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Ion beam irradiation is widely used in radiotherapy and radiation protection. Investigating hydrogen bond site effects
on DNA ionization under proton irradiation is crucial for understanding DNA damage mechanisms. We use real-time time-
dependent density functional theory (rt-TDDFT) to establish guanine—cytosine (GC) base pair models and investigate their
ionization damage processes under proton irradiation with different hydrogen bond positions in this study. By tracking the
deposition energy, electronic stopping power (ESP), atomic forces, charge density, and excited electrons, we explore the
impact of hydrogen bond positions on GC base pair ionization damage. The analysis indicates that, compared with the
configurations of hydrogen bonds, the hydrogen bond donor (cytosine for LHB, guanine for MHB and RHB) cannot be
ignored. Our findings offer important insights into the ionization mechanism and damage processes of DNA molecules
during ion beam irradiation, which can guide applications in radiotherapy and radiation protection.

Keywords: proton irradiation, time-dependent density-functional theory, electronic stopping power, charge

population
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1. Introduction

In recent years, ion beam therapy has been increasingly
seen as a pivotal medical technology widely employed in the
field of cancer treatment.!'>] Throughout this process, DNA
undergoes irradiation by ion beams, initiating a series of in-
tricate biophysical and chemical reactions. ®-8! The direct and
indirect damage of DNA exerts a considerable influence on

9101 Direct ion-

determining the survival or demise of cells.!
ization can result in critical bond breakages within DNA, for
instance, the breaking of base pairs or more significant alter-
ations to the sugar-phosphate backbone.!!'=!31 On the other
hand, indirect effects refer to damage induced by the inter-
action between DNA and the products of the decomposition
of water molecules by radiation, which include free radicals
and other reactive species, including hydroxyl radicals, sin-

e.[1-18] Therefore, a pro-

glet oxygen, and hydrogen peroxid
found investigation into the microscopic interactions between
ion beams and DNA holds significant implications for under-
standing the radiation-induced cell death processes and im-
proving the efficacy of ion beam therapy.

In previous studies, real-time time-dependent density
functional theory (rt-TDDFT) has been extensively utilized to
simulate the ion beam-induced electronic excitation dynamics

for DNA.!1921' A groundbreaking rt-TDDFT simulation had
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recently been reported by Yost and colleagues, *?! focusing on
collisions between the proton and o particle with a DNA dou-
ble strand. Seraide and collaborators investigated the radiation
damage caused by proton collisions at low velocities with hy-
drogen bonds and phosphate groups separately.>’! Their find-
ings indicated that a proton at a velocity of 0.4 a.u. (in atomic
unit) collides with hydrogen bond led to base damage while
keeping the backbone intact. In addition, some studies an-
alyze how variations in collision sites, collision orientations,
and the energy of protons incident at low energy affect the col-
lision dynamics of cytosine.!?*?31 However, there is a scarcity
of first-principles studies on the ionization damage to DNA
caused by proton irradiation with respect to the positions of
hydrogen bonds.

Hydrogen bonds maintain the correct pairing of base pairs
and the overall structural integrity. Ionization damage near the
hydrogen bond leads to a change in local structure and then
destroys the integrity of DNA. It is therefore critical to ex-
plore the proton-induced ionization damage at hydrogen-bond
sites of DNA. This study systematically investigates the ioniz-
ing radiation damage of the guanine—cytosine (GC) base pair
caused by proton irradiation at different incident velocities and
hydrogen-bond sites. The aim is to understand how the posi-
tions and velocities of the proton affect the ionization damage.

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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The findings of this study strengthen the comprehensive un-
derstanding of the micro-interactions between ion beams and
DNA, which not only provides theoretical insights for improv-
ing treatment targeting, but also offers guidance on optimizing
therapeutic doses and reducing side effects during radiation
therapy.

In this study, utilizing rt-TDDFT, we constructed a model
of proton irradiation on the GC base pair and simulated the
irradiation process under varying incident velocities (rang-
ing from 0.5 a.u. to 6.0 au.) and incident positions. By
tracking energy deposition, electronic stopping power (ESP),
atomic force, charge density, and the time evolution of excited
states, we deeply analyzed the ionization damage process un-
der proton irradiation. In our previous studies, we also applied
the same methodology to investigate the microscopic mecha-
nisms of low-energy proton irradiation on normal and mutant
DNA, 201 and the impact of carbon ion irradiation on thion-
ine and DNA.!?’! The outcomes of this research enhance the
overall understanding of the microscopic interactions between
ion beams and DNA, offering guidance for the empirical eval-
uation of potential radiation dangers, optimization of radio-
therapy protocols, and the development of radiation protection
strategies.

2. Computational models and details

In the paper, we establish a GC base pair containing 69
host atoms as the target material.’”) H atoms are added to
the O3’ and O35’ ends of the model to saturate the electrons
and achieve a stable structure. Figures 1(a) and 1(b) illustrate
the top and side views of a GC base pair structure, respec-
tively. For clarity in description, the three hydrogen bonds
(H-bonds) of the GC base pair: O[G]-H[C], H[G]-N[C], and
H[G]-OI[C] chemical bonds are described as the left hydrogen
bond (LHB), middle hydrogen bond (MHB) and right hydro-
gen bond (RHB), respectively. The hydrogen bond donor for
the LHB is the cytosine base, and the hydrogen bond donor
for the MHB and RHB is the guanine base. The positions
indicated by the blue boxes in Figs. 1(c)-1(e) represent dif-
ferent hydrogen bond locations respectively. The GC base
pair holds a 15-A vacuum layer in all three directions. Sub-
sequently, a mathematical expression for the total energy in
terms of volume is calculated to determine a stable structure
for further calculations, as illustrated in Fig. S1 in supporting
material. Two O3 atoms and two O35’ atoms at the end of
the model are fixed to simulate the binding effect with adja-
cent base pairs in the whole process. Although the 7—7 in-
teractions between base pairs and variations in DNA sequence
are secondary contributors to DNA damage, base pairs are the
fundamental units of DNA, and the interaction between atoms
within the base pair and projectiles is the most crucial fac-
tor influencing the energy deposition process. To justify the

validity of using a single GC base pair simplified model, a
poly(G)—poly(C) double-strand model consisting of five GC
base pairs is constructed, and the energy deposition process
of the poly(G)—poly(C) double strand under proton irradiation
at 6 a.u. is simulated, as shown in Fig. S2. Figures S2(c) and
S2(d), which indicate that the energy deposition process shows
a simple superposition of the single base pair. Therefore, the
single GC base pair can significantly reflect trends in the mi-
croscopic mechanism changes of the DNA model under proton
irradiation.

(a) (b)

= g
XL 2
y e |y
A 93, o, A 4§
YU ) SR | O
Fig. 1. (a) Top viewport of a GC base pair, (b) side view of a GC base pair,

(c) top view of the model with proton irradiation along (c) LHB, (d) MHB,
(e) RHB.

The entire calculation process is carried out using the
TDDFT module within the Spanish Initiative for electronic
simulations with thousands of atoms (SIESTA) code,[30-33]
aimed at analyzing the microscopic physical process of pro-
ton irradiation on the GC base pair. And a proton is placed
15 A from the base pair cross-section to simulate proton irra-
diation on the base pair. The computational procedure com-
prises two primary phases. Initially, the ground state at-
tributes of the model are obtained by employing density func-

34,35

tional theory.?*3! The obtained ground-state wave function

is then used as the initial configuration for subsequent TDDFT

3637 During the calculations, to determine the ap-

simulation.
propriate parameters for the system, we first assessed the to-
tal energy of a GC base pair under various parameter condi-
tions, including exchange—correlation functional, basis sets,
cutoff energy, K-points, and mixing weight, 38 as presented
in supporting material Table S1 and Figs. 2(a) and 2(b). The
test analysis suggests that: (i) when the mixing weight of 0.02
and the K-point grid parameters of 1 x 1 x 1 are selected, the
system energy value of the ground state obtained by the double
zeta plus polarization (DZP) basis set is —11953.4 eV, and the
triple zeta plus polarization (TZP) basis set is —11955.9 eV,
both DZP and TZP basis sets yield relatively low system ener-
gies, indicating that both basis sets can accurately describe the
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electronic states of the model. While the computational time
required when using the TZP is nearly twice that of the DZP;
(i1) when the DZP basis set and the K-point grid parameters of
1 x 1 x 1 are selected, the influence of different mixed weights
on the total energy is below 10~* eV, which can be ignored;
(iii) when the DZP basis set and the mixing weight of 0.02
parameters are selected, different K-point grids have no effect
on the total energy value; (iv) total energy tends to be stable
at 400 Ry with the increase of cutoff energy (Fig. 2(a)); (v)
the electronic energy deposition obtained using local density
approximation (LDA) and generalized gradient approximation
(GGA) in the Perdew—Burke-Emzerhof (PBE) form during
the proton irradiation of the MHB (Fig. 2(b)), indicates that
the differences between the two are minimal. Therefore, to
balance computational efficiency and accuracy, the subsequent
calculations employed the DZP basis set, a mixing weight of
0.2, a K-point grid of 1 x 1 x 1, a cutoff energy of 400 Ry,
and the LDA method. Secondly, the simulation process of ion
irradiation base pair is performed using TDDFT theory, where
the proton with certain initial velocities moves along a speci-
fied trajectory at a time step of 0.002 fs through the base pair,
the proton velocity is much greater than the vibration rate of
the GC base pair atoms. When the proton passes through dif-
ferent H-bond positions, it does not collide with the nuclei of
atoms near the channel but undergoes inelastic collisions with
electrons near the nuclei. Time-resolved physical quantities
including system energy, atomic force, electronic eigenvalues,
charge population, and charge density can be extracted from

dynamic simulation trajectories. 403!
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Fig. 2. (a) Total energy as a function of energy cutoff. (b) Electronic energy
as a mathematical relationship of proton positions as the proton passing the
MHB with 0.5 a.u. and 3 a.u.

3. Results and discussion

Figure 3 is the electronic energy (Exs) when the proton
irradiates different H-bonds along the Z direction of the base
pair. The abscissa value represents the distance from the base
pair cross-section, and the coordinate origin represents the lo-
cation of the cross-section. From the electronic energy in
Fig. 3, it is clear that the electronic trend for H-bonds with
a different intruding position of the proton is the same while
exhibiting increases to varying extents. The same trend is as
follows: the proton does not deposit energy until it reaches a
certain distance from the cross-section. This shows that the
energy deposition progression is critically determined by the
environment around the invasive channel. When the intruding
proton’s velocity is 0.5 a.u., electronic energy starts increas-
ing when the proton is at 1.8 A before the base-pair center,
while starting at a distance of about 2.8 A for 6.0 a.u. With an
increase in velocity, the distance between the proton and the
cross-section of the base pair increases when the electronic en-
ergy deposition by the proton begins. The instantaneous phys-
ical properties exhibit a significant reliance on the intrusion
path and velocity. When the intruded ion has a small velocity,
the electronic energy deposition needs to occur closer to the
target atoms.

Figure 3 demonstrates that the electronic energy deposi-
tion, when the proton is at the position of the cross-section, in-
creases with velocity, as shown in Fig. S3, which presents the
electronic energy deposition values when the proton is at the
position of the cross-section at different velocities. When the
proton speed exceeds 2.5 a.u., the electronic energy deposition
reaches a maximum over the entire process. This demonstrates
that when the intruding ion has a higher intruding velocity, en-
hanced ion-target interactions lead to higher electronic energy,
increased deposition rates, stronger inter-atomic interactions,
and a greater number of excited electrons.>’! Within the dis-
tance from 0 A to 1.5 A after the proton passes through the
cross-section, the electronic energy deposition shows a de-
creasing trend, indicating that the charge just excited is ex-
tremely unstable and back-flow occurs; an excitation decay
process occurs, and the extent of de-excitation strengthens as
the penetration velocity increases. When the proton reaches
a position at a distance of 1.5 A after the cross-section, the
electronic energy deposition increases slightly as the proton
moves away until it stabilizes once the proton reaches a posi-
tion at a distance of 4.5 A after the cross-section. It shows that
there is a secondary excitation for the ground-state electrons,
which could be attributed to the attenuation of excited charge.
The final electronic energy deposition is the value that tends to
stabilize. For different H-bonds, the final electronic energy de-
position reaches a maximum when the proton velocity is 3 a.u.
as shown in Fig. 3.
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Fig. 3. Electronic energy Ey as a function of the proton position for the proton at 0.5 a.u.—6 a.u. passing through (a) LHB, (b) MHB, and (c) RHB. The
insets show the intruding position of proton passing through the H-bonds. The red points represent the electronic energy deposition values when the proton

is at the position of the cross-section.

To further illustrate the electron excitation and excita-
tion decay process with the velocity of an intruding proton,
the instantaneous electronic stopping power (ESP), a deriva-
tive of energy concerning proton movement distance dEyg/dx
as shown in Fig. 4. The instantaneous ESP value greater
than zero indicates the excitation process, while less than zero
means the excitation decay process. It can be seen from Fig. 4
that there is an obvious excitation and excitation decay pro-
cess when the proton irradiates H-bonds with a speed exceed-
ing 3 a.u. For all H-bonds, the electron starts to be excited
closing to the 2.8 A before the cross-section, which aligns
with the previous data. After the proton passes through the
cross-section, the electrons excited have an excitation decay
process due to the energy instability, until completed at 3.0 A

away from the cross-section. Meanwhile, when the velocity is
greater than 3 a.u., the electron excitation and excitation decay
extent are strengthened with the increase in intruding veloc-
ity. When the speed is 1 a.u. and 2 a.u., the excitation decay
process is different with the H-bonds position. For LHB, both
1 a.u. and 2 a.u. have an excitation decay process and a sec-
ondary excitation, as shown in Fig. 4(a). When the proton
passes through the MHB, there is no excitation decay at 1 a.u.
and the same as LHB for 2 a.u. as depicted in Fig. 4(b). From
the data, the data indicates that for RHB as shown in Fig. 4(c),
there is no excitation decay either 1 a.u. nor 2 a.u. It may be
caused by the longer reaction time of the excitation and exci-

tation decay process for low-energy proton.
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Fig. 4. The instantaneous electronic stopping power (ESP) as a function of proton position under proton passing (a) LHB, (b) MHB, (c) RHB.
with the velocity of 1 a.u.—6 a.u. The red points represent the maximum instantaneous electronic stopping power values.

The relationship between the ESP and the intruding ve-
locity (0.5 a.u.—6 a.u.) is shown in Fig. 5, during the process of
the proton moving from 4.5 A before to 4.5 A after the cross-
section. It can be seen that (i) when the velocity of the proton
is 0.5 a.u. and 1 a.u., the kinetic energy of the proton is lim-
ited, rendering it insufficient to effectively excite the electron
cloud. The ESP for different H-bonds is not much different;
(i1) when the velocity of the proton is between 1.5 a.u. and
3.5 a.u,, the interaction between the projectile and the electron

cloud leads to the excitation or ionization of the target atom,

accompanied by a notable de-excitation or energy back-flow
process. The ESP reaches a maximum value when the proton’s
speed is 3 a.u., but the relationship between the ESP and the
position shows the following trend: LHB>RHB>MHB. To
further investigate the differences between various hydrogen
bond sites during irradiation, we compared the energy deposi-
tion process of the proton with velocities of 2.5 a.u., 3 a.u., and
3.5 a.u. at different irradiation sites, as shown in Fig. 6. Fig-
ures 6(a) and 6(b) illustrate that during the energy deposition
process of irradiating MHB and RHB, the electronic energy

073101-4



Chin. Phys. B 35, 073101 (2026)

deposition decreases after the proton passes through the base
pair cross-section, indicating that the just-excited charge is ex-
tremely unstable, back-flow occurs, and an excitation decay
process of the excited charge exists. The hydrogen bond ac-
ceptor for MHB is the N atom on the cytosine base, while the
hydrogen bond acceptor for RHB is the O atom on the cytosine
base; the N atom has a relatively high first ionization energy,
which shows that its valence electrons are more tightly bound
and the spatial distribution of electron clouds is more con-
centrated. This strong binding results in higher initial energy
deposition at the cross-section for MHB compared to RHB.
However, the stability of these tightly bound electronic states
is poor, which makes the excited electrons fall back quickly
through non-radiative relaxation. This results in a portion of
the initial deposited energy being released through radiation or
secondary electrons. Therefore, the effective energy of MHB
is reduced more than that of RHB in this velocity range, re-
sulting in the ESP values for MHB being lower than the ESP
values for RHB. (iii) When the velocity of the proton is greater
than 3.5 a.u., the ESP for different H-bonds decreases with the
increase of the velocity. In the meantime, the ESP for LHB
is still the largest, while the values of RHB and MHB are not
much different, as shown in Fig. 6(b). Under high velocity
conditions, the interaction time between the proton and the
electron cloud is significantly reduced, making it difficult for
the excited states to undergo relaxation promptly. Thus, the
de-excitation mechanism characteristic of the medium veloc-
ity range is no longer predominant. The deposition energy
primarily depends on the overall electron density distribution
of the base pair. Since the hydrogen bond donors for both
MHB and RHB are cytosine bases, the local electron density
differences become negligible, leading to the convergence of
their ESP curves. People usually focus on the difference be-
tween O—H and N—H for H-bonds, but the difference between
LHB and RHB deserves more attention. To further study this
differentiation among the H-bond positions, we also analyzed

the drag force during the proton movement exerted by the base

pair.

Compared to the study by Yost er al.,[*?! the influence
of proton velocity on electronic energy deposition is more
pronounced when protons irradiate different hydrogen-bond
sites. This discrepancy can be attributed to several factors:
(1) The selected projectile trajectories are different, which re-
sults in varying electron densities within the channels. Our
study primarily investigates radiation damage caused by pro-
ton irradiation along the direction perpendicular to the base-
pair cross-section, where the incident ions interact with elec-
trons near the hydrogen-bond sites. In contrast, Yost et al.
focused on radiation damage when the ion passed through the
space between two base pairs along a direction parallel to the
base cross-section, where the incident ions interact with the
m-electron cloud. Since the hydrogen-bond interactions be-
tween connected bases are stronger than the 7—7 interactions
between base pairs, the electron density along our proton tra-
jectory is higher, leading to greater energy deposition. (ii) In
Yost et al.’s study, the intermolecular 7—7 interactions impede
the backflow of excited electrons during irradiation. However,

hydrogen bonds facilitate the transfer of excited electrons, pro-

moting energy transfer, ?8! which contributes to greater energy
deposition.
18
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Fig. 5. The mathematical association between electron stopping power
(ESP) and irradiation velocity (0.5 a.u.—6 a.u.) when the proton passes
(a) LHB, (b) MHB, (c) RHB.
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Figure 7 shows the change of the proton force along the
three axes for an intruding proton at a velocity of 3.0 a.u. as
it passes through the H-bonds. For H-bonds at any position,
the proton starts to experience the atomic force when it is at
a distance of 2.8 A before the base pair cross-section, indi-
cating that the energy begins to be deposited at this time, and
the proton is not stressed until it is at a distance of 2.5 A after
the cross-section. In the Z direction, the proton experiences
resistance opposite to the incident direction at any position,
and the resistance is maximum when near the base pair cross-
section. For the Y direction, the force is directed downward
from guanine to cytosine when the proton passes through the
LHB, while the force is opposite, from cytosine to guanine,
when it passes the MHB and RHB. When the proton passes

through the cross-section, it is forced toward the hydrogen
bond donor and experiences the maximal force. The proton
moves toward the hydrogen bond donor along the Y-direction
during the irradiation process at different H-bond sites. Com-
bined with the force distributions along Z and Y axes, the peak
energy deposition near the cross-section is consistent with the
results in Fig. 3. Compared with the Z and Y orientations, the
magnitude of the force in the X-direction does not change sig-
nificantly, but the direction can be judged. When the proton
passes through the LHB, the force is directed to the negative
orientation of the X -direction, while the force is directed to the
positive orientation of the X -direction when it passes the MHB
and RHB.
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Fig. 7. The change of the proton force along the three axes for an intruding proton at a velocity of 3.0 a.u. as it passes through (a) LHB, (b) MHB, (c)
RHB. The positive directions of the X and Y directions are illustrated in Fig. 1(a), and the positive direction of the Z direction is illustrated in Fig. 1(b).

The insets show the intruding position of proton passing H-bonds.

Through the analysis of the charge fluctuations in the pro-
ton and atoms within the material being targeted, the findings
show that the charges of the proton and atoms near the chan-
nel have changed significantly during proton irradiation. Fig-
ure 8 illustrates the charge fluctuations of atoms surrounding
the channel and each molecular fragment of the base pair for
the intruding proton with 3.0 a.u. From Fig. 8(a), it can be
observed that when the proton passes LHB, strong electron
excitation occurs when the proton almost reaches the cross-
section. The O1 and H2 atoms lose electrons and generate a
large number of holes. At the same time, the proton captures
numerous excited electrons, leading to both the guanine and
cytosine bases being in an electron-deficient state as shown in
Fig. 8(d). Within the distance of 0 to 3.8 A after the proton
passes through the cross-section, the excited electrons decay
rapidly and there is an excitation decay process. The electrons
captured by the proton flow back around the O1 and H2 atoms.
The O1 atom retains an electron-deficient configuration, lead-
ing to the guanine base being oxidized, while the cytosine base
holds an electron-enriched configuration due to the increasing

electron density around the H2 atom. During the movement of

the proton from 3.8 A to further positions after passing through
the cross-section, the electrons captured by the proton tend to
stabilize, and the proton takes away about 0.9 electrons from
the base pair. There exists a dynamical electron equilibrium
process within the base pair. The electron levels of the gua-
nine base gradually increase, while those of the cytosine base
slowly diminish, indicating that the cytosine base undergoes
electron transfer to the guanine base. When the proton irradi-
ates MHB and RHB, the charge fluctuation trend of atoms near
the channel is similar to that of LHB. The total charge of each
molecular fragment mainly depends on the charge of atoms
near the channel, as shown in Figs. 8(b)-8(c) and 8(e)-8(f).
Finally, the proton captures some electrons, and the number
of captured electrons follows the pattern: LHB>MHB>RHB.
The N4 and O6 atoms are in an electron-deficient state, while
the H3 and H5 atoms are in an electron-rich state. The situa-
tion of charge fluctuations on each molecular fragment is the
opposite. During the movement of the proton from 3.8 A to
further positions after passing through the cross-section, the

guanine base undergoes electron transfer to the cytosine base.

073101-6



Chin. Phys. B 35, 073101 (2026)

2.5 — Proton [~ — Proton
> —o01 —H5
£ 20 —H2 — 06
5 15 —c7 —No
= —N10 —C12
g 1.0
&
o 0.5
%
o
£ -0.5 32; z
3
= —-1.0 \/
_15 1 1 I_I 1 1 1 1 I_I 1 1 1 1 1
04 \/\/—\_ i
0] - i

|
<
=

|
—
N

~F

Guanine sugar
— Guanine B
— Cytosine
— Cytosine sugar -

1 L

Electron population (e)
LoLL
= S

|
o
o

anine sugar
anine B
Jytosine
ytosine sugar
I I 111

anine sugar

anine

tosine

tosine sugar
1 1

1 111
-6 -3 0 3 6 9-9
Projectile position z (A)

—6
Projectile position z (A)

-3

1 1 1
-6 -3 0 3 6 9
Projectile position z (A)

0 3 6

Fig. 8. Charge fluctuations on atoms surrounding the channel for the intruding proton at 3.0 a.u. passes through (a) LHB, (b) MHB, and (c) RHB. The
insets show the atomic number. Charge fluctuations on each molecular fragment of the base pair for the intruding proton with 3.0 a.u. passes through
(d) LHB, (e) MHB, and (f) RHB. The gray and blue dashed lines represent the positions of the proton at cross-section and at a distance of 3.8 A away
from the cross-section, respectively. The insets illustrate the spatial arrangement of C—G base pair. Color coding: red represents guanine, orange is used
for the guanine sugar, green represents cytosine and blue for the cytosine sugar.

To further discuss the change of charge density distribu-
tion of the base pair caused by proton irradiation at different
H-bond positions, Fig. 9 shows the charge density change dis-
crepancy measured at 6.0 A after the cross-section for the in-
truding proton at 3.0 a.u. passes through the H-bonds. At that
moment, a dynamical equilibrium process is established for
the electrons in the base pair, originating from the overlap of
secondarily excited electrons and polarization-driven electrons
in oscillation induced by the atomic vibrations.?’! When the
proton passes through the LHB as shown in Fig. 9(a), gua-
nine is in a state of electron deficiency because the holes are
mainly located in the oxygen atom near the channel, while the
cytosine is in a state of electron abundance because the elec-

trons are mainly distributed around the hydrogen atom near the
channel as indicated in Figs. 9(b) and 9(c). After the proton
passes through the MHB and RHB, the charge distribution on
each molecular fragment is opposite. The electrons are mainly
located in the hydrogen atoms near the channel, making gua-
nine in an electron-enriched configuration. The reason why
cytosine is in an electron-deficient configuration is different:
for MHB, the holes are mainly distributed around the nitrogen
atom near the channel, while for RHB they are around the oxy-
gen atom. The current research on irradiated hydrogen bonds

s.1231 Our research results

mainly focuses on the configuration
show that the hydrogen bond donor (cytosine for LHB, and

guanine for MHB and RHB) cannot be ignored.
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Fig. 9. The charge density change difference at 6.0 A away from the cross-section for the proton irradiation with 3.0 a.u. passing (a) LHB, (b)

MHB, (c) RHB. Color code: positive in blue, negative in yellow.

4. Conclusion

In summary, based on the TDDFT theoretical framework,
our study focused on the time evolution of electronic depo-
sition energy, electronic stopping power (ESP), atom forces,

excited electron, and charge density of base pair for the pro-
ton for velocities from 0.5 a.u. to 6 a.u. passes the H-bonds
at different positions. The study indicates that proton velocity

and hydrogen bond position significantly affect the ionization
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damage of GC base pairs, with the largest electronic energy
deposition at the LHB. This can be attributed to the differences
in hydrogen bond donors. This distinction originates from dif-
ferent hydrogen bond donors. Although LHB and RHB are
O-H hydrogen bonds while MHB is an N-H bond, our results
prove that hydrogen bond donors exert a more dominant effect
than bond geometric configurations and cannot be neglected.
Since the hydrogen bond donor connecting the hydrogen atom
for LHB is cytosine, the guanine is always in a state of electron
deficiency after proton irradiation. During the movement of
the proton from 3.8 A to further positions after passing through
the cross-section, there is an electron transfer from cytosine to
guanine. For MHB and RHB, the guanine is in an electron-
enriched configuration because of the different hydrogen bond
donor, causing the flow of electrons in the opposite direction
from guanine to cytosine. The ESP shows that the maximum
electronic energy deposition occurs when the proton is at 3 a.u.
for all H-bonds. Future research could systematically explore
the ionization behavior of DNA under proton irradiation at
different chemical bond sites, thereby deepening the under-
standing of the ionization damage mechanisms, and through
multidimensional studies of ionization damage under various
conditions, providing a theoretical basis for quantitatively as-
sessing radiation risks, optimizing radiation treatment plans,
and developing radiation protection strategies.
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