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Using a real-space real-time implementation of time-dependent density functional theory coupled to molecular dy-
namics (TDDFT-MD) nonadiabatically, we theoretically study both static properties and collision process of cytosine by
150-1000 eV proton impact in the microscopic way. The calculated ground state of cytosine accords well with experiments.
It is found that proton is scattered in any case in the present study. The bond break of cytosine occurs when the energy loss
of proton is larger than 22 eV and the main dissociation pathway of cytosine is the breaks of C{N; and NgH1(. In the range
of 150 eV < Ey < 360 eV, when the incident energy of proton increases, the excitation becomes more violent even though
the interaction time is shortened. While in the range of 360 eV < Ex < 1000 eV, the excitation becomes less violent as the
incident energy of proton increases, indicating that the interaction time dominates mainly. We also show two typical colli-
sion reaction channels by analyzing the molecular ionization, the electronic density evolution, the energy loss of proton, the
vibration frequency and the scattering pattern detailedly. The result shows that the loss of electrons can decrease the bond
lengths of C3Ng and C5Ng while increase the bond lengths of C4H;{, CsHj, and C4Cs after the collision. Furthermore, it
is found that the peak of the scattering angle shows a little redshift when compared to that of the loss of kinetic energy of

proton.
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1. Introduction

It is known that the interaction of DNA with ionizing par-
ticles is a very complex process and DNA is the most impor-
tant target radiation as the single- and double-strand breaking
in DNA can cause mutation.!!™! Nucleic acid bases are the
basic building blocks of DNA, therefore understanding their
properties is crucial. In the past decades, many efforts have
been devoted to investigating the physico-chemical processes
resulting from the interaction of ionizing radiation with DNA
and nucleic acid bases experimentally and theoretically. [*-13]
Such a work aims to understanding the elementary reactive
processes occurring during the initial radiation attack and af-
terwards at the molecular level. Cytosine is one of the sim-
plest pyrimidine bases and is a basic component of DNA and
RNA acids. Chen et al. determined the adiabatic ionization
energies of specific gas-phase cytosine tautomers produced in
a molecular beam.'® Trofimov et al. investigated the com-
plete valence shell photoelectron spectra of cytosine experi-
mentally and theoretically.!!”! The fragmentation of cytosine
has been experimentally studied by mass spectroscopy in gas

£, 19:18 (78] and electron

phase by proton impac I photoionization,
impact.[1%2% In literature, theoretical studies on the detailed
microscopic collision process of cytosine are very few to date.

In this work, we explore the electronic and vibronic ex-
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citations of cytosine impacted by proton in the microscopic
way. Our calculations are based on the approach of the
time-dependent density functional theory (TDDFT) coupled to
molecular dynamics non-adiabatically. The TDDFT-MD ap-
proach implemented in the code package PWTELEMAN used
here is developed by the Toulouse-Erlangen group.!?!=241 It
has been applied as an effective tool in exploring ion-molecule
collision dynamics,>=3% nonlinear dynamics in metal and
water clusters, and biomolecules.?2?331-331 Encouraged by
these successful study with TDDFT-MD, we are devoted to
investigate the influence of the incident energy of proton on
the collision process of cytosine.

It should be noted that for a more precise understanding
of collision, it is necessary to take a complete study consid-
ering the incidence directions and the charge state of the pro-
jectile, impact parameters and energies. However, this is not
computationally feasible yet. Thus, the detailed study of the
incidence direction and impact parameters is out of the scope
of this work. It is known that when a target is collided with a
projectile with low energies, there will be appearance of some
phenomena in the collision process, such as charge transfer,
nuclear exchange, vibration excitation, dissociation, etc. Thus,
we concentrate on exploring the effect of the kinetic energy of
projectile on the collision dynamical process for proton with
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initial kinetic energy ranging from 150 eV to 1000 eV, which
belongs to the low energy region.

The organization of this paper is as follows. In Section 2,
we give a brief explanation of the theoretical and numerical
approach. In Section 3, we discuss the calculated results. Fi-
nally, a summary is presented in Section 4.

2. Theory and simulation details

We use the same approach applied in our previous
study.[?83!1 We give a brief summary here. In TDDFT-MD,
the system is described as an ensemble composed of valence
electrons and ions. For an ion, it is composed of the inner
shell electrons and their parent nuclei. Thus, for cytosine, it
owns 42 valence electrons and 14 ions. The degrees of free-
dom of the system are the wave functions of valence electrons
@j(r) (j=1,...,Nq), where N is the total number of valence
electrons, and the coordinates of the system’s ionic cores R;
(I =1,...,Njon), Where Nj, is the total number of ions.

The total energy of system is given as follows:

Eot = Exinat({9;}) + Ec(p) + Exc(p) + Esic({|9;]*})
"l‘Ekin,ion({Rl}) + Epot,ion({Rl})
+Epp({9;},{R1}) + Eexts (1)

where p(r,t) is the electron density given by p(r,t) =
Y |(pj('r,t)|2. In Eq. (1), Exinel is the electron kinetic en-
ergy, Ec denotes the direct Coulomb energy, E. represents the
exchange-correlation energy and Egpc is the self-interaction
correction term. Exinjons Epotion» Epsp, and Eexe denote the ion
kinetic energies, the ion potential, the pseudo-potential, and
the external energy, respectively.

We perform real-time propagation of electron wave func-
tions on the basis of TDDFT. The time evolution of the elec-
tronic wave function is achieved employing a set of time-
dependent Kohn—Sham (TDKS) equations,3*! given as

2
i%‘Pj(T,I) = <_V2 +Veff[p(’r’l‘)]> (pj(T,f). (2)

Here Ve is the time-dependent Kohn—Sham potential

Veff[P(’“J)] = Vne(rat) +VH[P(7'J)] + VXC [p(r,t)]
+Vexl(7°at)7 3)

where V. is the electron—ion potential, Vyy is the Hartree po-
tential, V. is the exchange—correlation potential, and Ve (7, 1)
is the external potential.

The ion motion is obtained by using molecular dynamics
(MD) simulations. The equations of motion can be obtained
by variations of ionic position R; and momentum P}, given as

J P,

SR= 4)

d 1 2172y Nej

’p=_v ,2 A 2 | Vpep (1 — .

ot 1 Ry |:2]7é] |R]*RJ| +i:l<(pJ|VP p(’l‘ R1)|(pj>
+Vext,ion(R17t):| ; (5)

where M; and Z; are the mass and the charge of the ion num-
ber I. Vpep and Vex jon represent the pseudo-potential and the
interaction between ions and the external field, respectively.
The dynamical Egs. (2), (3) and (4) for electrons and
ions are computed and solved simultaneously, and both elec-
trons and ions are fully propagated in time. The coupling be-
tween electrons and ionic cores is mediated by Goedecker-

[35

type pseudopotentials.[>>1 The parameterization of Perdew

and Wang!3¢!

is applied for Ex.. An average-density self-
interaction correction (ADSIC)P7! is employed to put the
single-particle energies at their correct values.

In the present study, all calculations are performed on a
3D coordinate-space grid of 96 x 96 x 96. The grid spacing
is 0.412ay in each direction. The damped gradient method!??!
is applied to get the ground state wavefunctions of the system.
A constant time step for propagation of the wave function and
ionic motion is 0.000605 fs to ensure the numerical stability.
The absorbing boundary condition is applied to avoid periodic
reflecting electrons. 138

To describe electronic excitation, the number of bound
electrons N(¢), which is associated with the time-dependent
electronic density p(r,#) within the finite volume V, is given

as
N(t) = /V drp(r,1). ©)

Accordingly, the number of escaped electrons can be defined
as Nese(t) = N(t =0) = N(¢).
plied to describe the interaction of projectile and target. It is

defined as the angle between the scattered and incident direc-
[39]

The scattering angle 0 is ap-

tions, which is given as
cos6 =P/|P|, 7

where P is the final momentum component of the outgoing
proton along the initial incident direction, and P is the final
total momentum of the outgoing proton.

3. Results and discussion
3.1. Ground state calculation of cytosine

Cytosine is one of the four main bases found in DNA
and RNA. It is a pyrimidine derivative, with a heterocyclic
aromatic ring and two substituents attached. Figure 1 shows
the optimized ground state configuration of cytosine. There
are three double bonds, C;0O7, N,C3 and C4Cs in cytosine.
The right panel in Fig. 1 shows the contour plot of the elec-
tronic density of cytosine in xy plane, indicating that ions
are concentrated well around by electrons.
both the experimental and calculated values for the geometri-
cal parameters of cytosine. The relative errors are also listed.

Table 1 gives
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Fig. 1. (a) Optimized molecular structure of cytosine, showing the
atomic numbering, and (b) the contour plots of the electronic density
of cytosine in the xy plane. Full red, blue, grey and white circles stand
for oxygen, nitrogen, carbon and hydrogen ions, respectively.

Table 1. Optimized geometrical parameters of cytosine. Bond lengths
are in units of ap and angles are in units of degree.

Parameter  Expt.*] This work Err BILYP/6-311G(d,p)*!
R(C1Ng) 2.589 2650  2.4% 2.700
R(C|N>) 2.570 2618  1.9% 2.591
R(N,C3) 2.532 2490  1.7% 2.483
R(C3Cy) 2.683 2708  0.9% 2.723
R(C4Cs) 2532 2512 0.8% 2.561
R(C5Ng) 2.570 2584  0.6% 2.557
R(C107) 2.324 2336 0.6% 2.288
R(C3Ng) 2513 2.588 3% 2.570
R(NgH 3) 1.901 1.905
R(NgHo) 1.807 1.903
R(NgHj9) 1.777 1.898
R(C4Hy) 1.890 2.039
R(CsHyy) 1.890 2.044
6(N,C{Ng) 118 1194  12% 115.9
6(C1N,C3) 120 121.0  0.9% 120.5
O(N,C3Cy) 122 1212 0.7% 124.1
6(C3C4Cs) 117 1201 27% 116.0
6(C4C5Ng) 120 119.0  0.9% 120.0
6(C5NsCy) 123 119.1  0.8% 123.4
6(NgC107) 120 1203 0.3% 118.3
6(N>C07) 122 1202 1.9% 125.8
6(N>C3Ny) 118 1194  12% 117.1
6(C4C3Ng) 120 1194  0.5% 118.8
6(H;oNgHo) 120.1 118.5

In Table 1, the calculated typical bond lengths and angles
of cytosine are in good agreement with the experimental

results.[*?] The calculated ionization potential, which is cor-
responding to the energy of the last occupied electron state of
cytosine is 8.85 eV. It agrees well with the experimental value
8.94 eVI[*4?l with a 1.0% discrepancy. These make us believe
that the calculated results of the ground state of cytosine are
acceptable.

3.2. Collision setup

Now we turn to study the proton-cytosine collision prob-
lem to see how a cytosine evolves during and after the impact
of an energetic proton. As cytosine is a planar molecule, we
consider that proton moves in the plane of cytosine toward the
C5Ng single bond and the center of mass of cytosine. Figure 2
displays the collision configuration. Cytosine is placed in the
cuboid box and the center of mass is in the origin. The proton
moves along the x direction from the initial position (20ay, 0,
0). In the present study, after systematic analysis, we find that
the proton is scattered away in all situations. In addition, as
the incident energy of proton belongs to the low energy region,
it is found that the primary mechanism of target ionization is
electron capture, which accords well with the results found by
Yu et al.*! To have a profound and direct dynamical under-
standing of collision dynamics, we analyze two cases in detail,
which are Eyg = 200 eV and Eyy = 300 eV.

Fig. 2. The setup of proton-cytosine collision. The center of mass of
target is initially in the origin.

Figure 3 shows the time evolution of the ionic positions
of proton and ions in the ring of cytosine in the x direction for
Eyo =200 eV and Eyy = 300 eV, respectively. In the case of
Exo = 200 eV, as shown in Fig. 3(a), proton approaches Cs at
around 2.8 fs, then penetrates the ring in 1.5 fs. When the pro-
ton leaves the cytosine at around 4.4 fs, it changes the direction
of motion and the scattering angle is about 58.9°. In the whole
duration of collision, the ions in the ring of cytosine keep on
the gentle vibration. In Fig. 3(b), in the case of Eyxy = 300 eV,
proton penetrates into the ring of cytosine first, then it is re-
bounded before attaching N, and the scattering angle attains
about 100°. The Nj is scattered at about 3 fs and moves di-
rectly toward the boundary of computational box, indicating
the breaking of the heterocyclic aromatic ring of cytosine.
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Fig. 3. The time evolution of ionic positions of proton and ions in the
ring of cytosine in the x direction (a) for Exy = 200 eV and (b) for
Ek() =300eV.

Figures 4(a) and 4(b) show the time evolutions of the ion-
ization of cytosine and the kinetic energy of proton for the
same cases in Fig. 3. In the case of Exg = 200 eV, as shown
in Fig. 4(a), the ionization of cytosine takes place at around
7.3 fs and increases quickly in a short time. It attains the sat-
urate value 0.45 at around 8.22 fs. This means that cytosine
loses about 0.45 electrons during the collision. Comparing the
time scale in Figs. 3(a) and 4(a), one can find that the ioniza-
tion takes place later than the moment when the proton is clos-
est to cytosine. This is due to the fact that 0.45 electrons are
captured by proton and the ionization takes place when proton
moving toward the boundary of computational box. This could
be further understood by considering the time-dependent elec-
tron density, and a few snapshots are shown in Fig. 5. After
being crossed by proton, the CsNg bond shows small defor-
mation (¢t = 3.025 fs). Then, proton moves toward the bound-
ary of box with some captured electrons (t = 6.05 fs). In the
remaining time, cytosine keeps on vibration and the remain-
ing electrons couple well with ions. For the kinetic energy of
proton, as seen from the red dashed line in Fig. 4(b), owing
to the medium-range polarization interaction, it decreases first
and then increases a little when the proton attaches the bond
CsNg. Then as the proton penetrates into the ring of cytosine,
the same variation trend of Ey occurs twice again. Finally,
proton loses about 12.97 eV, which is 6.5% of Eyg.

Fig. 4. The time evolutions of the ionization of cytosine (a) and the
kinetic energy of proton (b) for the same cases shown in Fig. 3.

In the case of Exg = 300 eV, in first 20 fs, the variation of
ionization is similar to that in the case of Eyxy = 200 eV except
the earlier appearance of ionization. The proton captures about
0.5 electrons during the collision. However, from about 20 fs,
the ionization starts to increase again and 8.1 more electrons
are lost until 38 fs. This is caused by the departure of N, and
Hjo accompanied with electrons. This could also be further
understood by considering the snapshots of the evolving pro-
cess as shown in Fig. 6. At ¢ = 3.025 fs, proton attains the N»
after crossing the C5Ng bond. Then it is immediately scattered
away carrying the captured electrons. At the same time, the
CN; bond is broken. This agrees with the result that the loss
of electrons weakens the C;{N» double bond in cytosine.[*1:43]
Then, N» ion, which gains about the kinetic energy of 25 eV,
moves toward Hj inducing the broken of NgH ¢ (see the snap-
shot of t = 15.125 fs). Finally, N, and H;¢ accompanied with
electrons depart from cytosine and move away directly from
the computational box. This exhibits well the production of
secondary species along the radiation track which can further
react within irradiated cells. In the remaining time, the remain-
ing part of cytosine keeps on vibration and rotation. Although
the variation of the kinetic energy of proton (the black solid
line in Fig. 4(b)) is similar to that in the case of Exg = 200 eV,
proton loses about 55.74 eV, which is much more than that in
the case of Eyxy = 200 eV.
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t=3.025 fs

t=12.1fs

Fig. 5. Eight snapshots of the evolving process of proton impacting with cytosine in the case of Exy = 200 eV. Full red, blue, grey and
white circles are oxygen, nitrogen, carbon and hydrogen atoms, respectively. The black circle represents the proton.

t=23.025 fs

t=6.05 fs

t=290.75 fs

t=108.9 fs

Fig. 6. Eight snapshots of the evolving process of proton impacting with cytosine in the case of Exg = 300 eV. Full red, blue, grey and white
circles stand for oxygen, nitrogen, carbon and hydrogen atoms, respectively. The black circle represents the proton.

Here we turn to discuss the deformation and vibration be-
havior of cytosine during the collision. Figures 7 and 8 show
the time evolution of the atomic distances of cytosine in the
case of Eyxy = 200 eV and Eyy = 300 eV, respectively. It is
obvious that cytosine shows an inter-ion vibration behavior in
both cases. In the case of Exy = 200 eV, as shown in Figs. 7(a)
and 7(b), the bonds keep on vibration before and after colli-
sion. Although the bond C;N; is enlarged immediately af-
ter the closest approach, it remains unbroken in the remaining
time. This is due to the fact that N, does not gain enough ki-
netic energy to move away. In the case of Exg = 300 eV, one
can see from Figs. 8(a) and 8(b) that C{N; breaks first fol-
lowed by breaks of NpC3 and NgHjg. In both the two cases,
the bonds C3Ng and CsNg are shortened while C4H; |, CsH»
and C4Cs are enlarged after the collision. This accords well
with the result found by Tehrani et al.[*3! that the ionization
could lead to the decreases of the lengths of C3Ng and Cs5Ng,

whereas lead to the increase of the lengths of NoCsz and C4Cs
bonds.

One can also estimate the vibration frequencies of cyto-
sine after the collision from Figs. 7 and 8. The estimated re-
sults are exhibited in Table 2. The corresponding experimen-
tal results of cytosine explored by Radchenko et al.l** and
Susi et al.'* are also given. Radchenko et al. obtained high-
resolution vibrational spectra of cytosine through IR spec-

144 Susi et al. obtained the laser-

[45]

troscopy in an Ar matrix.
Raman spectra and IR spectra of polycrystalline cytosine.
Comparing the results in Table 2, one can find that the stretch-
ing vibration frequencies of C;07, N,Cz and C3Ng are in-
creased after the collision, while the frequencies v(C4Cs),
v(C4H11), v(CsHy»), v(CgH 3) and v(NgH() are decreased.
Furthermore, the more violent the collision, the greater the

change of vibration frequency.
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Fig. 8. The atomic distances of cytosine as a function of time in the case

of Ek() =300eV.

Table 2. Calculated frequencies of stretching mode of cytosine after
collision in the cases of Eyy = 200 eV and Eyy = 300 eV (in cm™!).
The corresponding experimental results of cytosine in the ground state
are also given.

Type of vibration ~ Expt.[**l  E=200eV  Egn=300eV
v(C,07) 1714 1737 1772
v(N,C3) 1595 1960
V(C4Cs) 1655 1533 1293
v(C3Ng) 1318 1332 1572
v(C5Ng) 14501431 1689 1673
v(C4H 1) 3117145 2942 2607
v(CsHpy) 3117143 2895 2199
v(NgH,3) 3468 3200 2499
v(NgH o) 3438 3261 2720

We present the energy loss of proton together with the
scattering angle as a function of the incident energy of pro-
ton ranging from 150 eV to 1000 eV in Fig. 9. One can find
that both the proton energy loss AEy and the scattering angle
6 depend strongly on the incident energy of proton. When the
incident energy ranges from 150 eV to 1000 eV, both AEy and
0 show the same trend of variation, which increases firstly,
then attains the maximum, and decreases later. With respect to
AEy, in the absolute term, it ranges from 6.92 eV to 93.39 eV
and the maximum peaks at Ex = 390 eV approximately. For
the scattering angle 6, it varies from 10.94° to 163.3° and the
maximum appears at Ex = 360 eV. It is obvious that the peak
of AEy shows a little blue shift when compared to that of the
scattering angle. This could be attributed to the fact that the
scattering angle is mainly affected by head-on impact, while
the electron density is higher in the chemical bond region and
the proton’s interaction with the electrons is expected to be
stronger when penetrating cytosine resulting the blue shift of
AEy. Furthermore, it should be noted that there are two coun-
teracting influences on the collision process. On the one hand,
the faster proton exposes higher frequency components to cy-
tosine. On the other hand, the slower proton lengthens the
interaction time, which leads to an enhanced reaction yield in
turn. In Fig. 9, in the range of 150 eV < Ey < 360 eV, when
the incident energy of proton increases, the excitation becomes
more violent even though the interaction time is shortened, im-
plying that the enhancement by the higher frequency compo-
nents dominates over increased interaction time. In the range
of 360 eV < Ex <1000 eV, the excitation becomes less violent
as the incident energy of proton increases, indicating that the
interaction time dominates mainly. In addition, after system-
atic exploration, we find that the main dissociation pathway of
cytosine is the breaks of C{N; and NgHjo. This corresponds
well with the result found by Leila ef al. that the initial bond
cleavage of C; N is the main dissociation route.!'>! Moreover,
it is found that there is no bond breaking when the energy loss
of proton is less than 22 eV.
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Fig. 9. The energy loss of proton (left Y axis) and the scattering angle
of proton (right Y axis) as a function of the incident energy of proton.

4. Conclusion

In summary, we have studied both the static properties
and the collision dynamics of cytosine by proton impact us-
ing the TDDFT-MD method. The calculated optimized ground
state of cytosine accords well with experiments. We especially
explore the effect of the incident energy of proton on the col-
lision dynamics. Two typical collision reaction channels are
exhibited by analyzing the molecular ionization, the electronic
density evolution, the energy loss of proton and the scattering
pattern. The results show that the proton captures some elec-
trons, resulting in the decreases of the bonds C3Ng and CsNg
while the increases of the bonds C4H;, C5H;, and C4Cs. Itis
found that proton transfers maximum energy, about 23.9% of
the incident energy, to cytosine when the incident kinetic en-
ergy is about 390 eV. The peak of the scattering angle shows a
little red shift when compared to that of the loss of kinetic en-
ergy of proton. Furthermore, we find that proton is scattered in
the present study and the dissociation of cytosine occurs when
the energy loss of proton is larger than 22 eV, which is the
breaks of C{N, and NgHjj.

It should be noted that the calculations presented here are
exploratory. It is necessary to launch a comprehensive study
to understand the collision precisely. However, it is not com-
putationally feasible yet. This work aims at the study of the
proton+cytosine collision problem using the TDDFT to see
how a cytosine evolves during and after the impact of pro-
ton with energy ranging from 150 eV to 1000 eV. More effort
should be devoted to employing the effects of the orientation
and the larger energy on the collision dynamics of cytosine.
Work along that direction is in progress.
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