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Mechanisms of low-energy electron (LEE) attachment and subsequent single-strand break (SSB) formation
are investigated by density functional theory treatment of a simple model for DNA, i.e., the nucleotide, 5′-
thymidine monophosphate (5′-dTMPH). In the present study, the C5′-O5′ bond dissociation due to LEE
attachment has been followed along the adiabatic as well as on the vertical (electron attached to the optimized
geometry of the neutral molecule) anionic surfaces using B3LYP functional and 6-31G* and 6-31++G**
basis sets. Surprisingly, it is found that the PES of C5′-O5′ bond dissociation in the anion radicals have
approximately the same barrier for both adiabatic and vertical pathways. These results provide support for
the hypothesis that transiently bound electrons (shape resonances) to the virtual molecular orbitals of the
neutral molecule likely play a key role in the cleavage of the sugar-phosphate C5′-O5′ bond in DNA resulting
in the direct formation of single strand breaks without significant molecular relaxation. To take into account
the solvation effects, we considered the neutral and anion radical of 5′-dTMP surrounded by 5 or 11 water
molecules with Na+ as a counterion. These structures were optimized using the B3LYP/6-31G** level of
theory. We find the barrier height for adiabatic C5′-O5′ bond dissociation of 5′-dTMP anion radical in aqueous
environment is so substantially higher than in the gas phase that the adiabatic route will not contribute to
DNA strand cleavage in aqueous systems. This result is in agreement with experiment.

Introduction

DNA damage caused by attachment of low-energy electrons
(LEEs) to DNA is increasingly recognized as a significant
contributor to cellular radiation damage.1-3 LEEs with energies
below 15 eV are produced in a large quantity (4× 104 per
MeV energy deposited)4 along the tracks of the ionizing
radiation. The recent discovery made by Sanche’s group4 that
LEEs can induce strand breaks in DNA even below 4 eV
attracted intense interest by the scientific community in elucida-
tion of the mechanism of action. LEEs have been found to
modify DNA components, e.g., bases, sugar, and phosphate by
capture and creation of transient radical anions leading to
dissociative electron attachment (DEA).4,5a,5bRecent experiments
confirm that LEEs even in the subexcitation energy range of
0.1-3 eV leads to a variety of chemical reactions in DNA and
its components. These include: hydrogen atom loss,6a single-
strand breaks (SSBs),4a,4b glycosidic bond cleavage,4b,4c,6 and
the fragmentation of deoxyribose.7 We note that while LEEs
clearly result in DNA strand breaks, it has been long known
that in aqueous solution solvated electron attachment to DNA
does not cause strand breaks even though the pyrimidine DNA
base anion radical intermediates are formed.1b-1d

In recent years, several groups have made efforts to under-
stand details of the mechanism of LEE induced DNA strand
breaks using both experimental4,6,7 and theoretical8-17 ap-
proaches and electron molecule interaction.15-21 Simons and co-
workers proposed the first model for LEE cleavage of the DNA
strand,13 which they have further delineated in subsequent
work.9-14 In their model, they suggest the C-O bond cleavage
in 5′-dTMP and 5′-dCMP captures an electron (shape resonance)
and proceeds on the adiabatic surface11,13with the LEE initially
trapped into theπ* orbital of the base rather than phosphate

group. They proposed the “electron induced” mechanism10 of
C-O sugar-phosphate bond dissociation. In their treatment,
they used Hartree-Fock (HF) method and 6-31+G* basis set.13

The calculated gas-phase electron affinities (EAs) of their
models showed negative electron affinities,10-14 owing to the
small basis sets employed. Positive adiabatic electron affinities
of nucleotides and nucleosides have been predicted by higher
level calculations.8,15-21 For the pyrimidine DNA bases, only
dipole bound anion radicals have been observed experimen-
tally,22,23having electron affinities 93( 7 and 62( 8 meV for
uracil and thymine, suggesting that the valence adiabatic EAs
are lower than these values.

An second model for DNA strand breaks was proposed by
Li et al.8d using density functional B3LYP/6-31+G(d) and the
ONIOM method. To eliminate electron attachment to the DNA
bases which have higher electron affinity than the DNA
backbone, the model chosen was a sugar-phosphate-sugar
structure without the DNA bases. They8d calculated the barrier
height of∼10 kcal/mol to dissociate the C-O bond both at 3′-
and 5′- sites. Recently, using several basis sets, Li et al.8b

calculated the spin density distribution of the excess electron
in this sugar-phosphate-sugar model,8d and they found the
starting state was not a valence bound state but “dipole bound”
anionic state.8b This model8d thus gives the energy of the
cleavage from a weakly associated electron not in a valence
state until its capture at the transition state.

Recently, using B3LYP/DZP++ level of theory, Leszczynski
and co-workers16,17considered the similar model to Simons and
co-workers13 and calculated the adiabatic transition states for
the C3′-O3′ and C5′-O5′ σ bond dissociation in pyrimidine
nucleotide anion radicals and found a barrier height of∼14.0
kcal/mol (C5′-O5′ bond cleavage). Their calculations16,17 pre-
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dicted the initial localization of the excess electron in theπ*
orbital of the pyrimidine, which subsequently transfers to the
σ* orbital of the C-O bond when the bond is stretched to the
transition state distance. As mentioned above, it is well-known
that in an aqueous environment once an electron is stabilized
on the DNA base no significant strand cleavage reactions
occurs,1b-1d for this reason the time frame for the transfer of
electron to promote strand cleavage must be short and most
likely occurs during the transient absorption event not on the
adiabatic surface.

Recently, the experimental findings of Ma¨rk, Illenberger and
co-workers,7,24 for the decomposition of D-ribose7 and thymi-
dine24 by low-energy electrons (LEEs), showed that migration
of the excess charge from theπ* orbital of the anion of the
nucleobase to DNA backbone is inhibited and may hence not
contribute to SSBs as proposed by Simons et al.9-14 Further,
they proposed that the direct mechanism of single strand breaks
occurring in DNA at subexcitation energies (<4 eV) is due to
dissociative electron attachment (DEA) directly to the phosphate
group.25 They also proposed that LEE may trap into the virtual
MO of the phosphate group which is characterized as “shape
resonance”.25 The “shape resonance” or “single-particle reso-
nance” occurs when an incident electron is temporarily attach
to the potential connected with the ground electronic state of
the molecule.26 These resonances occur at low energies (0-4
eV)26 and have a life time in the range 10-10-10-15 s. There
are several pathways for the decay of the resonance state of the
molecule such as vibrational and rotational levels of molecule,
electronic excitation, elastic scattering, and dissociative electron
attachment (DEA).26 In the case of plasmid DNA, Sanche et
al. 4b also found that LEE result in formation of well-localized
transient anionic states (resonances) leading to SSBs and DSBs.
The temporary anion state formation and dissociative electron
attachment (DEA) mechanisms have been elucidated in diatomic
molecules26 and recently for larger molecular systems.27

The work of Aflatooni et al.28 regarding the electron attach-
ment energies of the DNA bases, using low-energy electron
transmission spectroscopy (ETS), found resonance peaks in the
electron scattering cross sections due to the formation of
temporary anionic states.28 Their assigned vertical attachment
energies (VAEs) to the DNA bases are also in good agreement
with the theoretically calculated VAEs of bases by Sevilla et
al.29 They also observed the evidence of the nuclear motion of
the temporary formed anions associated with the lowest unoc-
cupied molecular orbitals (LUMOs) of the bases which dem-
onstrated that electrons in the LUMOs strongly excites the
vibrational modes of the neutral molecules. Recently, Burrow
and co-workers analyzed30 the uracil and thymine structures
appearing in DEA and electron transmission spectroscopy (ETS)
as vibrational Feshbach resonances (VFRs), which arises from
coupling between the dipole bound state and the temporary anion
state associated with occupation of lowestσ* orbital near N1-H
bond.30

The recent high level calculations16,17 on electron addition
to 5′-dTMPH discussed above have followed the adiabatic
potential energy surface, which may not be the appropriate
model for bond cleavage by LEEs since dissociation likely
occurs before full relaxation takes place. In this work we have
chosen to calculate the potential energy surface (PES) of the
dissociation of C5′-O5′ σ bond of 5′-thymidine monophosphate
nucleotide (5′-dTMPH) anion radical following both the adia-
batic and the vertical potential energy surfaces. Comparison of
the vertical and adiabatic PES barrier heights as well as the
nature of the electron distribution in two cases aids in elucidation

of possible C5′-O5′ bond dissociation. Further, we better
approximate an adiabatic pathway toward bond dissociation in
the aqueous environment by considering the anion radical of
5′-dTMP surrounded by eleven water molecules and Na+ as a
counterion which results in a very large barrier height for C5′-
O5′ bond dissociation.

Methods of Calculation

The geometries of 5′-dTMPH in its neutral and anionic states
were optimized using density functional theory. The B3LYP
functional and 6-31G* and 6-31++G** basis sets were used
in this work. We also note at this level of theory AEAs are
overestimated by∼0.15 eV.19 Vibrational frequencies of the
neutral, anionic radical, and transition state (TS) structure of
5′-dTMPH were also calculated using this same method and
basis sets. It is found that computed properties of a radical anion
very much depend on the method and basis set chosen.19

Recently, Schaefer and his co-workers31 devised a DZP++ basis
set to study the electron affinities (EAs) of a number of radical
anions. They found that B3LYP functional with DZP++ basis
set is a good choice.16-18,31 In the present study, we found that
both B3LYP/DZP++ and B3LYP/6-31++G** methods gave
similar results regarding the molecular geometries of neutral
and anion, EA and transition state (TS) structure for the breaking
of C5′-O5′ σ bond of 5′-dTMPH radical anion. In the present
calculation of the 5′-dTMPH, the phosphate group attached to
the 5′- end of the thymidine was terminated by the CH3 group,
the oxygen atom at 3′- end was terminated by the hydrogen
atom and the anionic phosphate group was protonated to
neutralize the system (as shown in Scheme 1). All the calcula-
tions were done using Gaussian 03 suite of programs.32

Molecular orbitals were plotted using GaussView molecular
modeling software,33 while JMOL program34 was used to draw
the molecular structures. The adiabatic electron affinity (AEA)
of a molecule is calculated as

whereTneutral andTanion are the total energies of the molecule
in their neutral and a optimized states, respectively. The vertical
electron affinity (VEA) is calculated as the difference between

TABLE 1: Adiabatic (AEA) and Vertical (VEA) Electron
Affinities (eV) of 5′-dTMPH Calculated Using B3LYP
Method and Different Basis Sets

method system AEA “VEA” VDEa

B3LYP/6-31G*b 5′-dTMPH -0.35 (-0.21)c -1.06c

B3LYP/6-31++G** b 5′-dTMPH 0.25 (0.40) 0.04d 0.97
B3LYP/DZP++e 5′-dTMPH 0.28 (0.44) 0.01 0.99
B3LYP/6-31G**b 5′-dTMPNa 1.20 0.30 2.60

+11 H2O
B3LYP/6-31G**b 5′-dTMPNa 2.17f 1.33f 3.20f

PCM model +11 H2O
B3LYP/DZP++g 5′-dTMPH 2.00 1.44 2.47
IPCM model (ref 38)

a Vertical detachment energy (VDE) calculated as the difference
between the total energy of the neutral molecule calculated at the
optimized geometry of the anion and the total energy of the optimized
anion.b Present calculationc The zero-point corrected values are given
in parentheses. The values for 6-31G* are not good indications of the
AEA or the VEA owing to the small size of the basis set.d This value
is not a reliable calculation of the valence VEA as it is near zero and
diffuse states (dipole bound and continuum) mix with the valence state.
It is presented here for comparison to other work.e Ref 16 f Single-
point calculation using polarized continuum model (PCM) considering
water as solvent withε ) 78.39.g IPCM model using water as solvent
(ε ) 78.39). Ref 38

AEA ) Tneutral- Tanion
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the total energy of the optimized neutral molecule and the total
energy of the corresponding anion calculated at the optimized
geometry of the neutral molecule. In this work we provide
theoretical calculations which provide a rational for why LEEs
can induce strand breaks but aqueous electrons cannot.

Results and Discussion

The atom numbering scheme and the proposed mechanism
of single strand breaks (SSBs) due to attachment of LEE to the
5′-dTMPH molecule is shown in Scheme 1. In the proposed
Scheme 1, two possible pathways of strand breaks are shown:
(i) the LEE attaches to the neutral molecule transiently (resulting
in a temporary anion formation or a “shape resonance”) and
strand breaks occur perhaps though vibrational excitation in this
resonance (time scale<10-13 s) and (ii) the transiently bound
LEE to the neutral molecule is stabilized to form the stable base
centered radical anion and undergoes bond dissociation process
(time scale>10-13 s) as proposed by Simons et al.13 and
Leszczynski and co-workers.16,17 In Table 1, we presented the
adiabatic (AEA) and vertical (VEA) electron affinities as
computed using B3LYP method and different basis sets. We
note for reasons described below the VEAs are not reliable
indications of the valence VEAs. The energetics of neutral, anion
radical, and transition state (TS) of 5′-dTMPH calculated using
B3LYP method and different basis sets (6-31G*, 6-31++G**
and DZP++) are given in Table 2.

Electron Affinity of 5 ′-dTMPH. Using B3LYP/6-31++G**
method, the gas-phase AEA of 5′-dTMPH is found to be 0.25
eV, which upon zero-point energy (ZPE) correction becomes
0.40 eV (Table 1). These values are in close agreement as
calculated using B3LYP/DZP++ method (0.28 and 0.44 eV
(ZPE-corrected)16,17(see Table 1). The calculated VEA by both
the methods (B3LYP/6-31++G** and B3LYP/DZP++) were
found to be 0.04 and 0.01 eV, respectively. These values are
close to zero, and from previous work19 it is clear that diffuse
functions bring in diffuse states (dipole bound and continuum).

Our value is therefore not a reliable value for the valence state
VEA. We note that the work of Aflatooni et al.28 reports an
experimental (ETS) value of-0.29 eV for the thymine VEA.
The predicted AEA of 5′-dTMPH is also found to be very close
in value to the AEA (0.31 and 0.44 eV (ZPE-corrected)) of 2′-
deoxythymidine (dT) calculated using B3LYP/DZP++ method
by Schaefer and co-workers.20 Thus, B3LYP/6-31++G** and
B3LYP/DZP++ methods predict that 5′-dTMPH has a ener-
getically stable anion radical when relaxed. The AEA and VEA
of 5′-dTMPH calculated using 6-31G* basis set was found to
be -0.35 and-1.06 eV, respectively, which is far lower than
the expected experimental values. However, as stated above,
the corresponding values calculated using 6-31++G** basis
set is found to be 0.25 (valence bound) and 0.04 eV with the
latter value close in energy to the typical dipole bound state22b

and the LUMO shows some diffuse character expected for such
as state. The vertical detachment energy (VDE), which is a
measure of the electron autodetachment from the anion, is
presented in Table 1. The VDE, calculated using B3LYP/6-
31++G** and B3LYP/DZP++ methods, of 5′-dTMPH radical
anion is found to be 0.97 and 0.99 eV, respectively. These values
increase substantially when solvent is included (vide infra).

We note that while smaller basis sets predict less energetically
stable anion radicals, these smaller basis sets can be better
predictors of relative energetics of valence states than those
containing diffuse functions. This problem was treated and
discussed in earlier work.19 Thus, in this work we employed
both large and small basis sets to judge the relative energetics
in potential energy surfaces and find similar results for valence
state portions which adds weight to the predictions made.

Geometries of Neutral, Radical Anion, and Transition
State of 5′-dTMPH. The geometries of 5′-dTMPH in their
neutral, radical anion, and transition state were fully optimized
using B3LYP method and 6-31G* and 6-31++G** basis sets.
The B3LYP/6-31++G** optimized structures of neutral, an-
ionic radical, and TS structure of 5′-dTMPH are presented in

SCHEME 1: Proposed Mechanism of Single Strand Break (SSB) Due to Attachment of LEE with 5′-dTMPH Molecule
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Figure 1. In Figure 1, we also presented some important
geometrical parameters, calculated using B3LYP method and
6-31++G** and DZP++16 basis sets. As mentioned above we
found that both the methods (B3LYP/6-31++G** and B3LYP/
DZP++) give the similar values. A maximum bond length
difference of∼0.05 Å is observed in going from neutral to the
radical anion of 5′-dTMPH, which mainly occurs in the thymine
part of the 5′-dTMPH (see Figure 1). The transition state for
the C5′-O5′ σ bond dissociation is found at 1.78 Å which has
an imaginary frequency 782i cm-1 (Figure 1). Using B3LYP/
DZP++ method,16 the corresponding C5′-O5′ bond distance
(in TS) and frequency were found to be 1.78 Å and 758i cm-1,
respectively. The frequency animation, using JMOL program,34

clearly connects the TS with 5′-dTMPH•- (reactant) and the
C5′-O5′ bond dissociation which gives products thymidine-C5′-
(HH′)-yl and CH3OPO3H-, respectively. Using a cytosine-
sugar-phosphate DNA fragment, Simons et al.9 predicted the
corresponding distance∼1.9 Å.

Nature of MOs and Virtual Orbital Energies (VOEs) of
Neutral 5′-dTMPH. LEEs captured in the lowest unoccupied
molecular orbitals (LUMOs) of the neutral molecule results in
the formation of transient anions in close to the vertical state.
The nature of the wavefunctions associated with the virtual
molecular orbitals are of fundamental importance. For this
reason, we plotted five LUMOs, including the highest occupied
molecular orbital (HOMO) of the neutral 5′-dTMPH, using

TABLE 2: Barrier Heights (kcal/mol) for the C 5′-O5′ σ Bond Dissociation of 5′-dTMPH Radical Anion in Their Adiabatic and
Vertical States Calculated Using Different Methods

TE (au)a barrier height (kcal/mol)

5′-dTMPH 6-31G*b 6-31++G** b DZP++c 6-31G*b 6-31++G** b DZP++c

neutral -1482.15173 -1482.23842
anion -1482.13902 -1482.24765 -1482.45023 0.0 0.0 0.0
TS -1482.11551 -1482.22621 -1482.42817 14.8 (12.4)d 13.5 (11.6)d 13.8 (11.9)d

anion (vert)e -1482.11266 -1482.23996 9.0f 16.9g

neutralh -2484.86301
anionh -2484.90695 28.9

a Total energies (atomic unit (au)) calculated using B3LYP method.b Present calculation.c Ref 16.d Zero-point energy (ZPE) corrected value in
parenthesis.e Anion total energy calculated at the optimized geometry of neutral 5′-dTMPH. f Barrier height estimated at 1.7 Å, C5′-O5′ bond
stretching (see Figure 3).g Barrier height estimated at 1.8 Å, C5′-O5′ bond stretching (see Figure 4).h Optimized local minimum structure of
neutral and anionic radical of 5′-dTMP in the presence of 11 water molecules and Na+ as a counterion (Figure 5). Calculation were done using
B3LYP/6-31G** method.

Figure 1. B3LYP/6-31++G** optimized geometries of neutral, anionic radical, and TS of 5′-dTMPH. B3LYP/DZP++ optimized values (ref 16)
are given in parentheses. All the distances are given in angstroms (Å).

Electron Attachment to 5′-Thymidine Monophosphate J. Phys. Chem. B, Vol. 111, No. 19, 20075467



B3LYP/6-31G* method and shown in Figure 2 with their orbital
energies in eV. B3LYP/6-31G* method predicted two lowest
π* orbitals having energies-0.84 and 0.43 eV, respectively.
The lowest twoσ* orbitals (Figure 2), having energies 0.73
and 1.27 eV, are localized on the phosphate and sugar group of
the 5′-dTMPH (Figure 2), while the lowest thirdσ* orbital (1.78
eV) is localized over the whole phosphate and sugar group. It
has been observed that within the Koopmans’ theorem (KT)
approximation, the vertical attachment energies (VAEs) are

equal to the virtual molecular orbitals energies (VOEs) of the
neutral molecule. Also, it is found that the VOEs calculated at
the Hartree-Fock (HF) level are overestimated than the
measured VAEs by several eV.30,35,36 However, a linear cor-
relation between theπ* measured VAEs and HF/MP2 computed
VOEs has been established with a compact basis sets which do
not include diffuse functions.30a,35Recently, the DFT B3LYP/
6-31G* method has also been found suitable for the determi-
nation of VOEs.35c Using the equation, as used by Modelli,35c

Figure 2. Molecular orbital plots of neural 5’-dTMPH, calculated using the B3LYP/6-31G* method. B3LYP/6-31G* calculated orbital energies
along with scaled values are given in eV. In parantheses, the experimental VOEs of thymine (ref 28) are given in eV.
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we obtained the scaled VOEs of corresponding B3LYP/6-31G*
computed LUMOs of 5′-dTMPH as 0.53(π1*), 1.56(π2*), 1.80-
(σ1*), 2.23(σ2*), and 2.64(σ3*) eV, respectively. The experi-
mental two lowestπ* orbital VAEs of thymine, using electron
transmission spectroscopy (ETS),28 are 0.29 and 1.71 eV,
respectively, in reasonable agreement with our calculatedπ*
VOEs. The linear equation35c was derived forπ* VOEs, but it
works well forσ* VOEs also.27 From scaled VOEs, it is noticed
that the first lowestσ1* orbital VOE 1.80 eV is very close to
the second lowestπ2* orbital VOE which confirms the
possibility of the mixing ofπ* and σ* orbitals. In thymine30a

the lowestσ* orbital was found to be localized on the N1-H
and C6-H bonds while in 5′-dTMPH the lowestσ* orbital was
localized on the phosphate group (see Figure 2).

C5′-O5′ Bond Dissociation in Adiabatic and in Vertical
States of 5′-dTMPH •-. To elucidate the mechanism of single
strand breaks, we scanned the adiabatic and vertical potential
energy surfaces (PESs) by stretching the C5′-O5′ bond from
the equilibrium bond length of neutral and radical anion of 5′-
dTMPH to 2.0 Å in 0.1 Å steps (Figures 3 and 4) using both
the B3LYP/6-31G* and B3LYP/6-31++G** methods. The
vertical and the adiabatic potential energy surfaces (PESs) of
C5′-O5′ bond dissociation are calculated as follows: (i) in the
vertical state, single-point energy was calculated at each chosen
C5′-O5′ bond distance on the vertical PES starting with the
optimized neutral geometry of 5′-dTMPH and (ii) in the

adiabatic state, the geometry of 5′-dTMPH anionic radical was
fully optimized keeping C5′-O5′ bond distance fixed at each
chosen distance on the PES. In Figures 3 and 4, we also present
the singly occupied molecular orbitals (SOMOs) in several steps
of bond elongation to gain insight into the nature of electron
localization during the C5′-O5′ bond dissociation process.

The adiabatic and vertical PESs, calculated using the B3LYP/
6-31G* method, are shown in Figure 3. On the adiabatic PES,
the B3LYP/6-31G* calculated TS occurs at a C5′-O5′ bond
distance of 1.78 Å with an activation barrier 14.8 kcal/mol. The
calculated TS is characterized by an imaginary frequency 729i
cm-1. The zero point energy (ZPE) corrected activation barrier
is 12.4 kcal/mol (Table 2). Beyond the TS the energy falls
rapidly and the process becomes exothermic (Figure 3). Initially
the vertical anion starts at a higher energy, i.e.,16.5 kcal/mol
above the adiabatic state, Figure 3, as it has not undergone
nuclear relaxation. The vertical potential energy surface has a
barrier of 9 kcal/mol at 1.7 Å which is∼6 kcal/mol lower than
the corresponding adiabatic activation barrier. Beyond 1.7 Å
the energy falls as in the adiabatic process. The vertical state
PES clearly suggests that sufficient excitation of the C5′-O5′
bond can result in bond cleavage without nuclear relaxation with
a quite low barrier height which suggests a facile and rapid
process in the transient anion is possible.

In Figure 4, we presented the B3LYP/6-31++G** calculated
PES of adiabatic and vertical dissociation of C5′-O5′ σ bond

Figure 3. B3LYP/6-31G* calculated adiabatic and vertical potential energy surfaces (PES) of C5′-O5′ bond dissociation of 5′-dTMPH radical
anion. Energies and distances are given in kcal/mol and angstroms (Å), respectively. The singly occupied molecular orbital (SOMO) is also shown.

Electron Attachment to 5′-Thymidine Monophosphate J. Phys. Chem. B, Vol. 111, No. 19, 20075469



of 5′-dTMPH•-. For the adiabatic PES, we find the calculated
transition state (TS) has an activation energy of 13.5 kcal/mol
and characterized with an imaginary frequency of 782i cm-1

and C5′-O5′ bond distance 1.78 Å. Inclusion of the ZPE
correction lowers activation barrier to 11.6 kcal/mol (Table 2).
Previous efforts using the B3LYP/DZP++ method16 found
similar values of activation energy and C5′-O5′ bond distance
in the TS (Table 2, and Figures 1, 4). The B3LYP/6-31++G**
calculated vertical state of the 5′-dTMPH radical anion lies only
4.8 kcal/mol above the adiabatically relaxed radical anion,
shown in Figure 4. A comparative analysis of the vertical PES
with adiabatic PES (Figure 4) clearly demonstrates that the PES
in both the states has similar shape and nature from energetic
points of view. In the vertical state, we found that activation
barrier occurred at∼17.0 kcal/mol, which is 3.5 kcal/mol higher
than the adiabatic TS barrier height of 5′-dTMPH radical anion
(see Figure 4 and Table 2) at the same level of calculation. The
C5′-O5′ bond distance corresponding to the vertical activation
barrier lies at∼1.8 Å, which is about the adiabatic TS value of
1.78 Å.

A comparison of the results for the two basis sets shows that
they are similar in shape and energetics (Figures 3 and 4).
Although the 6-31++G** basis set gives nearly the same barrier
for the adiabatic pathway as the 6-31G*, a higher barrier for
the vertical pathway is found for the 6-31++G** basis set.
Usually the larger basis set gives the best energetics for a PES;
however, for systems which have EA near zero, this may not
be the case. For the larger 6-31++G** basis set, the diffuse

functions mix in dipole bound and continuum states for the
vertical PES which artificially lowers the starting position for
the vertical anion radical and do not reflect the virtualπ* state
energy. Thus, we believe the vertical anion PES shape and
barrier is likely best described by the smaller basis set. We note
that at the TS and after (where the electron is captured in the
σ* dissociative valence state) differences in energy between
vertical and adiabatic surfaces for both basis sets are in excellent
agreement. For example, at the TS the difference between
vertical and adiabatic PESs is 8.2 kcal/mol for the 6-31++G**
basis set and about 10 kcal/mol for the 6-31G* basis set and at
2 Å the differences are 20.2 kcal/mol and 22.9 kcal/mol,
respectively.

Solvation Effects on the PES Surface for C5′-O5′ Bond
Dissociation in 5′-dTMPH •-. It is well-known that electron
affinities increase with solvation mainly by the solvent polariza-
tion (Born term). This results in a substantial increase (by several
eV) over corresponding gas-phase EA values.21,37-40 For
example, using the static IPCM model for water (ε ) 78.39),
Gu et al.38 reported that the stability of the anion radical of
5′-dTMPH increased to 2.0 eV AEA and 1.44 eV VEA. While
the IPCM model is adequate for bulk solvent effects, for
hydrogen bonding solvents such as water, it neglects the specific
local interactions and hydrogen-bonding energetics, which are
substantial contributions to solvation energetics and are critical
in determining reaction pathways. This level of sophistication
is usually avoided owing to the complexity increase in the
treatment. In order to gain some understanding of the PES in

Figure 4. B3LYP/6-31++G** calculated adiabatic and vertical potential energy surfaces (PES) of C5′-O5′ bond dissociation of 5′ dTMPH radical
anion. Energies and distances are given in kcal/mol and angstroms (Å), respectively. The singly occupied molecular orbital (SOMO) is also shown.
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an aqueous environment, in this work we have chosen to
consider a model that includes a solvation shell of waters and
a sodium counterion. We note that for a full understanding of
the effect of solvent, molecular dynamics simulation methods
are more appropriate to describe the numerous conformations
that exist albeit a narrow energy range while the conventional
ab initio or DFT methods provide only a single local minimum
configuration. But our work, presented below, shows the overall
barrier to dissociation increases with hydration significantly even
with only five waters of hydration.

Two hydrated structures were considered 5′-dTMP with 5
water molecules and Na+ and 5′-dTMP with 11 water molecules
and a Na+. Surprisingly, both give similar results. We first
consider the larger 11 water system. The initial structure of the
5′-dTMP with 11 water molecules and a Na+ was generated
using GaussView33 as follows: we placed Na atom 2.2 Å away
from each of the two oxygen atoms of the PO4 group of the
5′-dTMP. Also, the Na atom lies almost in the plane of the
O-P-O atoms and the maximum deviation from planarity was
∼6°, respectively. Near both the oxygen atoms of the thymine
moiety single water molecule was placed in the hydrogen-
bonding configuration as observed experimentally by X-ray
cryatallography.41a One water molecule was placed in the
hydrogen-bonding configuration near the O3′-H bond of the
sugar.41a Since sugar and PO4 group are exposed to the
solvent,41b we placed eight water molecules around the PO4

group. Recent X-ray crystallographic analysis of the hydration
of A- and B-DNA at atomic level has been studied by Egli et
al. 41a In their41astudy they found that largest number of waters
in the first hydration shell were found near the PO4 group.
Schneider et al.41c showed that a minimum of six water
molecules are required to solvate the charged oxygens of the
PO4 group. An early theoretical study41d predicted that six water
molecules would constitute the first hydration shell of a PO4

group has been confirmed by experiment,41emolecular dynamics
symulation41c,f and solution NMR.41g To ensure the intercon-

vertability between the anion and the neutral systems, the
optimized neutral system was obtained by considering the
corresponding optimized radical anion structure as the initial
structure for the neutral state. We also optimized the geometries
of 5′-dTMP considering Na+ as a counterion in gas-phase
(without water molecules) in the neutral and anionic states using
the B3LYP/6-31++G** method. However, for this case,
addition of an electron produced a neutral Na instead of the
base anion radical, and this was not considered further (see
supplement Figures S1 and S2). The optimized geometries of
neutral and anion radical with 11 water molecules are presented
in Figure 5. In the neutral state of 5′-dTMPNa+ 11H2O, the
Na atom lies near the oxygen atoms of the PO4 group and the
Na-O bond distances are 2.339 and 3.378 Å, respectively, and
the corresponding Na-O bond distances in the anionic state
were found to be and 2.314 and 3.363 Å, respectively. From
the optimized structures of 5′-dTMPNa+ 11H2O in neutral and
anion radical, we also found that three water molecules are
hydrogen bonded with distances in the range 1.64-1.9 Å to
one of the oxygen atoms of the PO4 group. This forms a cone
of hydration (see Figure 5) as observed experimentally,41c,e in
molecular dynamics simulation study41c,f and studied recently
using the B3LYP/6-31G(d) method.41h It is found by X-ray
crystallography41a that the distance between Na+ and oxygen
atom is around 2.4 Å which is nicely predicted by the theory.
In anionic state of 5′-dTMPNa+ 11H2O, we see from Figure
5 that though Na atom lies near the oxygen atom of PO4 but it
shifts toward the thymine moiety. It is apparent that in anionic
state of 5′-dTMPNa+ 11H2O, the Na+ is attracted both by the
negatively charged oxygens of PO4 group and the anionic
thymine base.

Our results show that solvent has a pronounced effect on the
stability of the radical anion in comparison to the corresponding
neutral molecule and the calculated AEA of 5′-dTMP was found
to be 1.20 eV. Further, to consider the effect of the full solvent
on the stability of the 5′-dTMPNa + 11 H2O, we performed

Figure 5. B3LYP/6-31G** optimized geometries of neutral and anionic radical of 5′-dTMP with Na+ as a counterion in the presence of 11 water
molecules.
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single-point calculation using polarized continuum model (PCM)
as solvent withε ) 78.39. We found that the AEA of
5′-dTMPNa radical anion in the bulk solvent increases ap-
preciably and attains the value of 2.17 eV (see Table 1). This
value is in close agreement with those reported by Gu et al.38

We also computed the adiabatic PES of C5′-O5′ bond dissocia-
tion and estimated the barrier of∼30.0 kcal/mol at a distance
of 2.0 Å (see Figure 6) using B3LYP/6-31G** level of theory.
The computed barrier height and the dissociation distance (∼2
Å) are appreciably larger than the corresponding gas-phase
values (Table 2 and Figures 3, 4). In each step of C5′-O5′ bond
dissociation, we also plotted the SOMO to see the nature of
excess electron localization during bond rupture process. In the
optimized local minimum conformation of solvated 5′-dTMPNa
radical anion, we see the SOMO is localized on the thymine
shown in Figure 6 and is still localized on the thymine up to
and including the top of the barrier at 2 Å (Figure 6). However,
we note that for the gas-phase calculation for 5′-dTMPH the
electron is fully transferred into the C5′-O5′ bond at the TS
(see Figures 3, 4). For the solvated system, the transfer of the
excess electron from thymine to the C5′-O5′ bond region only
takes place beyond 2 Å and water molecules then shift toward
the PO4 moiety to solvate it. It is likely the substantial solvent
reorganization associated with the electron transfer from thymine
to the C5′-O5′ bond provides the majority of the large increase
in activation barrier.

To check that a similar effect, as described above for 5′-
dTMPNa+ 11 H2O radical anion, can be reproduced with fewer

water molecules around the PO4 group, we optimized the
structures of 5′-dTMPNa in the presence of only five water
molecules in the neutral and in the anionic radical states using
the B3LYP/6-31G** level of theory. In this case, four water
molecules were placed near the phosphate group while one water
molecule was placed near the oxygen atom of the thymine base.
In this case also we found the similar result as predicted with
the larger solvated system (11 water molecules, Figure 6). In
the adiabatic state, the barrier for C5′-O5′ bond dissociation of
5′-dTMPNa + 5 H2O radical anion occurs at 1.9 Å having
barrier height 26.0 kcal/mol. Also, the excess electron transfers
from the thymine base to the C5′-O5′ bond region beyond 1.9
Å. The PES of C5′-O5′ bond dissociation of 5′-dTMPNa+ 5
H2O radical anion along with the SOMOs are presented in
Figures S5 and S6 in the Supporting Information.

The calculated VDEs of 5′-dTMPNa + 5 H2O and 5′-
dTMPNa+ 11 H2O radical anions were found to be 2.19 and
2.60 eV, respectively. The corresponding VDEs in the presence
of bulk solvent (PCM model) are found to be 3.05 and 3.20
eV, respectively, (see Table 1). In comparison to the gas-phase,
the vertical detachment energies (VDEs) of the 5′-dTMP radical
anion in the solvated environment enhanced appreciably, which
shows that the excess electron in the solvated anion radical is
highly stable toward detachment.

Conclusions

From the previous works of Burrow et al.28,36and Sanche et
al.42 it is clear that LEE attachment can excite specific

Figure 6. B3LYP/6-31G** calculated adiabatic potential energy surface (PES) of C5′-O5′ bond dissociation of 5′-dTMP radical anion in the
presence of 11 water molecules and Na+ as a counterion. Energies and distances are given in kcal/mol and angstroms (Å), respectively. The singly
occupied molecular orbital (SOMO) is also shown.
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vibrational modes even in the condensed state.42 Thus it is
expected that LEEs may excite vibrational modes which lead
directly the bond elongation and bond cleavage which for some
pathways would have low barriers as found in this work. An
earlier proposed mechanism9-14,16,17of SSB, proceeding fully
on the adiabatic surface, is unlikely to occur in an aqueous
environment.9-14,16,17We find the adiabatic barrier in a model
aqueous environment is quite high (ca. 30 kcal/mol) results from
the adiabatic solvation of the thymine base anion radical which
provides a significant barrier to the electron transfer to the
extended C5′-O5′ in the sugar phosphate backbone. This
pathway will therefore not significantly contribute to bond
cleavage. This is in accord with the work of Simons et al.11

who calculated that at the barrier height of 25 kcal/mol the C5′-
O5′ σ bond cleavage rate was 10-5 s-1 even for a 1 eVelectron.11

It is also in accord with experiments that show DNA strand
breakage by solvated electrons is not observed in aqueous
solution.1c, 1d

We note that on a time scale appropriate for transition states
(<10-12 s), specific vibrational motions will dominate.43 A
mechanism in which transient anion formation the C5′-O5′ bond
is vibrationally excited and induces the bond dissociation process
appears quite probable. In this model, it is difficult to account
for how the C5′-O5′ bond is vibrationally excited while the
electron forms the transient ion mainly on the DNA base. The
direct attachment to the phosphate might then seem more likely
to have such an effect and our results shown in Figure 2 indicate
below 2 eV there are states available on the phosphate. Using
theoretical modeling of resonant electron scattering from DNA,
Caron and Sanche44 found the probability of electron localization
at the phosphate group was so high that they concluded “any
transient anion state formed by electron capture at the phosphate
group with a longer lifetime or of the order of the C-O bond
vibrations within DNA is expected to contribute significantly
to SSB”.44 While recent observations by Sanche et al.,44-46

Märk, Illenberger and co-workers7,24 suggest that the sugar
phosphate may be a site for LEE attack there are experiments
that suggest the point of attachment is at the DNA bases as
well.4e Our work provides some insight into the energetics
available in the vertical and adiabatic pathways after electron
addition to the base and future work will be needed to further
elucidate this highly interesting problem.
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