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Low energy electron (LEE) induced single strand break (SSB) has been studied for 2'-deoxycytidine-5'-monophosphate (5'-
dCMPH) molecule in gas phase by means of ab-initio electronic structure methods and local complex potential based time-
dependent wavepacket quantum mechanical calculations. We have found that the LEE attachment to this cytidine nucleotide
results in the formation of a transient metastable anion. The results obtained show that the electron attachment takes place at
the cytosine nucleobase center and within 18-20 fs, the LEE transfers to the ¢* orbital of the sugar-phosphate 5' C—-O bond.
The characteristic electron attachment cross section spectrum is found ~ 1 eV, which is in good agreement with the available
experimental observations. Quantum mechanical tunneling of the 5 C—O bound vibrational energy levels may contribute to SSB

only above 1.5 eV energy regimes.

1 Introduction

Low energy electron (LEE) mediated reduction of bio-
molecules gives rise to numerous chemical modifications
which abruptly affects the function of cell processes. !> Some
of these irreversible changes includes damage to amino acids,
DNA strand break, peptide bond cleavage, and so forth. !~
Among these damages, DNA single strand breaks (SSBs) re-
ceives considerable attention due to the specific site selectiv-
ity of the very low energy electron (0-3 eV) binds with the
system.*> Recent progresses in these fields reveals that the
electron can attach to DNA/DNA fragments in any one of the
components like (i) nucleobase, © (ii) sugar,7 (iii) phosphate
glroup8 or, as a dipole bound state (DBS)? outside the molec-
ular framework.? The LEE attachment to the target may lead
to either the formation of a metastable state [also known as
temporary negative ion (TNI)] or an electronically stable an-
ionic species. Metastable state, usually lies above it’s parent
neutral state (negative electron affinity) are often referred to
as “resonance” and exist only for a very short period of time.
The TNI plays a prominent role during LEE induced damage
to bio-molecules like DNA, causing mutagenesis to the organ-
isms. I'10 Hence, a large number of secondary electrons which

T Electronic Supplementary Information (ESI) available: [The optimized struc-
tures of neutral and anionic 5’-dCMPH moieties using the ab initio HF and
MP2 methods, the time evolution plots of ground state eigenfunction of HF
potential, the ”S-shaped” transmission coefficient values of 5 C-O bond tun-
neling from HF and MP2 anionic potentials, the wave packet propagation of
twelfth excited state eigenfunction of HF potential, and the SOMOs showing
electron transfer during single strand breaks.]. See DOI: 10.1039/b000000x/
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are produced as a result of the interaction of primary ioniz-
ing radiation with living cells ' offers a critical threat to the
metabolic activities. 1

In general, a metastable state (AB ~#) formed from electron
(energy below the ionization potential of the molecule) attach-
ment to a neutral molecule (AB) in an initial state AB(Vv;), can
relax either through auto-detachment to the target in some ex-
cited state [AB(v¢)] (Eq. 1) or via fragmented to generate
radical(s) and anion(s) [Eq. 2] as

AB(vi))+e  —AB " - AB(vy)+e” (1)
AB(v))+e - AB" - A*+ B )

The “resonance state” (AB~*) act as a reactive intermediate
for a number of electron induced processes and is very diffi-
cult to characterize such short lived species using the avail-
able experimental techniques.” On the other hand, advanced
theoretical methods can take into account of the metastability
of such intermediate state to a desirable degree of accuracy.?
The formation and subsequent decay of the TNI is found to
be the common mechanistic pathway during dissociative elec-
tron attachment (DEA) to DNA/DNA fragments. 13 Therefore,
understanding the features of the TNI is an essential step for
formulating new strategies in cellular radiolysis and for the
design of radiosensitizing drugs for an effective measure for
cancer therapy, '° since the action of LEE is selective to some
particular chemical bond within the system.>

1.1 Previous Studies

The article published by Sanche and co-workers in Science
magazine triggered a breakthrough in the area of LEE induced
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DNA damage investigations.* Since then, a number of stud-
ies have been reported in the literature and are going on in
this emerging field.>* Crossed electron-molecular beam ex-
periment upon gas phase 2’-deoxycytidine-5'-monophosphate
(5'-dCMP) molecule (without neutralization) 14 concludes that
(a) LEE can attach to either the nucleobase cytosine, sugar
unit, or the phosphate group, and (b) the contribution towards
SSBs varies with respect to each of these sites where the LEE
gets attached. A near 0 eV electron can attach to the backbone
phosphate group results in ca. 60% of the strand breaks, while
anear | eV LEE can induce SSB (ca. 15%) after gets attached
to the cytosine nucleobase. The remaining 25% damage is due
to the electron initially localized at the ribose sugar unit. The
study remarked the formation of entire phosphate ion (PO4™)
due to two overlapping resonances peaking near 0 eV and 1
eV. !4 On the contrary, theoretical investigation of Bao et al. on
modeled 5’-dCMPH moiety (where one of the generated radi-
cal center is terminated with methyl group) in both gas phase
and aqueous medium suggested the plausibility of a near 0 eV
electron attachment exclusively at the nucleobase region. !> In
addition, they also pointed out that the rate of SSB in gas phase
is more, compared to that of in aqueous environment. > Owing
to the discrepancy found in the theoretical and the recent ex-
perimental findings, here we present the results obtained from
our local complex potential based time dependent wave packet
(LCP-TDWP) calculations for this molecule in detail. Along
these lines, we have already modeled the 3’ C-O and glyco-
sidic N—C bond dissociation channels in 3’-dCMPH molecule
using the LCP-TDWP approach. 1-1° We have noted the fol-
lowing points from our time-dependent wavepacket calcula-
tions:

(a) The low energy electron attachment takes place at the cy-
tosine nucleobase center in the low energy 0.5-1 eV region.
(b) The LEE can effectively transfer to the backbone phos-
phate center via atomic orbital overlap.

(c) It is the 3’ C-O bond which is going to be dissociated in
comparison with the glucosidic N-C bond lesion.

(d) The metastable species formed possess a lifetime of around
10-18 fs which can undergo uni-molecular dissociation in
competition with the autodetachment process.

Our objective in this paper is to look into the possible LEE
attachment sites within this building block (5'-dCMPH) of
life and deduce the characteristic fragmentation profiles which
may help to understand the role of shape resonance states dur-
ing LEE induced SSB. It has been reported recently from a
DFT calculation?® using the hybrid functionals that the C-O
bond cleavage [either the 3’ C-O or the 5 C—O] in cytidine nu-
cleotide is quite difficult as compared with the previous inves-
tigations . A good choice of dispersion corrected functional
is therefore essential to model the dissociative electron attach-
ment reactions in molecules. Owing to these discrepancies to
assess the role of shape resonance state involved during the

DNA strand break, one needs to reconsider the choice of cor-
rect ab initio method. Although quite cost effective, from our
previous efforts 19-1° we consider second-order Mgller Plesset
perturbation (MP2) method is a better choice in this regard.
Moreover, no MP2 calculations have been done within this
molecule although it overestimates the dispersion energy. A
short description of the electronic structure calculations and
the wave packet propagation scheme is mentioned in Section
2. Section 3 narrates the prominent results obtained and the
role of shape resonance state during LEE induced SSB. The
major outcome from this investigation concludes the paper.

2 Methodology

2.1 Molecular Modeling

Before explaining the details of the time dependent quan-
tum mechanical aspects, let us briefly discuss about the mod-
eled gas phase system 2’-deoxycytidine-5’-monophosphate,
in short 5'-dCMPH for LEE induced SSB considered in the
present investigation (Fig. 1). The molecular model of the

NH,

O
” Phosphate
HO—P—0
o

Fig. 1 The modeled 2’-deoxycytidine-5’-monophosphate
(5'-dCMPH) molecule neutralized by adding hydrogens at the
radical center and a proton at the phosphate negative center. The
bond undergoing lesion is marked with a red arrow.

nucleotide used is excised from a portion of double stranded
DNA contains the pyrimidine base cytosine, the ribose sugar,
and the phosphate group. This fragment possesses the LEE at-
tachment sites and the site where the strand breaks occur. Usu-
ally, electro-neutrality in in vivo DNA is offered by the pres-
ence of group I alkali metal counter cations like Na™ or K™ to
the negative center of the phosphate group. However, we have
chosen two hydrogens and a proton to neutralize the modeled
system for relatively smooth attachment of the incoming low
energy electron. Such a model will not affect much in terms
of the energy region where the incoming electron attaches.
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2.2 Geometry Optimization and Potential Energy Scan

The neutral and anionic systems were optimized initially at
the Hartree-Fock (HF) and later at the correlated second-order
Mgller Plesset perturbation theory (MP2) methods at the 6-
31+G(d) accuracy level. This is in accordance with our earlier
investigation for LEE induced SSB and N-C bond fragmenta-
tion within a similar moiety. '0-1°

The optimized geometries were used to compute the po-
tential energy (PE) curves for the target [E4(R)] and anionic
[E4- (R)] systems (where A = 5'-dCMPH), those are the nec-
essary ingredients for our wave packet propagation calcula-
tions. The labeled 5 C-O bond of Fig. 1 has been com-
pressed/stretched within the interval of 1-10 ag for 256 equally
spaced grid points for both the neutral and anionic systems,
keeping all other degrees of freedom of the molecule frozen.
GAUSSIAN 09 package of programs?! have been used in all
of the electronic structure calculations presented here. It has
to be noted here that we have not included the rotational lev-
els for the dynamical calculations since this motion normally
happens in the longer timescale compared to the vibrational
motion.

2.3 Quantum Dynamical Calculation

The local complex potential (LCP) formalism for describing
the dynamics of the nuclei of a metastable anion is explained
below. Since, it is computationally very difficult to consider
the quantum multi-dimensional analysis of relevant biological
molecular network, we have considered the one-dimensional
5" C-O bond dissociation channel in the gas phase 5'-dCMPH
molecule (Fig. 1). Anionic species is obtained by adding an
electron to the lowest unoccupied molecular orbital (LUMO)
of the neutral molecule (A), which in the present context
known as TNI [A™]. This temporary species possess a typ-
ical lifetime of around 10-100 fs.> The anionic Hamiltonian
for the 5 C—O bond dissociation in LCP-TDWP method is
expressed in terms of the kinetic (using the reduced mass of
the C—O bond, u A*) and LCP energies as

2
HA7 (R) =~ 2/.LA_

V2 +W,~(R) 3

where, W, (R) = E,-(R) — éFA* (R) is called the local
complex potential?>?3 coined by two necessary ingredients
for our time dependent quantum mechanical calculations. The
first term is the PEs of the anion [E4- (R)] which is obtained
using G09 program suite?! as discussed in the section 2.1 and
the other unknown quantity I A~ (R) is computed as an expo-
nential function, I, — (R) = 61 x exp(—0R). The L, (R) in
the electron molecule scattering theory is termed as “the width
function” and is related to the life-time (7) of the resonance as

T= I”L The width function becomes close to zero at the
crossirfg point (R = R,) between E4(R) and E,- (R), thereby
ensures the metastability associated with the TNI (A™).
The metastable state in the LCP-TDWP formulation can be
represented using
Vi(R,1) =~ Us-(1)9i(R) S
where Uy- (1) = ¢~ Ha- (R)1/T 5 the evolution operator. The
first step of our molecular quantum dynamical calculation is
the computation of the grid representation of the wave func-
tion of the neutral (A) [¢;(R)] and anionic (A7) [xi(R)] sys-
tems at time t = 0, utilizing the extremely efficient Fourier
grid Hamiltonian method.?* The initial wave packet prepared
so is then propagated for a finite time limit in space employing
the iterative Lanczos based diagonalization scheme?” to find
out the final quantum state distribution. The time dependent
Schrédinger equation, which is the pillar for any gas phase and
condensed phase quantum dynamical calculations have been
used for solving the wave packet propagation sequence

oy .
A 5)

in which the performance of the fast Fourier transform
(FFT)?° technique to determine the effect of kinetic energy
operator in the anionic Hamiltonian H, — (R) is well appre-
ciated. Fourier transformation of the auto correlation func-
tion [(x;(R)|wi(R,t))] gives the fragmentation profile [c(E)]
which is one of the prime objective of our investigation and is
calculated using the following relation?’

o(E)= [ _ewlE/M(RIwiR Y (©)
and compared with the available experimental cross-section
spectra.

Finally, there may be a possibility of coupling between the
valence ©* shape resonance state and the repulsive ¢* state
within the system which may influence as an avoided cross-
ing of the 5’ C-O bond and give rise to a hyperbolic cosine
barrier in the anionic PE curve. This will allow the 5 C-O
bound vibrational levels to tunnel toward the repulsive region
through the barrier. The transmission coefficient, T, under this
circumstance can be computed using any one of the following
equations: 282

. h2 k
o sinh (7 /Ci) for K<1 (7)
sinh2(7k/a) + cos?[A mv/1— K|
or,
. h2 k
- sinh*(7k/a) for K >1(8)

sinh?(7tk/a) + cosh? [ /K — 1]
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where we have defined the constant K = 8mU/ K%a* with Uy
is the height of the potential barrier, and the inverse of full
width at the half maximum (FWHM) of the anionic PE curve

as “a”, the width parameter. The other constant & is calculated

1
as @mE)2 where m is taken as the reduced mass of the 5’ C—-O

bond and E; as the energy of the bound vibrational state (i) of
E - (R).

3 Results and Discussions

3.1 Optimized Geometries and PE curves

The HF and MP2 optimized structures of neutral and anionic
systems are provided in Figs. S1(A) and S1(B)7of the support-
ing information. The equilibrium neutral 5 C-O bond [R¢_o
=2.703 ag (1.430 A) at HF and 2.754 ay (1.457 A) at MP2]
is found to be shortened than that of the anion [Rc_p =2.718
ag (1.438 A) at HF and 2.767 ag (1.464 A) at MP2] in both
the ab-initio methods. The PE curves calculated for neutral
[E4(R)] and anionic [E4- (R)] 5’-dCMPH moieties from the
optimized structures (Fig. S1) using G09 codes?! at the HF
and MP2 methods with 6-31+G(d) accuracy levels are shown
in Figs. 2(a) and 2(b) respectively. It is clear from these fig-
ures that the anion formed is metastable (vertical attachment
energy (VAE) is 0.59 eV at HF and 0.35 eV at MP2) at both
these methods. Careful inspection of the anionic PE curves
enable us to infer that the barrier position in HF [Rc_p ~ 3.84
ag (2.03 A)] and MP2 methods [Re—o ~ 3.78 a (1.99 A)] are
almost similar, though the barrier height differs as 2.14 eV in
the former and 1.70 eV in the latter methods respectively.

Since, both HF and MP2 methods results show similar char-
acteristics especially the formation of metastable anionic state
after the LEE attachment, therefore, we focus on the results
of time dependent quantum mechanical calculations carried
out for correlated MP2 potentials. We have also noted that
our MP2/6-31+G(d) optimization of the neutral 5'-dCMPH
molecule generate the lowest unoccupied molecular orbital
approximately at 0.9 eV, showing the 7* antibonding charac-
ter on the cytosine base moiety. This energy is close to the
already reported electron attachment energy regions in cyto-
sine fragments> and therefore, we have carried out our time
dependent wave packet dynamics to investigate the unimolec-
ular bond dissociation process at a molecular level. HF based
results will be stated wherever it is necessary.

3.2 Time-dependent Calculations

The crossing point (R,) between the neutral and anionic PE
curve in MP2 method is 3.83 ap (2.02 A) [3.94 ap (2.08 A)
in HF method]. Time dependent calculations have been done
on a curtailed slice of E4(R) and E4- (R) ranging from R¢c_p
= 1.88 — 4.12 ag with 256 equally discretized points in both

2.5 T T T T 25
20 — 2.0
Q
=
EREIS 15
S0l 10
<
0.5 —0.5
0, 0
2.0 35
=TT T T 711 A L W o R
(©) (d
12 — — — 12
S
O — —8
—~
4| - —4
0 | | | | | | L | | 0
1.6 2 24 28 32 36 4 16 2 24 28 32 36 4 44
T T T
_ 8 (a)
>
o
o
2
=l
=
5
g2k
A
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0
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C-O Bond Length (a()) C-O Bond Length (a“)

Fig. 2 Potential energy curves for the neutral [E4(R)] (green solid
line) and the anionic [E4- (R)] (red solid line) 5'-dCMPH molecule
computed at the (a) HF/6-31+G(d), and (b) MP2/6-31+G(d)
accuracy level. The width function I'4- (R) calculated as an
exponential function for (c) HF, and (d) MP2 potentials of
5’-dCMPH moiety. The ground state eigenfuntion are shown in ()
for HF [green solid line for neutral and red dashed line for anion],
and (f) for MP2 [green solid line for neutral and red dashed line for
anion] potentials respectively.

the ab initio methods. The width function [I'y- (R)] is calcu-
lated at each grid points for MP2 potential by choosing an op-
timal values of o = 3.61 and &; =490 (& = 3.50 and §; = 370
for HF potential) which ensures the metastability of the short
lived resonance intermediate state. A plot of I'4-(R) at each
grid points with respect to the 5 C-O bond distance (Rc_o)
is shown in Figs. 2(c) and 2(d) for HF and MP2 potentials
respectively. The width function goes to nearly zero at the
crossing point (R,) as mentioned in section 2.2.

We have, then, computed the vibrational eigenfunctions of
the neutral [¢;(R)] and anionic [x;(R)] systems to get the dy-
namical aspects of LEE induced single strand breaks in 5'-
dCMPH moiety. Implementation of the FGH method?* on the
anionic PE curve [E4- (R)] revealed fifteen bound vibrational
states for MP2 potential and eighteen bound vibrational lev-
els for HF potential. The ground vibrational levels of both the
neutral and anionic systems are shown in Figs. 2(e) and 2(f)
respectively for HF and MP2 potentials. It is to be noted here
that the anionic wave functions are slightly move forward to
the right turning point of the PE curve.

4| Journal Name, 2010, [vol],1-9
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The hyperbolic cosine barrier seen in E4-(R) for both the
HF and MP2 methods may be resulted as the coupling between
the valence * shape resonance state and the repulsive * state
within the system, thereby allowing the 5’ C—O bond to follow
an avoided crossing pathway. Consequently, the probability of
5’ C-O bond tunneling from the higher anionic bound vibra-
tional levels through this barrier towards the repulsive region
may be very high. Therefore, we have divided the vibrational
energy levels [x;(R)] of MP2 anionic potential into two re-
gions, those with energy (i) below 1.5 eV [);—0—9(R)] and (b)
above 1.5 eV [xi=10-14(R)]. Similarly for HF anionic poten-
tial with energy (i) below 1.5 eV [xi=0—10(R)] and (b) above
1.5 eV [xi=11-17(R)]. This classification will enable us to fo-
cus on the effect of quantum tunneling during LEE induced
SSB in 5/-dCMPH molecule which, to the best of our knowl-
edge, has not appeared in the literature yet.

3.2.1 SSB from the ground vibrational level [¢((R)].
Quantitative treatment of LCP-TDWP approach comprises of
three steps in which in the first step, wave packet propagation
of the initial bound vibrational state (¢ in the present context)
has been carried out from time t = 0 — 198 fs under the effect of
the metastable anionic Hamiltonian [H e (R)]. Fig. 3 depicts
a few plots of this quantum state evolution for MP2 potential
(see Fig. S2ffor HF potential) at t = 0 — 22 fs in the interval of
2 fs where we can see (i) the progress of the metastable state
with maximum amplitude when propagation starts, and goes
to negligible values by t = 20 fs with the amplitude being re-
duced to 4x107° and (ii) the movement of the wave function
towards the right turning point of the anionic PE curve char-
acterizing the impulse model resonance in e-DNA scattering.
This is further ensured from the life time of the metastable an-
ion (18 — 20 fs) which is less than what is required for a C-O
bond single vibration (~ 33 fs). Similar trend can be seen in
HF results (see Fig. S27).

We further proceed to the second step of the quantitative
analysis where we have analyzed the auto correlation func-
tion (xo(R)|wo(R,t)) [Fig. 4(a)] which clearly exhibits the
maximum overlap during the initial time of propagation and
nullifies near about t = 15 — 20 fs. The fragmentation profile
[000(E)] is computed from the Fourier transformation of the
auto correlation function in the final step and is compared with
the experimental results '* of gas phase 5'-dCMP molecule in-
vestigation (shoulder near 1 eV) as shown in Fig. 4(b). The
calculated oy o(E) spectrum from this investigation is in ac-
cordance with the experimental profile!#. The maximum in
the fragmentation profile [c((,(E)] for our time-dependent
wavepacket calculation is seen at 0.44 eV for MP2 potential
[magenta solid line of Fig. 4(b)] and at 0.67 eV [blue solid
line of Fig. 4(b)] for the HF potential. These peak positions
are in the reasonable error limit of the maximum yield ob-
served for the condensed phase plasmid DNA experiment (0.8
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Fig. 3 Plots of wave packet propagation from time t = 0-22 fs for
the ground state wave function ¢(R) of the target 5'-dCMPH
molecule under the effect of anionic Hamiltonian.

eV)3. The structure-less feature of the calculated fragmen-
tation profile, here, further confirms the impulse 23 model be-
havior of the shape resonance process corroborating the time
evolution plots of Fig. 3.

As mentioned earlier, the role of quantum mechanical tun-
neling phenomenon during the sugar phosphate 5 C-O bond
lesion may not be ruled out. Hence, we investigated the effect
of tunneling during LEE induced SSB within this molecule for
the first time and discussed in the following subsection 3.2.2.

3.2.2 SSB due to the C-O bond tunneling. The anionic
PE curve [E4- (R)] of Figs. 2(a) and 2(b) has a barrier around
3.0 — 5.0 ag of the 5 C-O bond length. We have divided
E4- (R) into three regions. Region 1 is the potential well where
the LEE gets trapped forming the metastable state (or known
as shape resonance state), Region 2 is the area under the bar-
rier, and the repulsive asymptotic part of the potential desig-
nates as Region 3.

To proceed for the tunneling transmission coefficient calcu-
lation, we have to make use of either Eq. (7) or Eq. (8) which
is solely depending upon the value of the constant K. How-
ever, since the barrier in E,- (R) is not symmetric, therefore, it
is difficult to find out the value of width parameter (a) which
is the full width at the half maximum (FWHM) of the anionic
PE curve. We have used a modeled hyperbolic cosine barrier

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 (a) Auto correlation functions |{¥;(R)|wi(R,¢))| calculated
from wave packet propagation for 5’-dCMPH molecule at (i)
HF/6-31+G(d) level (i=0, blue solid line and i=12, red dashed line),
and (ii) MP2/6-31+G(d) level (i=0, magenta solid line and i=10,
green dashed line) and, (b) comparison of corresponding o;.;(E) for
5'-dCMPH molecule with the experimental profile '* where the
shoulder near 1 eV is labeled with an arrow.

of the following form?® to get the a value as:

Uy

UR) = cosh2(aR)

©))
where R corresponds to the 5 C-O bond length of the anion.
The analytical curve obtained using Eq. (9) is reasonably fit-
ted well with the E,- (R), represented in Figs. 5(a) and 5(b).
The value of K is found to be greater than one and thus, we
have calculated the transmission coefficient (T) of the 5’ C-O
bond tunneling from each of the fifteen bound vibrational lev-
els (xi—o—14) of MP2 anionic potential using Eq. (8). The best
fitted values of “Up” and “a” are taken as 1.70 eV and 2.13
ap~! respectively for MP2 potential (“Uqy”=2.14 eV and “a”=
1.89 ap~! for HF calculation). The variation of the tunneling
probability against each of the anionic vibrational energies of
HF and MP2 potentials are provided in Table 1 and Fig. S3fof
the supporting information.

It can be seen from Table 1 and Fig. S37 that the prob-
ability of tunneling is completely suppressed from the lower
vibrational levels [)i—o—9(R) for MP2 and );—¢—10(R) for HF
anionic potentials]. However, at the xjo state of MP2 po-
tential ();; state of HF potential) a sudden jump in T is
seen and that (T) becomes significant in the higher vibra-
tional levels [);—11—14(R)] which may eventually contribute

et
o

\ \ \ \
(b)

——  Anionic MP2/6-31+G(d) PE curve

N
~

—o Eq.(9):Uy=1.70eV,a=2.127a;’"

Potential Energy (eV)
>
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o
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Fig. 5 (a) Comparison of analytical hyperbolic cosine curves fitted
using Eq. (9) with the anionic PE curves of (a) Fig. 2(a) and (b) Fig.
2(b).

towards SSB. This characteristic tunneling behavior seen as
“S-shaped” curve in Fig. S31 is already found in other investi-
gations??. The surge in the transmission probabilities may be
attributed to the increase in anionic vibrational energies from
lower to higher vibrational states which allow a gradual flow
of probability density towards the dissociative region of the
E4- (R). Therefore, contribution of quantum mechanical tun-
neling of the 5 C—O bond in SSB induced by LEE is promi-
nent only from the metastable state formed in any one of the
higher lying energy (> 1.5 eV) levels. Quantum mechanical
tunneling of 5’ C—O bond from the upper lying states in in vivo
DNA may be observed experimentally by achieving maximum
population at these energy levels.

Further, to analyze the effect of quantum tunneling quanti-
tatively from the higher vibrational levels ()i—10—14) where T
values are significant, we have chosen the y¢ state of E4- (R)
of MP2 calculation (), state of E4-(R) of HF calculation).
The quantitative algorithm for wave packet propagation, auto
correlation, and cross-section profile calculations have utilized
the same as that mentioned in the earlier sub-section 3.2.1.

The wave packet motion of the initial state y;o(R, t=0) =
010 (R) has been computed using Lanczos scheme? and pro-
vided a few of them in Fig. 6 (see Fig. S47 for HF potential).
The time evolution plots of Fig. 6 reveals that the ten nodes of
the initial wave function (t = O fs) reduces to four nodes within
5 fs. Subsequent profiles shows no nodes. Interestingly, there
is a signature of shoulder and subsequent exponential decay
of the wave function in the 20-25 fs plots. This feature is
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Table 1 Transmission coefficient (T) calculated using Eq. (8)

Vibrational State Vibrational Energy y;(E)

Transmission Coefficient

(X [eV] (T)

HF MP2 HF MP2
0 0.65 0.42 1.95x10~% 3.11x1072°
1 0.79 0.55 8.59x 10726 1.50x 1022
2 0.93 0.68 1.65x10722 249x10~19
3 1.07 0.81 1.66x10719 1.90x 10716
4 1.20 0.93 9.84x10~17 8.02x10~ 14
5 1.33 1.05 3.76x10~14 2.11x10~1
6 1.46 1.18 9.94x10712 3.73x107%
7 1.59 1.30 1.89x 10799 4.75%x107Y7
8 1.72 1.42 2.71x10797 4.54x107%
9 1.84 1.54 3.01x10795 3.38x10703
10 1.97 1.65 2.66x10793 0.17
11 2.09 1.76 0.16 0.91
12 2.21 1.88 0.92 0.99
13 232 1.96 0.99 0.99
14 2.44 1.99 0.99 0.99
15 2.55 - 0.99 -
16 2.63 - 0.99 -
17 2.67 - 0.99 -

seen between Rc_p ~ 3.2-4.2 ag lies in the Region 2 (Rc—p ~
1.7-2.2 A, tunneling region) of the Fig. 2(b) and may indicate
quantum tunneling of the 5' C-O bond from the ¢ state to
the dissociative region. In addition, the metastable state at this
vibrational state possesses a life-time of ~ 60-65 fs which is
much longer than that from the ground vibrational state (~
18-20 fs). The larger spatial spread of the eigenfunction at
X10 may be the reason for the longer life-time. These findings
are also supported by the calculated auto-correlation function
(x10(R)|w10(R,1)) of Fig. 4(a) where the overlap is maximum
at the initial time and reduces gradually to negligible values
at t = 50 fs. Finally, the fragmentation profile calculated from
the yjo state exhibits a maximum at the 1.62 eV energy (2.19
eV for x|, state of HF potential). The structure less feature
of the spectrum in Fig. 4(b) once again enables us to infer
the impulse model® classification of electron collision with
this DNA fragment. The maximum of this spectrum has now
been shifted to the higher energy region of the experimental
maxima (0.83 eV in the condensed phase plasmid DNA in-
vestigation? and near 1 eV in the gas phase investigation of
5'-dCMP moiety '4). This, thus, signifies pronounced 5’ C-O
bond tunneling in the vibrational eigenstates of the 5'-dCMPH
molecule above 1.5 eV energy. Our quantum dynamical pre-
dictions are reasonable with the available experimental obser-
vations. 1430

Apart from the quantitative approach discussed above, qual-
itative analysis from a series of generated molecular orbitals
at MP2/6-31+G(d) accuracy level along the 5 C-O poten-

tial energy curve shows the electron transfer pathway from
the pyrimidine base to the back-bone phosphate P=O 7* or-
bital. The lowest unoccupied molecular orbital (LUMO) of the
neutral 5'-dCMPH molecule at equilibrium C-O bond length
[Re_o=2.752a9 (1.45 A)] represents the £* character located
on cytosine base. Electron attachment to this molecular orbital
does not alter it’s £* character on the base indicating a direct
LEE attachment site in this nucleotide [Fig. 7(a)]. Singly oc-
cupied molecular orbital (SOMO) at the barrier height, Rc_o
=3.69 ag (1.95 A) [Fig. 7(b)] shows the transfer of LEE to the
C-0O o* orbital. Once the LEE enters in to this repulsive state,
it results in the rupture of the sugar-phosphate 5 C—O bond
producing highly stable phosphate anion and the pyrimidine
nucleoside radical. This is evident from the SOMO generated
atRe_o =5.67 ag (3.00 A) as shown in Fig. 7(c) [See Fig. S5t
for the similar trend in SOMOs generated at HF/6-31+G(d)
accuracy level]. Thus, we state that the excess charge transfer
originates from the base 7* orbital to the phosphate P=O 7*
orbital through the valence 5’ C-O ¢* orbital. The large elec-
tron affinity (~ 5 eV) of the phosphate group> may facilitate
the charge transfer process within a short period of time.3

Both the qualitative and quantitative analyses for LEE in-
duced SSB in 5'-dCMPH molecule assures the role of shape
resonance state present at the cytosine nucleobase.

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Same as Fig. 3 except the target initial wave function is the
eleventh vibrational state [@1o(R)].

4 Concluding Remarks

We have provided the role of shape resonance state during
LEE induced single strand breaks (SSBs) in a modeled DNA
fragment 2'-deoxycytidine-5'-monophosphate (5'-dCMPH) in
this investigation. The major outcome of our combined elec-
tronic structure and local complex potential based time depen-
dent wave packet calculations are:

(a) LEE (~ 1 eV) can attach to the pyrimidine nucleobase cy-
tosine leading to the formation of 7* shape resonance state.
(b) SSB can be occurred either from the ground vibrational
levels (energy below 1.5 eV) of the metastable state or from
the higher energy vibrational levels (above 1.5 eV) via quan-
tum mechanical tunneling of the 5' C-O bond.

(c) The metastable species possess a life-time of ~ 18-20 fs at
the ground vibrational level. The dissociation of 5’ C-O bond
takes place even before it get time to execute single vibration.
(d) We could able to compare the calculated cross section
spectrum in a reasonable manner with those of the available
experimental 439 observations for the first time.

(e) In comparison with our previous investigations for both
3’ C-0 and glycosidic N-C bonds dissociation in 3’-dCMPH
molecule, 1712 we suggest that both the 3’ and 5’ C—O bonds
dissociation will be preferred over the glycosidic bond rupture
since this metastable species possess slightly longer lifetime
compared to that for the N-C bond scission.

(b)

(c)

Fig. 7 Singly occupied molecular orbital (SOMO)s generated at the
MP2/6-31+G(d) accuracy level for anionic 5'-dCMPH moiety for
the 5’ C—O bond lengths of (a) 2.75 ag (1.45 A), (b) 3.69 ag (1.95
A), and () 5.67 ag (3.00 A).

The main features of the present investigation suggest the
low energy electron attachment and subsequent decay of the
metastable state occurs within a femtosecond time scale. In
this ultrafast electron induced phenomenon, shape resonance
state possess a major role. However, this is only a part (15 %)
of the total SSB formation within this molecule.'* The other
major pathway (60 %) leading to 5’ C-O bond fragmentation
is the initial localization of LEE at the phosphate center of
the nucleotide. ' The likely mechanism of charge transfer for
this pathway has to be remain investigated theoretically. Also,
one has to consider the role of vibrational Feshbach resonance
(VFR) during LEE induced SSB within this molecule. We are
currently working along this line. In addition, we also believe
that higher level correlated methods (for e.g., coupled cluster)
with larger basis set expansions may improve the description
of the dynamics in terms of the resonance energy position and
the barrier height determination. Finally, we hope our find-
ings offer a threshold for further investigations in other nu-
cleotide units or DNA fragments for LEE induced damage and
the LCP-TDWP approach can help to bring about the charac-
teristics features of the electron scattering off DNA and DNA
fragments.
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