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We report theoretical studies of electron impact triple differential cross sections of two bio-molecules, pyrimidine and
tetrahydrofurfuryl alcohol, in the coplanar asymmetric kinematic conditions with the impact energy of 250 eV and ejected
electron energy of 20 eV at three scattering angles of —5°, —10°, and —15°. Present multi-center distorted-wave method
well describes the experimental data, which was obtained by performing (e, 2e) experiment. The calculations show that
the secondary electron produced by the primary impact electron is strongly influenced by the molecular ionic multi-center
potential, which must be considered when the low energy electron interacts with DNA analogues.

Keywords: (e, 2e), bio-molecules, multi-center distorted-wave method (MCDW)

PACS: 02.70.—c, 03.65.—w, 03.65.Nk

1. Introduction

During the past decades, human genome has become
an increasing concern globally, especially for the radiation
damage process when exposing to the severe environment.
The single-strand breaks, double-strand breaks, DNA-protein
cross-links, base release and other chemical modifications can
cause the genome damage.'!! Plenty of experimental and the-
oretical advances have been focus on the direct and indirect
processes of low-energy electrons on DNA damage, which
can lead to loss of genetic information, mutation, promotion
of genomic instability, and apoptosis./>*>! The damage oc-
curs directly to the individual DNA moieties or by the indi-
rect reaction with the species around DNA. Researchers spent
much effort on the subject, trying to understand the interac-
tion between the low-energy electrons and DNA bases, wa-
ter, sugar analogs and so on. In order to describe the biolog-
ical effects, many groups have developed Monte Carlo track
structure codes to simulate the charged-particles paths in liv-
ing tissues.[8 Cross section data of molecules will be used
in the Monte Carlo codes. But due to the difficulty of experi-
mental measurement, the theoretical molecular scattering data
for complex bio-molecules are desired.

Pyrimidine (C4H4N;) is an important bio-molecule,
which possesses a six-membered ring structure with two ni-
trogen atoms locating in the 1 and 3 positions. It is a
prototypical structure for the DNA nucleobases of cytosine
(C4H5N30), thymine (CsHgN,O;), as well as RNA base
uracil (C4H4N>0O;). And it is naturally considered as a model
compound to investigate the electron collision with DNA and
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RNA bases.

Tetrahydrofurfuryl alcohol (THFA, CsH;¢05) is regarded
as a basic unit of a phosphate deoxyribose backbone which
is the major structural component in DNA. It contains a
five-member heterocyclic furanose ring, which undergoes
pseudo-rotation!®! that may produce 20 possible conformers
in the gaseous THFA.!'! The molecular structure of THFA
in gas phase has been studied by the electron diffraction
experiment!!% and ab initio theoretical calculation.!'?! To-
gether with pyrimidine, the two bio-molecules are two typi-
cal model compounds of nucleobases and phosphate deoxyri-
bose backbone to investigate electron collisions with DNA
constituents, respectively.

Measurements on triple differential cross sections (TD-
CSs) of electron impact single ionization have been carried out
for a series of bio-molecules in the last twenty years, such as
tetrahydrofuran (THF, C4HgO),[!'"1?! tetrahydropyran (THP,
CsH;p0),["? pyrimidine,!'¥! tetrahydrofurfuryl alcohol,®!4
and thymine (CsHgN,0,).1">! Due to the anisotropic multi-
center nature and the complex electronic structure of the
molecular system, there are only a few theoretical calcula-
tions for this process. Madison and coworkers!!*2?! devel-
oped a molecular three-body distorted-wave (M3DW) model.
It is usually not satisfactory when it is used to explain the
cross section of bio-molecules, because the orientation aver-
aged molecular orbital (OAMO) approximation neglects the
multi-center nature of the complex target. In order to be more
precise, OAMO approximation was replaced by the proper av-
erage (PA)1?3-26] to retrieve the multi-center nature in the ini-
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tial state. Other calculations based on the Coulomb wave and
simplified distorted wave models'?’°! were also reported in
recent years.

A multi-center distorted-wave method (MCDW) was
developed®!=33] in our group to calculate the (e, 2¢) cross
sections of molecules at relatively higher impact-energy un-
der asymmetric kinematics, where the energy of the scattered
electron is much higher than the ejected one. The incident
and scattered electrons are approximately described by plane
waves due to the high impact-energy, while the wave function
of the ejected electron is calculated in the anisotropic potential
of molecular ion. Through this method, the influence of the
molecular multi-center nature can be largely included. Then
TDCS is obtained in the framework of first Born approxima-
tion (FBA) by averaging over all molecular orientations. The
MCDW method not only has been applied to the TDCS calcu-
lations of inorganic small molecules, 3133341 but also acts as a
good model for some bio-molecules. [33-3%

In the present work, MCDW method is applied to calcu-
late the TDCSs of pyrimidine and THFA molecules in copla-
nar asymmetric kinematics. The experimental works were re-
ported in the literature. Present MCDW calculations well re-
produced the experimental data. The paper is organized as fol-
lows. In Section 2, we briefly outline the MCDW method. The
results and comparisons with experimental data and other cal-
culations as well as discussions will be presented in Section 3,
followed by the summary in Section 4. Atomic units are used
throughout the paper unless explicitly stated otherwise.

2. Theoretical method

Since the details of the MCDW method have been given
in Refs. [31-33], here we will only briefly outline its formula-
tion. The MCDW method is developed within the framework
of FBA under asymmetric kinematics. In the scattering the-
ory, the transition amplitude for a given molecular orientation
in laboratory reference reads

Ti(Q) = (k¥ (ko R (r D)V ({r ) k¥ (R {71)), (D

where ki, kg, and k. represent the momenta of the inci-
dent, scattered, and ejected electrons, respectively. V is the
whole interaction between incident electron and molecular
target. The molecular orientation is defined by Euler angle
Q= (a,f,7). Operator R;}l represents the rotation of the tar-
get. |¥;) is the initial bound wave function, and {r} refers to
the set of electronic coordinates. In final state |¥y), the ionized
orbital is substituted by the continuum wave function of the
ejected electron. The incident and scattered electrons are de-
scribed by the plane waves |k;) and |ks). With the help of the
Bethe integral, the system can be simplified as a one-active-
electron problem under the sudden approximation, giving rise

to the following expression:

4m — — iK-r Zn ZneiK.Rn
Th(Q) = G (FO (kiR e Fme - 20—
X|0a(R 7)), )

where K = k; — kg is the momentum transfer. R, is the po-
sition of the n-th nucleus, and Z, indicates its charge. Vector
7, represents the position of the active electron. |F (7)) is the
continuum wave function of the ejected electron, and |¢g) is
the bound orbital to be ionized. The first term in Eq. (2) repre-
sents the scattering by the active electron, and the second term
refers to the scattering by the nuclei. In the present MCDW-

NT calculation, the nuclear term will be fully included. 3233

The ejected electron is regarded as moving in the
anisotropic field of the residual ion, while the interaction from
the fast scattering electron is neglected. The continuum wave
function of the ejected electron can be obtained by solving the
effective Schrodinger equation

1
—Evz +V—E | FO =o0. 3)
V™ is a model potential >!]
Vm — Vst + ch, (4)

where V® is the electrostatic potential between the inci-
And VP is the
correlation-polarization potential. The expression of VP in-

dent electron and residual molecular ion.

cludes two parts

ch(r) _ {VCOIT(T)a r <7, (5)
Vool (1), > 7.

The modeling of such interaction is rather difficult because its
nature depends on the distance of the incoming electron, vary-
ing from a purely polarization effect at large distances up to
including the exchange—correlation interaction with the bound
electrons within the molecular volume. The spatial factors 7
are obtained from the crossing between the lower polarization
potential terms and the ones given by the correlation potential.

The anisotropic multi-center feature of F(~) is inherited
from V™. To solve this equation, the single-centered expan-
sion technique*’—*°! is employed, where the wave function
and potential are expanded over the symmetry-adapted angu-
lar functions. Note that the model potential V™ is anisotropic
and introduces the coupling between terms of different angu-
lar momentum in the partial wave expansion of F (*>, result-
ing in a set of coupled equations. As shown in our previous
work,31-33] the diagonal terms in the potential matrix are con-
sidered dominant. Thus in practical calculation, we will ignore
the off-diagonal elements and solve the decoupled partial wave

equations.

The TDCS is then obtained by averaging over all possible
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molecular orientations,

dc 1 keks 1
dQ.dQdE;, — (27)5 ki 8n2

[m@Pa ©

where G is the electron occupation number of the ionized
molecular orbital.

3. Results and discussion

In the present calculations, the geometries of pyrimi-
dine and THFA molecules are optimized at MP240-44I/aug-
cc-pVTZ™®! Jevel using Gaussian 09 program.!*®! The bound
wave functions of the molecules are obtained by density func-
tional theory employing the B3LYP hybrid functional#7:48]
and aug-cc-pVTZ basis set. The bound orbital and the con-
tinuum wave function are both expanded over the symmetry-
adapted angular functions with up limits of [y = 8 and
lcmax = 18 in the calculation. The convergence is reached
with radial range from 0 to 8.47 a.u., and Euler angle mesh
No = Nﬁ = Ny = 30, where Ng, Nﬁ, and N, are the numbers
of points for Euler angles a, 3, and 7, respectively.

3.1. Pyrimidine

The experiment of pyrimidine!'3! was carried out in the
coplanar asymmetric kinematics at E; = 250 eV and E, =
20 eV. The reported TDCS experimental data includes highest
occupied molecular orbital (HOMO) 7b; and outer valence or-
bital 10a;. Due to the limited experimental energy resolution,
the HOMO cannot be fully resolved from the next HOMO 2b,,
and the 10a;, 1b; and 6b, orbitals are recognized as one peak
in the deconvoluted process. The previous theoretical calcula-
tions of M3DW model only consider the contribution of 7b;
and 10a; orbitals.!'3] Here, a more complete description us-
ing MCDW method is presented in Figs. 1 and 2. The elec-
tron density maps of the corresponding bound orbitals are also
plotted in the figures.

In Fig. 1, the TDCS of the combined orbitals (7b, + 2b1)
is displayed at kinematic condition of E; = 250 eV, E, =
20 eV, and 6; = —15°, including experimental data and the-
oretical results of MCDW-NT method. The distribution of
TDCS exhibits two lobes structure, the binary lobe is around
the momentum transfer direction (K'), which is generally rec-
ognized as the binary (e, 2e) collisions between the incident
and bound electrons. The other is around the opposite direc-
tion (— K), called recoil lobe, which is resulted from the back-
ward reflection of the ejected electron in the molecular ion po-
tential after the collision. Actually, the kinematic condition
is not far from the Bethe-ridge, the binary peak will partially
reflect the momentum profile!>®! of the ionized bound orbital,
which has been investigated previously in the literature. The
splitting of the binary lobe of the experimental data can be
well described by MCDW-NT, but cannot be reproduced by
M3DW-OAMO model in the literature.!'3! The shape of the
TDCS is also similar with the calculated result of Mouawad et

al.?! by averaging over all molecular orientations, as indi-
cated by the green solid line (there are no absolute cross sec-
tions in the original paper,*”! so we normalize the result of
DW model with the best visual fit to experiment). It reflects
the importance of TDCS contributions of different molecular
orientations in the initial state. In the experimental work,!?!
7by and 2b orbitals are deconvoluted by two Gaussian peaks.
However, due to the limited energy resolution, the two orbitals
cannot be resolved from each other. So the calculation results
of 7b, and 2b orbitals are also plotted for comparison. It can
be seen that the total cross sections of 7b, and 2b, orbitals are
better than the result of each individual orbital when compar-
ing with the experiment.

1.8+ 0 — —15° —a— Experiment
s = — —.— MCDW-NT(7b,)
1.6 —.— MCDW-NT(2b;)
—— MCDW-NT(7by+2b;)
14y DW (7by+2b,)
;:\ 1.2y 7b, 2b,
& 1.0F \/
5
0.8}
@)
& o6} //. . &
W e N Kl
0 N N \""."*"--— .-——-‘.'"""?/

Ejection angle (°)

Fig. 1. The TDCSs for ionization of the combined 7b; + 2b; orbitals of
pyrimidine molecule in coplanar geometry. The incident and ejected elec-
tron energies are 250 eV and 20 eV, respectively. The scattering angle and
the momentum transfers are —15° and | K| = 1.12 a.u. The experimental
data (solid square points) is normalized to the result of MCDW-NT theory
(red solid line) with best visual fit. The calculation results of MCDW-NT
theory for individual 7b, (magenta dotted curve) and 25 (blue dotted curve)
orbitals are also plotted for comparison. The green solid line indicates the
result of DW model based on FBA.[?]

In Fig. 2, the TDCS of the combined outer valence or-
bitals (10a; + 101 + 6b2) by MCDW-NT method is displayed
at kinematic condition of Ej = 250 eV, E, = 20 eV and
0; = —5°, —10°, —15°. For different scattering angles, from
6; = —5° to O, = —15°, the kinematic condition gradually ap-
proaches the Bethe-ridge. The single binary lobe structure
changes to a weak splitting double peak, as indicated by the
red solid line. The TDCSs of each individual states are also
plotted for comparison. In Fig. 2(c), the weak splitting double
peak of the binary lobe can be well described by MCDW-NT
method, but overestimates the cross section at ejection angle
around 110°. A same result can be observed in Fig. 2(b). The
present calculation model fails to predict the recoil lobe at all
the conditions. It mainly comes from the multi-center effect
when the ejected electron moves in the ionized ion potential,
which cannot be fully included at present calculation stage.
The DW model (! also achieves good agreements with exper-
iment, and is present for comparison.
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25
(a) 6y= —5° —=— Experiment
T MCDW-NT(10a,)
201 —-— MCDW-NT(1b,) i

-—--- MCDW-NT(6b,)
—— MCDW-NT(10a,+ 1b, +6b,)

”::T 15 DW (10a;+ 1b;+6b,)
=
8
5 10
&

5

(b) 6= —10°

st 10a, J
=
£
n
O
a
=

TDCS (a.u.)

—K
Hﬁ::::;f

120 180 240 300 360
Ejection angle (°)

Fig. 2. The TDCS:s for ionization of the combined 10a; + 1b; + 6b; orbitals
of pyrimidine molecule in coplanar geometry. The incident and ejected
electron energies are 250 eV and 20 eV, respectively. The scattering angle
and the corresponding momentum transfers are (a) —5°, |K| = 0.47 a.u.;
(b) —10°, | K| =0.78 a.u.; (¢) —15°, | K| =1.12 a.u. The experimental
data (solid square points) is normalized to the result of MCDW-NT theory
(red solid line) with best visual fit. The calculation results of MCDW-NT
theory for individual 10a; (magenta dotted curve), 10, (blue dotted curve)
and 6b; (red dotted curve) orbitals are also plotted for comparison. The
green solid line indicates the result of DW model.[*’]

3.2. THFA

Compared to pyrimidine molecule, the structure of THFA
molecule is more complicated. Twenty conformers of THFA
may be produced through pseudo-rotation in gaseous phase. ]
There are two main conformers with abundance of 84 4+
8% and 16 4 8% through the investigation by electron
diffraction'* and ab inirio methods.['* For the convenience,
we mark the two conformers as A (84 +£8%) and B (16 £8%),
respectively.

Figure 3 shows the TDCS results of HOMO (28a) ionized
THFA molecule at E; =250 eV, E, =20 eV and 6, = —5°,
—10°, —15°. Similar with Fig. 2, with the increase of the scat-
tering angle from 6; = —5° to 6, = —15°, the kinematic condi-

tion gradually approaches to the Bethe-ridge. From Figs. 3(a)—
3(c), the single broad binary peak changes to oscillatory struc-
ture in the binary region. The oscillatory structure actually
indicates the s—p type momentum profile, as have been investi-
gated in the electron momentum spectroscopy.’! The MCDW
calculation well predicts the shape of experimental data in the
binary region, especially for 6 = —15°. The TDCS of each
individual conformer is also plotted in the figure. The con-
tribution of conformer B (16 & 8%) can be neglected in the
total TDCS. The recoil lobe of experimental data still can-
not be described by MCDW-NT method, which is the same as
all the kinematic conditions of pyrimidine molecule in Figs. 1
and 2. The large error bars of experimental data, especially in
Fig. 3(b), make it difficult to evaluate the theoretical model.

14} (a) 6, = —5° —=— Experiment E
—-— MCDW-NT(A)
121 —.— MCDW-NT(B) |

— MCDW-NT(A(84%)+B(16%))

K#ﬁﬁﬁg//,f

B

TDCS (a.u.)

TDCS (a.u.)

0 60 120 180 240 300 360
Ejection angle (°)

Fig. 3. The TDCSs for ionization of the HOMO of tetrahydrofurfuryl al-
cohol molecule in coplanar geometry. The incident and ejected electron
energies are 250 eV and 20 eV, respectively. The scattering angle and the
corresponding momentum transfers are (a) —5°, | K| = 0.45 a.u.; (b) —10°,
|K| =0.77 a.u; (c) —15°, | K| = 1.12 a.u. The experimental data (solid
square points) is normalized to the result of MCDW-NT theory (red solid
line) with best visual fit. The calculation results of MCDW-NT theory for
conformer A (magenta dotted curve) and B (blue dotted curve) are also plot-
ted for comparison.
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In Figs. 4 and 5, we also present calculations based on
the Coulomb wave (CW) model to compare with MCDW-NT
model. In the CW model, the continuum wave function of the
ejected electron is simply described as the Coulomb wave, in-
stead of the multi-center continuum wave function in MCDW-
NT method. The results of CW model show similar distri-
butions with MCDW-NT model both in the binary and recoil
regions. It shows that the short range multi-center potential
of pyrimidine molecular ion is not so important to predict the
TDCSs, which is different from the reported results of THP
and 1,4-dioxane molecules.*® In Fig. 6, the comparison be-
tween CW and MCDW-NT models for THFA molecule is dis-
played. Unlike pyrimidine molecule, the result of CW model
is quite different from that of MCDW-NT model in the bi-
nary region. It reflects that the multi-center effect for differ-
ent molecular target on the ejected electron will have different
impact on the cross sections. The similar calculation results

25 . . . r r
(a) 6,=—5° —— MCDW-NT(10a,+1b,+6b,)
S MCDW-NT(10a,)
20| —.— MCDW-NT(1b,)

-—--- MCDW- N'T(6b,)
CW (10a, +1b, +6b,)

—_
ot

TDCS (a.u.)
-
o

TDCS (a.u.)

TDCS (a.u.)

240

Ejection angle (°)

Fig. 5. The comparison of MCDW-NT and CW methods of the combined
10a; + 1by + 6b; orbitals for pyrimidine molecule with the same kine-

matic condition in Fig. 2.

of CW and MCDW-NT methods for pyrimidine molecule are
probably because of its high molecular symmetry.

-------- -NT(7b,
1.6} —.— MCDW-NT 2b1§
—— CW(Tby+2))
2 S CW (b,
—~ —-— CW(2b,
S 12f
]
< 1.0
5
2 08
& 06
0.4
0.2},
0 " " A, T
0 60 120 180 240 300 360

Ejection angle (°)

Fig. 4. The comparison of MCDW-NT and CW methods of the combined
7by +2by orbitals for pyrimidine molecule with the same kinematic condi-
tion in Fig. 1.

14} (a) 6,= —5" —— MCDW-NT(A(84%)+B(16%))]
S . MCDW-NT(A)
12| —-— MCDW-NT(B)

—— CW(A(84%)+B(16%))
-------- CW(A)

10

TDCS (a.u.)

TDCS (a.u.)

TDCS (a.u.)

180

120 240

Ejection angle (°)
Fig. 6. The comparison of MCDW-NT and CW methods of the HOMO for

tetrahydrofurfuryl alcohol molecule with the same kinematic condition in
Fig. 3.
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From the TDCS calculations of pyrimidine and THFA
molecules, model compounds of nucleobases and phosphate
deoxyribose backbone, the MCDW behaves as a good theo-
retical model to investigate electron collisions with DNA con-
stituents, especially in the binary region. However, the model
has limitations when the more accurate calculated results are
required. The high-order effect beyond FBA and the strong
coupled effect between low energy electron and multi-center
ion potential are still two main problems. More accurate theo-
retical models and experimental data are desired in the future.

4. Summary

In this paper, a theoretical study of electron impact ion-
ized TDCSs of two bio-molecules, the model compounds of
nucleobases and phosphate deoxyribose backbone in DNA
constituents, pyrimidine and THFA, is reported. Good agree-
ments are achieved between MCDW method and experimental
data at E; =250 eV, E, =20 eV in the coplanar asymmetric
kinematic condition, especially in the binary region. MCDW
method fails to predict the recoil lobe of experimental data.
It may come from the high-order effect beyond FBA and the
strong coupled effect between low energy electron and multi-
center ion potential. For such bio-molecules, the precision of
(e, 2e) cross section is a long-standing challenge, as the multi-
center nature has greatly increased the computational com-
plexity and quantity. More accurate theoretical models and
experimental data are desired in the future.
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