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The anionic species resulting from hydride addition to the Watson-Crick guanine-cytosine (GC) DNA base
pair are investigated theoretically. Proton-transferred structures of GC hydride, in which proton H1 of guanine
or proton H4 of cytosine migrates to the complementary base-pair side, have been studied also. All optimized
geometrical structures are confirmed to be minima via vibrational frequency analyses. The lowest energy
structure places the additional hydride on the C6 position of cytosine coupled with proton transfer, resulting
in the closed-shell anion designated 1T (G-C(C6)). Energetically, the major groove side of the GC pair has
a greater propensity toward hydride/hydrogen addition than does the minor grove side. The pairing (dissociation)
energy and electron-attracting ability of each anionic structure are predicted and compared with those of the
neutral GC and the hydrogenated GC base pairs. Anion 8T (G(O6)C-) is a water-extracting complex and has
the largest dissociation energy. Anion 2 (GC(C4)-) and the corresponding open-shell radical GC(C4) have
the largest vertical electron detachment energy and adiabatic electron affinity, respectively. From the difference
between the dissociation energy and electron-removal ability of the normal GC anion and the most favorable
structure of GC hydride, it is clear that one may dissociate the GC anion and maintain the integrity of the GC
hydride.

Introduction

DNA damage caused by ionizing radiation has been of
continuing interest in recent decades. Generated from simple
ionization processes, electrons are the most abundant secondary
species in the living cell.1–13 Both experimental and theoretical
studies have revealed that even low-energy electrons may attach
to DNA nucleic acid bases (NABs) and induce either sugar-
backbone σ-bond breakage or N1-glycosidic bond rupture (See
Scheme 1 for IUPAC numbering scheme for the Watson-Crick
guanine-cytosine (GC) base pair with backbones).7,15–21 Fur-
thermore, the radiation products of water, such as hydrogen
atoms and hydroxl radicals, can react with charged NABs to
cause base lesions. The stable lesion products, such as 8-oxo-
guanine, resemble adenine instead of cytosine in the formation
of mutagenic sequences.22,23 If not repaired, a bad DNA
sequence may be copied and translated to the next generation
and cause potentially pathogenic cells. On the other hand, as a
therapy to destroy tumor cells by damaging the cancerous DNA
sequence, ionizing radiation can cause the demise of healthy
cells. An always challenging question is whether one could find
a substantial difference between the normal and damaged DNA
sequence to design a medical radiation device to selectively
break bad DNA molecules while keeping good species un-
changed. Consequently, an understanding of differences in the
molecular structures and electron-attracting abilities of both
DNA normal subunits and geometrically altered subunits might
be useful in the future in designing nanoscale medical devices.

To understand the electron-attracting ability of DNA
subunits, the adiabatic electron affinities (AEAs) of these
species should be determined. The valence-bound AEAs of

individual NABs such as uracil (U), thymine (T), and cytosine
(C) have been extrapolated from the AEAs of base-water
clusters measured by photodetachment-photoelectron (PD-
PE) spectroscopy.24 Theoretical investigations have comple-
mented experiments successfully, and experiment-consistent
AEA values of the nucleobases, with the latest ordering U
> T > C ≈ G (guanine) > A (adenine), have been confirmed
by density functional theory (DFT) approaches.25 Although
the experimental determination of AEAs for the biologically
related adenine-thymine (AT) and GC Watson-Crick base
pairs still remains challenging, in 2005, Bowen and co-
workers26 reported the vertical detachment energy (VDE) of
various AT and 9-methyladenine-1-methylthymine base pairs
measured from photoelectron spectroscopy, in agreement with
earlier theoretical predictions.32 The canonical Watson-Crick
base pairs AT and GC have been predicted by theory to have
positive AEA values.27–32 Recently, some disrupted DNA
subunits, such as de-hydrogenated bases33–35 and base
pairs36–38 and hydrogenated cytosine,39–45 guanine,46,47 and
adenine,48–53 have been detected experimentally, and the
values of their AEAs have also been reported theoretically.
The molecular structures of hydrogenated GC pairs have been
reported recently,54 whereas the AEA values have not been
investigated yet. Meanwhile, it is well known that proton
transfer (PT) plays an important role in stabilizing ionic DNA
subunits upon radiation. Several theoretical studies have
revealed that base pair anions are susceptible to PT.55–58 It
is thus important to consider PT structures in the present GC
hydride study.

Here, we selected the hydrogenated Watson-Crick GC base
pairs as models of damaged DNA base pair to explore AEAs
and dissociation energies and to compare with those of the parent
Watson-Crick GC pair.31 The overall effect of electron attach-
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ment to hydrogenated GC is a hydride adding to each of the
heavy atoms associated with seven double bonds of GC (reaction
1).

GC+H-f (GC+H)- (14 isomers) (1)

(GC+H)-f (G+H)-+C or (C+H)-+G (2)

We optimized the molecular structure of each isomer and
predicted the dissociation energy associated with each structure
(reaction 2). Each site-specific AEA has been obtained by
evaluating the energy difference between the hydrogenated GC
and the corresponding GC hydride, where a hydrogen atom has
been attached to a different site of GC. Furthermore, we
investigated significant PT reaction (reaction 3) of each hydride
GC isomer and compared it with the PT process (reaction 4)
for the GC anion. The product of reaction 3 is a complex of
dihydrogenated guanine pairing with dehydrogenated cytosine
anion ((G+2H)(C-H)-) or dehydrogenated guanine pairing
with dihydrogenated cytosine ((G-H)-(C+2H)).

(GC+H)-f (G+ 2H)(C-H)- or (G-H)-(C+ 2H)

(3)

GC-f (G-H)-(C+H) (4)

The geometrical structures of Watson-Crick GC- and
proton-transferred (G-H)-(C+H) are shown in Figure 1.

Transition states for the reactions 3 and 4 have been located.
Two possible PT pathways are found. In one pathway, the
cytosine proton H4a transfers to guanine O6 (see Scheme 1 for
numbering of atoms), where the anionic center resides on the
guanine moiety. In the other pathway, the guanine H1 transfers
to the N3 site of cytosine, where the anionic center is located
on the cytosine moiety. Knowledge of the electronic charac-
teristics of DNA subunits may be useful in building more
biologically relevant models in order to develop future tech-
niques for separating and repairing damaged DNA sequences.

Methods

Complete geometrical optimizations and vibrational frequency
analyses were carried out by using DFT methods, specifically
the B3LYP functional with DZP++ basis sets.59 This combina-
tion has been demonstrated to provide reasonable theoretical
results for DNA subunits.31,32,36,37,54 The B3LYP method is a
hybrid of the HF and DFT methods, incorporating Becke’s three-
parameter exchange functional (B3)60 with the Lee, Yang, and
Parr (LYP) correlation functional.61 The DZP++ basis sets were
constructed by augmenting the 1970 Huzinaga-Dunning con-
tracted double-� basis with one set of five d-type polarization
functions for each C, N, and O atom and a set of p functions
on each H atom. In addition, even tempered s- and p-type diffuse
functions were added to each C, N, and O, and a diffuse s
function was added on each H. The final DZP++ set contains
19 functions per C, N, and O atom (10s6p1d/5s3p1d) and six
functions per H (5s1p/3s1p).62–64 Vibrational zero-point cor-
rected relative energies and natural charges for the base pair
were also determined by using the same approach. Numerical
integrations were performed by using a fine grid of 75 radial
and 302 angular points per shell.65 Natural population atomic
charges were determined by using the same level of theory with

SCHEME 1: GC Base Pair with Backbone

SCHEME 2: Reactions Associated with Hydrogen/
Electron Attachment to the GC Base Pair

Figure 1. Optimized structures of non-proton-transferred GC base pair anions (GC-) and proton-transferred ((G-H)-(C+H)) anions. The unit of
bond distance is the Angstrom.
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the natural bond order (NBO) analysis of Reed and Weinhold.66–69

The GAUSSIAN 94 and 03 systems of DFT programs were
used for the computations.70

Critical energetic properties were determined as follows.
AEA

AEA)E(optimized neutral)-E(optimized anion)

VDE

VDE)E(neutral at optimized anion geometry )-
E(optimized anion)

Dissociation energy (DE)

DE)E[(G+H)-C]--E(G+H)--E(C)

or

DE)E[G- (C+H)]--E(G)-E(C+H)-

Results and Discussion

Hydrogenated and corresponding GC hydride structures have
been selected herein as models to explore site-specific effects
on damaged GC base pairs upon electron attachment. The
formalism used to denote each hydrogenated/hydride GC

structure is as follows. Addition of a hydrogen atom to one of
the seven double bonds of the GC base pair, leading to open-
shell radical structures, is denoted as (GC+H)•. There are a
total of 14 open-shell structures thus generated. The analogous
closed-shell anions were formed by incoming electron attach-
ment to each of the 14 radicals; thus, the anions are denoted as
(GC+H)-. More anionic structures, denoted as (GC+H)-PT,
should be considered because of PT processes triggered by
electron attachment. The overall effect may be regarded as
hydride addition to the GC base pair, as described by Scheme
2. The resulting anionic structures are specified by using G
for the parent guanine and C for the parent cytosine, followed
by the atom in which the hydrogen atom is appended in
parentheses. Thus, G(N3)-C designates the anion generated
by hydride addition to atom N3 of guanine, with the extra
electron located on the G moiety; the corresponding PT
structure of this anion is denoted as G(N3)C-, explicitly
indicating that the negative charge has migrated to the C
moiety in the course of the PT process. Structures 1-14
illustrate each of the hydride GC base pairs, whereas the
designations 1T-13T label the corresponding PT structures.

TABLE 1: Zero-Point Vibrational Energy (ZPVE), Uncorrected and Corrected Relative Energies (kcal/mol) of Hydride GC
Base Pair System

GC base pair hydride (GC+H)-
GC base pair hydride with

proton-transferred (GC+H)-PT

anion
structures

relative
energies

relative energies
(ZPVE corrected)

anion
structures

relative
energies

relative energies
(ZPVE corrected)

1 GC(C6)- 3.7 3.3 1T G-C(C6) 0.0 0.0
2 GC(C4)- 10.7 10.2 2T G-C(C4) 5.3 5.8

collapses to 3T 3T G(C6)C- 18.4 18.7

collapses to 4T 4T G-C(C2) 22.0 22.0

5 G(C2)-C 30.5 29.4 collapses to 5

6 GC(C5)- 36.6 35.2 6T G-C(C5) 37.1 35.7
collapses to 7T 7T G(C4)C- 36.7 35.9

collapses to 8T 8T G(O6)C- 42.3 40.6

9 G(C8)-C 42.7 40.6 9T G(C8)C- 39.7 38.4
10 GC(N3)- 53.3 52.1
11 G(N7)-C 70.3 67.5 11T G(N7)C- 69.9 67.7
12 GC(O2)- 71.8 69.7 12T G-C(O2) 61.2 59.4
13 G(C5)-C 72.3 69.1 13T G(C5)C- 71.4 69.2
14 G(N3)-C 78.9 76.9 collapses to 14

TABLE 2: Dissociation Energies (De), Anion VDE, and AEAs of Radicals for GC and Hydrogenated/Hydride GC speciesa

GC base pair hydride GC base pair hydride with proton transferred

anion structures De (kcal/mol) VDE (eV) AEA (eV) anion structures De (kcal/mol) VDE (eV) AEA (eV)

GC- 39.4 1.20 0.44 (G-H)-(C+H) 31.3 2.03 0.57
1 GC(C6)- 40.1(27.7) 3.07 2.51 1T G-C(C6) 28.9 3.39 3.18
2 GC(C4)- 40.7(20.7) 4.03 3.45 2T G-C(C4) 24.8 3.56 3.19

3T G(O6)C- 38.9(41.1) 3.31 2.85
4T G-C(C2) 21.5(27.2) 3.21 2.95

5 G(C2)-C 13.5(14.8) 2.47 2.04
6 GC(C5)- 36.3(27.9) 1.64 0.99 6T G-C(C5) 10.2 2.24 1.23

7T G(C4)C- 41.2(24.3) 2.85 1.58
8T G(O6)C- 49.1(19.7) 3.89 2.39

9 G(C8)-C 21.9(28.1) 0.90 0.57 9T G(C8)C- 45.2 1.64 0.70
10 GC(N3)- 24.6(22.1) 1.46 0.24
11 G(N7)-C 23.7(25.9) 0.31 -0.16 11T G(N7)C- 46.3 1.22 -0.14
12 GC(O2)- 24.3(8.3) 1.36 0.52 12T G-C(O2) 33.9 2.90 0.98
13 G(C5)-C 12.2(23.8) 0.44 0.15 13T G(C5)C- 12.2 1.52 0.19
14 G(N3)-C 12.0(20.1) 1.21 0.23

a The values inside parentheses are De for the corresponding neutral radicals at the same level of theory (from ref 54).
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1. Energies and Geometries of GC Hydride Species. In
Table 1, relative energies of (GC+H)- and (GC+H)-PT are
presented. The total energies are shown in the Supporting
Information Table A. All structures are local minima on the
potential energy surfaces as demonstrated via vibrational
frequency computations (Figures 2–4). The formal anionic center
has been marked in each structure. All optimized structures of
(GC+H)- and (GC+H)-PT deviate from the planar symmetry
of the neutral GC base pair in the gas phase. Two dihedral angles
τ(C6-N1)G-(N3-C4)C and τ(C6-C2)G-(C2-C4)C were se-
lected as indicators of the effects of anion formation on the
overall base pair geometries (see Supporting Information Table
B).

There does not appear to be any systematic energetic
preference in the addition of hydride to guanine rather than to
the cytosine moiety. Among all isomers, PT structure 1T with
the hydride attached at cytosine C6 position has the lowest total
energy. The non-PT structure 1 is predicted to lie only 3.7 kcal/
mol above 1T. Structure 2T, denoted as G-C(C4), implies a
PT structure from hydride addition to atom C4 of cytosine and
lies 5.3 kcal/mol above the global minimum 1T. Meanwhile,
the non-PT structure 2, denoted as GC(C4)-, has a total energy
5.4 kcal/mol higher than that 2T. In both structures 2 and 2T,
hydride addition leads to a tetrahedral cytosine C4 structure,
which causes significant strain on the base pairing, reflected by
large dihedral angle τ(C6-N1)G-(N3-C4)C (-12.5 and -14.0°
for 2 and 2T, respectively, Table B of the Supporting Informa-
tion). The five structures with lowest free energies (1T, 1, 2T,
2, and 3T) are all formed by hydride addition on the major
groove side of the GC double helix (Scheme 1). In the anionic
structure 5 (G(C2)-C, Figure 3), formation of a tetra-coordinated
C2 atom reveals a loss of hydrogen-bonding ability with
cytosine, consistent with earlier predictions for the G(C2)C
radical.54

Unlike the radical structure G(O6)C,54 the anion 8T
(G(O6)C-) is predicted to have an unprecedented structure
(Figure 3), lying 42.3 kcal/mol higher than the global minimum
1T. In this complex, a water molecule is formed, in which a

hydride carbonyl group of guanine contributes OH and the
amino group of cytosine provides an H atom. The negative
charge in 8T is mainly located at the dehydrogenated cytosine
moiety, as indicated by both the Mulliken charge (-0.74
electrons) and the NBO charge (-0.86 electrons). However,
structural analogues of 8, 12, and 12T (Figure 3) have not been
located as water-extracted complexes. The C2-O2 distances
are 1.451 and 1.453 Å for 12 and 12T, respectively, both
significantly longer than that in the radical GC(O2) (1.371 Å)54

but not sufficient for bond breakage.
Structure 10 (GC(N3)-, Figure 4) lies 53.3 kcal/mol higher

than 1T, with a bifurcated hydrogen bond formed following
hydride addition to N3 atom. There is an unusual hydrogen bond
N2sH2 · · ·C2 in 12T instead of the N2sH2 · · ·O2 in structure
12. This may be because the cytosine C2 atom acquires
substantial negative charge (-0.42 Mulliken electrons) as an
anionic center at 12T. Structure 14 is formed by addition of a
hydride to the minor groove N3 atom of guanine. This structure
has the highest total energy found for the (GC+H)- system,
lying 78.9 kcal/mol above the global minimum 1T. The PT
structure for 14 was not found.

2. PT of GC Hydride Species. Not all (GC+H)- isomers
have both PT and non-PT structures, for example, structures
3T, 4T, 7T, 8T, 10, and 14. However, if both exist, the PT
structure has a lower total energy than the corresponding non-
PT structure, except for 6T. This phenomenon implies that PT
molecular structures may be generally more favorable to
attachment of an electron. There are possible explanations, but
the underlying reason may be nontrivial. One such explanation,
for which we are indebted to a thoughtful reviewer, follows.
Simple Lewis structures (Scheme 3) for 1 and 1T suggest that
the guanine fragment in 1T becomes more aromatic upon PT.
The calculated bond lengths support this interpretation, with
the N1-C6 bond shortening from 1 to 1T and the C6-O6 bond
lengthening from 1 to 1T. The charge analysis described in
Section 3 of our discussion could also be used to address such
an interpretation. Perhaps an even simpler explanation is that

SCHEME 3: Lewis Structures for 1 and 1T, Addressed by One of Reviewers of this Paper

SCHEME 4: Energy Profiles for the PT, Electron Detachment, and Dissociation Reactions of (a) Structure 1 to 1T and
(b) Structure 12 to 12T
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1T allows the negative charge to be more localized on the more
electronegative atom.

To understand the mechanism of the PT process, two
transition states (1TS and 12TS) corresponding to two PT
processes, 1f 1T and 12f 12T, respectively, were optimized.
1TS is probed because 1 and 1T are the isomers with the lowest
total energy. In contrast, 12 and 12T have the largest energy
difference (10.6 kcal/mol) among all PT/non-PT pairs. The
energy profiles are shown in Scheme 4. Dissociation energies
and vertical electron detachment energies are also included for
comparison. The optimized structure of transition states is shown
in Figure 5.

The 1TS vibrational analysis indicates that the imaginary
vibrational frequency (1036i cm-1) is the normal mode corre-
sponding to the guanine N1-H1 stretching; in 12TS, the
analogous frequency is 1003i cm-1. Two low energetic barriers
are predicted, 1.8 kcal/mol for 1f 1T and 1.5 kcal/mol for 12

f 12T. Compared to the higher dissociation energies and VDEs,
these small barriers indicate that fast PT reactions may occur
for 1 and 12. The resulting PT products 1T and 12T are quite
energetically favorable and thus may have long enough lifetimes
to cause further DNA damage reactions before dissociation. For
comparison, the barrier for the analogous PT reaction of the
base pair radical anion GC- is 2.3 kcal/mol at the same level
of theor,71 and 3.5 kcal/mol with the B3LYP/6-31+G(d)
method.56 The PT for the DNA nucleoside pair 2′-deoxygua-
nosine(dG)-2′-deoxycytidine(dC) anion also has been predicted
to have a small barrier, 2.4 kcal/mol.71

3. Dissociation Energies. The dissociation energy discussed
here is the energy required to separate the GC hydride pair into
two monomers (guanine hydride + cytosine or cytosine hydride
+ guanine). For 8T, dissociation leads to three monomers: de-
oxygened guanine + deprotonated cytosine + water molecule.
There are some rules that should be noted from our findings.

Figure 2. Optimized structures of GC hydrides from 1 to 4T. A minus sign (s) shows the formal negative charge position. The unit of bond
distance is the Angstrom.
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Firstly, the more hydrogen bonds formed, the larger the predicted
dissociation energy. For example, the complex structure 8T has
the largest De (49.1 kcal/mol, breaking four hydrogen bonds,
Table 2), whereas 5 and 14 have quite low De values (both have
two hydrogen bonds, with De ) 13.5 and 12.0 kcal/mol,
respectively, Table 2). Secondly, the formation of hydrogen
bonds between two monomers may cause substantial strain for

each of them. Hence, after dimer dissociation, the isolated
monomer likely relaxes to the structure with the lowest free
energy, thus decreasing the dissociation energy. For example,
as the 6T dissociation product (De ) 10.2 kcal/mol), compound
15 is an energetically favored closed-shell structure (Figure 6),
instead of the formal monomer of 6T represented as a diradical
structure of 3,5-dihydrogenated cytosine. Similarly, dissociation

Figure 3. Optimized structures of GC hydrides from 5 to 9T. A minus sign (s) shows the formal negative charge position. The unit of bond
distance is the Angstrom.
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of 13T (De ) 12.2 kcal/mol) yields a closed-shell structure 16
with a covalent bond forming between atoms C4 and C6 of the
guanine moiety with two H atoms appended (Figure 6).

To separate a hydride GC pair, more energy is needed when
the negative charge is primarily located on the cytosine part

rather than on the guanine moiety. The average De for cytosine-
centered anionic pairs is ∼36 kcal/mol, whereas it is ∼20 kcal/
mol for guanine-centered pairs. Because of the higher AEAs of
both cytosine and hydrogenated cytosine compared with those
for the guanine derivatives,31,45,47 this might be simply because

Figure 4. Optimized structures of GC hydrides from 10 to 14T. A minus sign (s) shows the formal negative charge position. The unit of bond
distance is the Angstrom.

H Addition to the Watson-Crick GC Base Pair J. Phys. Chem. A, Vol. 112, No. 27, 2008 6223



cytosine-centered anionic monomers have much lower total
energies than those of guanine-centered monomers. In Table 2,
one observes that the cytosine-centered anion GC- is also
predicted to have a larger De value than that of the corresponding
guanine-centered PT structure (G-H)-(C+H) at the same
theoretical level.

4. VDEs of GC Hydride and AEAs of Hydrogenated GC.
All anionic structures of GC hydride have positive VDE values,
ranging from 0.31 to 4.03 eV (Table 2). Generally, the PT anions
have larger VDEs than the non-PT anions if both structures exist.
Structure 2 has the largest VDE, indicating that the extra electron
is least likely to be removed. The lowest total energy structure
1T also has significant positive VDE (3.39 eV, 78.2 kcal/mol),
which is much larger than the analogous De (28.9 kcal/mol),
suggesting that anion 1T may dissociate prior to ionization.

The predicted AEA values of hydrogenated GC (Table 2)
are in the range from -0.16 to 3.45 eV. It may be interesting
to compare the AEAs of (GC+H)• with those of the hydroge-
nated G (denoted as (G+H)•) and C (denoted as (C+H)•)
monomers.45,47 For hydride GC anions, if both non-PT and PT
structures exist (Table 2), the higher AEA is selected and shown
in Figure 7 with the AEAs of the isolated (G+H)• and (C+H)•.
From Figure 7, the general trend of AEAs for (GC+H)• is
consistent with those of isolated (G+H)• and (C+H)• systems.
An exception occurs for G(O6), because the paired anion
G(O6)C- has a complex structure with low free energy (Figure
3). Isolated (C+H)• radicals have lower AEAs than the
corresponding paired (GC+H)• radicals. The AEAs of isolated
(G+H)• and the corresponding paired (GC+H)• radicals display
no clear pattern.

Conclusions

Hydride addition to the DNA Watson-Crick GC base pair
generates 21 possible anionic structures. Generally, the proton-
transferred structures have lower free energies compared to the
non-PT structures. This can be understood in light of theoretical
results for GC and dGdC. Anion 1T has been predicted to be
the global minimum. Considering the double-helix structure of
the DNA sequence, hydride addition on the major grove side
of the GC pair generates products with lower free energies than
those generated on minor groove addition.

The AEAs of the hydrogenated GC radicals and the VDEs
of the GC hydride anions range from -0.16 to 3.45 eV and
from 0.31 eV to 4.03 eV, respectively. The wide range predicted
in our theoretical studies implies complicated PD-PE spectra
for GC hydride species. Among all species, structure 11 has
the lowest VDE and the corresponding lowest AEA for its
neutral radical.

The answer to the first question posed in the present paper
(Can one find a substantial difference between the normal GC
base pair and the hydrogenated GC under ionization radiation
aimed to separate normal and damaged DNA sequences?) is
positive. For example, the hydrogenated GC isomer with lowest
free energy is structure G(C8)C (from ref 54), which has a very
similar dissociation energy and AEA to the neutral Watson-Crick
GC pair (∆De ) 0.9 kcal/mol and ∆AEA ) 0.13 eV, Table 2).
However, with the electron attachment from ionization radiation,
9T (G(C8)C-) differs substantially in energy from either GC-

or (G-H)-(C+H). For example, an energy of 40 kcal/mol is
adequate to dissociate both GC- and (G-H)-(C+H) (De values
are 39.4 and 31.3 kcal/mol, respectively, Table 2). However,

Figure 5. Optimized structures of transition states 1TS and 12TS. A minus sign (s) shows the formal negative charge position. The unit of bond
distance is the Angstrom.

Figure 6. Dissociation reactions of structure 6T and 13T.
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this amount of energy is not sufficient to separate the base pair
anion G(C8)C- (the latter De value is 45.2 kcal/mol, Table 2);
instead, it is only enough to remove an electron from G(C8)C-

(VDE value is 1.64 eV (37.8 kcal/mol), Table 2); thus, the
G(C8)C- will remain bound.

Acknowledgment. This research was supported by the
National Science Foundation, Grant CHE-0451445 and Grant
CHE-0716718. Z.C. thanks the Research Computing Center
(RCC) at the University of Georgia for providing computation
facilities.

Supporting Information Available: This material is avail-
able free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) von Sonntag, C. The Chemical Basis of Radiation Biology; Taylor
& Francis: New York, 1987.

(2) Becker, D.; Sevilla, M. D. AdVances in Radiation Biology;
Academic Press: New York, 1993.

(3) Colson, A. O.; Sevilla, M. D. Int. J. Radiat. Biol. 1995, 67, 627.
(4) Steenken, S. Chem. ReV. 1989, 89, 503.
(5) Steenken, S.; Telo, J. P.; Novais, H. M.; Candeias, L. P. J. Am.

Chem. Soc. 1992, 114, 4701.
(6) Steenken, S.; Goldbergerova, L. J. Am. Chem. Soc. 1998, 120, 3928.
(7) Boudaiffa, B.; Cloutier, P.; Hunting, D.; Huels, M. A.; Sanche, L.

Science 2000, 287, 1658.
(8) Li, X.; Sevilla, M. D.; Sanche, L. J. Am. Chem. Soc. 2003, 125,

13668.
(9) Caron, L. G.; Sanche, L. Phys. ReV. Lett. 2003, 91, 113201.

(10) Huels, M. A.; Boudaiffa, B.; Cloutier, P.; Hunting, D.; Sanche, L.
J. Am. Chem. Soc. 2003, 125, 4446.

(11) Sanche, L. Eur. Phys. J. D 2005, 35, 367.
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