causing damage to DNA in biological systems. It
is now well established that low energy secondary electrons
produced by high energy primary radiation are responsible
for much of the damage to DNA in living tissue."? In or-
der to predict cellular damage it is desirable to model the
trajectories of primary and secondary particles through a bi-
ological medium. This can be done by calculating the path
along which the primary and secondary particles move as they
pass through matter, known as their charged particle track
structures.’>® Detailed information is required on the initial
spatial distribution of events involving both ionization and
excitation along the charged particles path. Differential cross
sections are an important source of this information as they
enable a complete three-dimensional description of the depo-
sition of energy as a function of angle.’ In the majority of
track structure simulations in biological media, the focus is
on water>% as the primary species in the system, but the in-
clusion of contributions from other species present is needed
for a more complete description of the process. Due to the
challenging nature of performing measurements and calcu-
lations of cross-sectional data for electron interactions with
larger molecules, there are currently limited data for targets
of biological interest.
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Pyrimidine (C4H4N») is an important molecule of bio-
logical significance. It possesses a six membered ring struc-
ture belonging to the group of diazines, where the two nitro-
gen atoms in the ring are located in the meta positions. The
molecular point group of pyrimidine is C,,. The pyrimidine
molecule is of particular interest because it forms the funda-
mental structure in several nucleobase ring systems, and it is
because of this structural similarity that it has been used as a
model compound to investigate electron collisions with DNA
constituents.” Indeed, two of the four nucleobases found in
DNA, that is cytosine and thymine, as well as the RNA base
uracil are pyrimidine derivatives.

The power of the electron-electron coincidence (e, 2e)
technique for investigating the ionization dynamics of atoms
and molecules is well recognized.'” In an (e, 2¢) experiment
information about the collision of an incident electron with
an atomic or molecular target is obtained by measuring the
energy and momenta of the outgoing electrons in time co-
incidence. The technique can be used to provide spatial in-
formation about the scattering direction of electrons. A key
objective of the present study is to further our understand-
ing of electron interactions with bio-molecules, using smaller
molecules to compare directly with the components of larger
biological systems. While measuring cross sections for iso-
lated molecules in the gas phase can, of course, only approx-
imate what occurs in biological systems, it is good starting
point and has proven to be a useful approach.'!~13

Despite the fact that many dynamical (e, 2e) studies of
atomic systems have been reported, low-energy (e, 2e) studies
of molecules have not been as numerous. Indeed, while there
has been an increased interest in these studies over the last

© 2012 American Institute of Physics
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decade, both theoretical and experimental studies have mostly
been limited to smaller targets. Recently, molecules including
methane'* !> and formic acid'® have been investigated. Stud-
ies concerning larger molecules such as component molecules
of DNA and RNA are rare, and include te:trahydrofuran17 and
theoretical studies on thymine.'® Difficulties in the theoreti-
cal calculations arise from the fact that the orientation of the
molecule is not commonly determined by experiment and an
averaging over all molecular orientations must be incorpo-
rated into the theoretical approach. Furthermore, the theoreti-
cal approach must include a multicentred wave function. This
is in contrast to the much simpler atomic cases where atoms
have only a single scattering centre and spherically symmetric
wave functions.”

While to the best of our knowledge the present study rep-
resents the first dynamical (e, 2e) investigation of pyrimidine,
the bound electronic structure has previously been probed by
electron momentum spectroscopy (EMS). Ning et al. have re-
ported EMS measurements of the complete valence region
of pyrimidine at incident electron energies of 600 eV and
1500 eV, and compared their measured results with Hartree-
Fock and density functional theory (DFT) calculations.?”
Shojaei et al. have also recently reported an extensive theoret-
ical study of its valence electronic structure, ionization spec-
trum, and electron momentum distributions.?! The valence
electronic structure of pyrimidine and a number of its halo-
genated derivatives have also recently been investigated using
ultraviolet photoelectron spectroscopy and ab inito quantum
chemical methods.??

Il. EXPERIMENTAL DETAILS

The electron impact induced single ionization of a ground
state pyrimidine molecule, C4H4N», can be described by

e (E;, ki)+C4HyNy — C4H4NT +e ™ (E,, ko) +e (Ep, Kp),
(1)
where E;, E,, Ey and k;, k,, Ky are the kinetic energies and
momenta of the incident, scattered, and ejected electrons, re-
spectively.
The triple differential cross section (TDCS) is repre-
sented by

dc
dQ,dQdE),’
and it is a measure of the probability that after ionization of a
target species by a projectile with energy E; and momentum
k;, two electrons will be produced with energies E, and E,,

and momenta k, and k;, into the solid angles €2, and Q2y,. The
momentum transferred to the target is

2

K=k; —k,. 3

In the present study, coplanar asymmetric measurements were
performed using a conventional coincidence spectrometer.
The experimental apparatus has previously been described in
detail'”-?* and so only a brief overview will be given here.
An incident beam of electrons is produced by thermionic
emission from a tungsten filament and is collimated and
transported to the interaction region using five cylindrical
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electrostatic lens elements. The resulting incident electron
beam energy resolution is approximately 0.5 eV. At the in-
teraction region the electron beam crosses a molecular target
beam. The target beam enters the interaction region through a
0.7 mm internal diameter stainless steel capillary. In the cur-
rent configuration of the apparatus, the capillary and thus the
target beam are oriented parallel to the scattering plane, which
is defined by the momentum vectors of the incident and mea-
sured outgoing electrons.

The higher energy (scattered) and lower energy (ejected)
outgoing electrons are both detected in separate hemispher-
ical energy analysers, each comprising a 5-element elec-
trostatic entrance lens system, hemispherical selector, and
channel electron multiplier detector. (e, 2e) events are iden-
tified using standard coincidence timing procedures** from
the relative arrival times of electrons at the two detectors and
background events are subtracted using standard statistical
methods. The two electron energy analysers are mounted on
independently rotatable turntables concentric with the interac-
tion region. In dynamical TDCS measurements, the scattered
electron is detected at a fixed (small) forward angle with re-
spect to the incident electron beam direction. Ejected electron
angular distributions are measured by scanning the ejected
electron energy analyser and detecting electrons at a number
of different angles within the scattering plane. In the current
measurements the coincidence energy resolution of the sys-
tem is approximately 1.1 eV (FWHM), as determined from a
measurement of the helium 1s binding energy peak.

Pyrimidine is a liquid at room temperature with suffi-
cient vapour pressure at room temperature to perform our
measurements. The pyrimidine sample 99% (Sigma-Aldrich,
Australia) was treated with several freeze-pump-thaw cycles
prior to use to remove absorbed gases. To prevent possible
condensation of pyrimidine within the sample lines, which
may contribute to instability in the rate of flow of the sam-
ple into the vacuum chamber, the sample lines, and vacuum
chamber were heated to approximately 40 °C throughout the
measurements.

lll. THEORETICAL FRAMEWORK

The molecular 3-body distorted wave (M3DW) approx-
imation has been presented in previous papers,>~? so that
only a brief outline of the theory will be presented. The TDCS
for the M3DW is given by

dSO' _ 1 kakb |T|2
d0WSUdE,  Q2n) k;

: “4)

where l;i, l_éa, and I;b are the wave vectors for the initial, scat-
tered, and ejected electrons. The scattering amplitude is given
by

T = (X;(%a, rl)X;(%b, 12)Cicar—eject (rilZUE)|V
~Ui|o 87 @) x;" ki, r)), 5)

where r; and r, are the coordinates of the incident and the
bound electrons, x;, xa, and x, are the distorted waves for
the incident, scattered, and ejected electrons, respectively, and

92(rp) is the initial bound-state Dyson molecular orbital
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averaged over all orientations. The molecular wave functions
were calculated using DFT along with the standard hybrid
B3LYP (Ref. 28) functional by means of the ADF 2007 (Ams-
terdam density functional) program?’ with the triple-zeta with
two polarization functions Slater type basis set. For the 7b,
orbital, the average of the absolute value of the Dyson wave
function is taken since the normal average is zero.'” The
factor Cicar—eject (r{y*) is the Ward-Macek average Coulomb-
distortion factor between the two final state electrons,’® V is
the initial state interaction potential between the incident elec-
tron and the neutral molecule, and U; is a spherically symmet-
ric distorting potential which is used to calculate the initial-
state distorted wave for the incident electron X,'+(ki’ ry).

The Schrodinger equation for the incoming electron wave
function is given by

k?
(T + Ui - 7’))([+(E')s r) = 0» (6)

where T is the kinetic energy operator and the “+” super-
script on x;(k;, r) indicates outgoing wave boundary con-
ditions. The initial state distorting potential contains three
components U; = Ug; + Ug + Ucp, where U, contains the
nuclear contribution plus a spherically symmetric approxima-
tion for the interaction between the projectile electron and the
target electrons which is obtained from the quantum mechan-
ical charge density of the target. U is the exchange potential
of Furness and McCarthy (corrected for sign errors)*! which
approximates the effect of the continuum electron exchang-
ing with the passive bound electrons in the molecule, and
Ucp is the correlation-polarization potential of Perdew and
Zunger.’>3

The final state for the system is approximated as a prod-
uct of distorted waves for the two continuum electrons times
the average Coulomb-distortion factor. The final state dis-
torted waves are calculated as the initial state except that the
final state spherically symmetric static distorting potential for
the molecular ion is used for Uj.

IV. RESULTS AND DISCUSSION

Figure 1 shows the present binding energy spectrum for
the outer valence region of pyrimidine. The incident and
ejected electron energies were fixed at 250 eV and 20 eV, re-
spectively, while the scattered electron energy was scanned
across a range of energies. The detection angles for the scat-
tered and ejected electrons were selected to be —15° and 70°,
respectively. As noted earlier, the experimental coincidence
energy resolution under the chosen conditions was estimated
to be 1.1 eV FWHM, from the width of the helium 1s bind-
ing energy peak measured under the same kinematics. The
binding energy spectrum has been fitted with a sum of eight
Gaussian functions of a fixed width, which corresponds to the
experimental coincidence energy resolution. Note that as our
coincidence energy resolution is much larger than the natural
widths of the various orbitals,>* 8 this is a reasonable approx-
imation in this case.

The valence electronic structure of pyrimidine is rela-
tively well characterised. Photoelectron spectra of pyrimi-
dine have been recorded using synchrotron radiation,>*3° as
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FIG. 1. Measured binding energy spectrum for the outer valence region of
pyrimidine, obtained at an incident energy of 250 eV (see text for details).
The data are fitted with a sum of Gaussian functions using the coincidence
energy resolution as the peak width.

well as Hel (Refs. 35, 36, and 38) and Hell (Ref. 37) radia-
tion. Table I shows the binding energy determined for each
orbital, as well as the binding energies determined in pre-
vious EMS (Ref. 20) and photoelectron spectroscopy (PES)
(Ref. 34) studies which are in good agreement with the
present results. We note that to facilitate their study of 8 pa-
rameters in the PES study by Potts et al., pyrimidine was as-
signed in the C point group rather than the C,, group.® It
should also be noted that although the C,, point group was
adopted, a different notation has been used to label the or-
bitals in some of the previous pyrimidine PES studies.?>3¢
The highest occupied molecular orbital (HOMO) is the 7b,
orbital which has a binding energy of 9.8 eV. With our coinci-
dence energy resolution this cannot be fully resolved from the
next highest 2b; orbital. Note that the 7b, orbital of pyrim-
idine can be considered as being essentially a non-bonding
orbital associated with the N atoms.*? The largest peak in the

TABLE I. Binding energies for the outer valence region of pyrimidine in
eV. The error in the Gaussian peak location for the present data is quoted in
brackets. The orbital assignments, calculations, and EMS data are from Ning
et al.? PES data are from Potts er al.>*

Orbital Type Present results (€V) PES (eV)* EMS (eV)® OVGF (eV)?

by no 9.8(0.2) 9.8 9.8 9.83
2b b4 10.5 (0.6) 10.5 10.5 104
11a; no 11.3(0.2) 11.2 11.3 11.36
lay T 11.5 11.28
10a; o 13.9(0.1) 139 14.1 14.49
1bg b4 14.49
6by o 14.4 14.63
9a; o 15.4 (0.3) 15.8 15.7 16.25
5by o 17.0 (0.9) 17.0 17.5 17.26
8ay o 17.7 (0.4) 17.7 18.28
Ta; 19.4 (0.2) 20.6

“Reference 34.
YReference 20.
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FIG. 2. Plot of the triple differential cross sections for ionization of the 7b,
orbital of pyrimidine, with Eg = 250 eV and E;, = 20 eV. The scattered elec-
tron detection angle is —15° and the corresponding momentum transfer is [KI
= 1.12 a.u. Points are the experimental data. Solid curve (red): M3DW cal-
culation taking the average of the absolute value of the Dyson wave function.
The positions of the momentum transfer vector, K, and —K are indicated by
the arrows.

spectrum shown in Fig. 1, at a binding energy of 13.9 eV, is
assigned as being predominantly due to ionization of the 10a,
orbital although contributions from the 1b; and 6b, orbitals
are also likely to be present.

Experimental and theoretical TDCSs for the outermost
7b, orbital of pyrimidine at a scattering angle of —15° are
presented in Figure 2. The measurements were performed at
a relatively low incident electron energy of 250 eV and the
energy for the ejected electron was chosen to be 20 eV. As
the energy separation between the HOMO and the next high-
est occupied molecular orbital is only 0.7 eV, well below the
1.1 eV FWHM coincidence resolution of our apparatus, we
reiterate that the data in the present measurements most likely
contains contributions from both orbitals. The uncertainties
on the present 7b, TDCS are statistical and are at the one
standard deviation level.

Conventionally, the angular distributions are divided into
two regions.>* These are the angular region between 0° and
180°, which is known as the binary region, and the region
between 180° and 360° which is named the recoil region.
The binary region may contain strong signatures of the orbital
structure whereas the recoil region contains structure arising
from processes in which the ejected electron undergoes an ini-
tial binary collision and then subsequent elastic backscatter-
ing from the residual ion core. The present experimental 7b,
orbital binary peak data appears (see Fig. 2) to have a double
peak type structure with a local minimum in the angular range
very close to the momentum transfer direction. The slight shift
of the binary peak, to larger scattering angles, away from the
momentum transfer direction is likely caused by Coulomb re-
pulsion between the final state electrons. A double peak type
structure in the binary peak of atomic orbitals is characteris-
tic of a p-type orbital and reflects the momentum probabil-
ity density distribution of electrons in these orbitals.*! The
7b, orbital is of N 2p character,> thus the observed structure
most likely reflects the 2p nature of the molecular orbital. The
M3DW predicts a double binary peak as well but the peak po-
sitions are shifted to larger scattering angles by about 20° and
the second peak has a much lower intensity than the experi-
mental data.

J. Chem. Phys. 136, 024304 (2012)

The M3DW calculation also predicts the relative magni-
tudes of the 7b, orbital binary and recoil peaks quite well. As
the experimental data are relative they are only attributed ab-
solute values by normalization to the M3DW theory to give
the best visual fit in the binary peak region. The size of the re-
coil peak is small, indicating that there is not a large amount
of interaction of the ejected electron with the molecular ion.
This is expected as the kinematics are close to bound Bethe
ridge conditions. On the Bethe ridge the kinematics satisfy the
requirement that all momentum is transferred to the bound,
target electron during the collision. Under such conditions,
the collision kinematics correspond to a binary e—e collision,
where the ion plays no role, and practically no recoil lobe is
expected. Interestingly, the HOMO binary peak here also ap-
pears quite narrow. This is in contrast to previous dynamical
(e, 2e) studies on molecules, including for tetrahydrofuran,17
formic acid,'® water,*? nitrogen,** and methane,'* under sim-
ilar kinematics in which very broad binary peaks have been
observed for ionization of the HOMO.

Triple differential cross sections for the 10a; orbital
of pyrimidine, at scattered electron angles of —5, —10°,
and —15°, are shown in Figures 3(a)-3(c). These measure-
ments were also performed at an incident electron energy of
250 eV and the energy of the ejected electron was 20 eV.

N WA OO

e

3.0
2.5
2.0
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1.0
0.5
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FIG. 3. Plot of the triple differential cross sections for ionization of the 10a;
orbital of pyrimidine, with Eg = 250 eV and E, = 20 eV. The scattered elec-
tron detection angles and corresponding momentum transfers are (a) —5°, IKI
=0.47 a.u., (b) —10°,IKI =0.78 a.u., and (c) —15°, IKl = 1.12 a.u. Points are
the experimental data. Solid curve (red): M3DW calculation. Dashed curve
(green): M3DW calculation taking the average of the absolute value of the
Dyson wave function. The positions of the momentum transfer vector, K,
and —K are indicated by the arrows.
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Again absolute values are assigned to the experimental data
by normalization of the data set to the corresponding M3DW
calculation to achieve the best visual fit. For the smallest scat-
tering angle of —5°, the binary peak is somewhat broader than
in Fig. 2. As the momentum transfer is increased with increas-
ing scattered electron angle, the binary peak is seen to be-
come narrower. This observation is supported by our M3DW
results. All the TDCSs for the 10a; orbital indicate a single
binary peak consistent with it being an s-type orbital, a re-
sult consistent with the classification given in Table 1. The
EMS study by Ning et al., however, observed a p-type mo-
mentum distribution at this binding energy.?® This is likely
to be caused by contributions from the 1b; and 6b, orbitals
as with the coincidence energy resolution of their apparatus
they were unable to separate contributions from these orbitals.
While this is also true in our case, it appears from Fig. 3 that
with the present kinematics the contribution from the 1b; and
6b, orbitals to the 10a; TDCS is not so severe. Once more it
appears that there is very little interaction of the ejected elec-
tron with the molecular ion as the 10a, recoil peaks are small
in magnitude.

Contrary to the case for the 7b, orbital, where the abso-
lute value of the Dyson wave function is averaged (as tak-
ing the average of the molecular wave function would be
zero for this symmetry), the totally symmetric nature of the
10a; orbital allows its wave function to be averaged over all
orientations. The two types of calculations are compared in
Figure 3(c), the method averaging the wave function clearly
giving a superior result to the method averaging the absolute
value of the wave function. Note that to facilitate comparison,
the calculation where the absolute value of the wave function
is averaged has been normalized to the calculation averaging
the wave function at the maximum of the binary peak. For
the scattering angles of —10° and —15° very good qualitative
agreement is seen between the M3DW theory and the exper-
imental data. The calculations predict both the shape of the
binary peak and the ratio of the binary to recoil peaks very
well. Note also that Coulomb repulsion between the final state
electrons causes a slight shift of the binary peak, to larger scat-
tering angles, away from the momentum transfer direction.

Agreement between the M3DW calculation and experi-
mental data is not quite as good at the scattering angle of —5°,
with the M3DW somewhat underestimating the width of the
binary peak. It is possible that this extra width in the exper-
imental cross section is due to contributions from the other
unresolved 1b; and 6b, orbitals that are likely to be present.
Although the magnitude of the calculated recoil peak is larger
than for —10° and —15°, it is still not as large as that ob-
served in the experimental data. As discussed in a previous
paper,!” a similar situation for DWBA type calculations was
also observed for tetrahydrofuran and methane** for larger
impact parameter collisions. Toth and Nagy showed that the
magnitude of the recoil peak is related to the nuclear term
in the static potential** and an underestimation of the recoil
peak was attributed to a spreading of the nuclear charge over
a spherical shell leading to a nuclear interaction that is too
weak.

While good qualitative agreement is observed between
the M3DW calculation and experimental data, absolute cross

J. Chem. Phys. 136, 024304 (2012)

section measurements are needed to assess how close the
magnitudes of the predicted TDCSs are to the true values. Un-
fortunately, placing TDCS data on an absolute scale has tradi-
tionally been a difficult process.*>*® A simple method for ab-
solute (e, 2e) measurements was recently reported,*® however
due to the high density of molecular orbitals such measure-
ments would still be very difficult to perform for a molecular
target of the complexity of pyrimidine.

V. CONCLUSIONS

Experimental and theoretical dynamical (e, 2e) results
were presented for the pyrimidine molecule, which is a
model compound to investigate electron interactions with the
DNA bases thymine and cytosine and the RNA base uracil.
The measured binding energies and orbital assignments were
found to be in good agreement with the available EMS and
PES data. Experimental TDCSs for both orbitals investigated
exhibited a narrow binary peak at all scattered electron angles
with the exception of —5° for the 10a; orbital. The experi-
mental data were also compared with results from theoretical
cross sections obtained using the M3DW method. The M3DW
calculations taking an average of the molecular wave func-
tion gave much better agreement with the experimental data
than when the average of the absolute value of the wave func-
tion was employed in the calculation. The M3DW calculation
predicted a narrower binary peak in the TDCS for the scat-
tering angle of —5° for the 10a; orbital, than is observed in
the experimental data. This is likely due to contributions from
the 1b; and 6b, orbitals to the experimental data. However,
overall we conclude that the M3DW calculations are in rather
good qualitative agreement with the experimental data espe-
cially given the complicated nature of the molecular target.
The good agreement between experiment and theory strongly
supports the use of M3DW calculations as input in charged-
particle track structure modelling.
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