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Abstract
As a result of their inherent planarity, DNA base radicals generated by one electron oxidation/
reduction or bond cleavage form π- or σ-radicals. While most DNA base systems form π-radicals
there are a number of nucleobase analogs such as one-electron oxidized 6-azauraci1, 6-
azacytosine, and 2-thiothymine or one-electron reduced 5-bromouracil that form more reactive σ-
radicals. Elucidating the availability of these states within DNA, base radical electronic structure
is important to the understanding of the reactivity of DNA base radicals in different environments.
In this work, we address this question by the calculation of the relative energies of π- and σ-radical
states in DNA/RNA bases and their analogs. We used density functional theory B3LYP/6-31+
+G** method to optimize the geometries of π- and σ-radicals in Cs symmetry (i.e., planar) in the
gas phase and in solution using the polarized continuum model (PCM). The calculations predict
that σ- and π-radical states in one electron oxidized bases of thymine, T(N3-H)•, and uracil, U(N3-
H)• are very close in energy, i.e., the π-radical is only ca. 4 kcal/mol more stable than the σ-
radical. For the one electron oxidized radicals of cytosine, C•+, C(N4-H)•, adenine, A•+, A(N6-H)•,
and guanine, G•+, G(N2-H)•, G(N1-H)• the π-radicals are ca. 16 to 41 kcal/mol more stable than
their corresponding σ-radicals. Inclusion of solvent (PCM) is found to stabilize the π- over σ-
radical of each of the systems. U(N3-H)• with three discrete water molecules in the gas phase, is
found to form a three-electron σ bond between N3 atom of uracil and O atom of a water molecule
but on inclusion of full solvation and discrete hydration the π-radical remains most stable..
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Introduction
DNA/RNA base radicals produced by ionizing radiation, UV-radiation, OH• and chemical
attack have been identified by electron spin resonance (ESR) and pulse radiolysis
experiments.1–10 The electronic nature of these radicals (σ- or π-type) determine the
mechanisms of the development of further DNA damage. The initial cation or anion radicals
of the DNA bases are usually π-radicals in nature. However, this is not always the case. For
γ-irradiated samples of pyridine and several N-heteroaromatic hydrocarbons σ-cation
radicals were found by Kato and Shida using ESR at 77 K.11,12 Sevilla and Swarts13 found
the σ-radicals of one-electron oxidized 6-azauracil (6-azaU) and 6-azacytosine (6-azaC)
employing ESR spectroscopy at 77 K. One-electron addition to 5-halouracils produces π-
radicals in 5-bromo-uracil and 5-chloro-uracil that form σ-σ*-bonded radicals as the C-X
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(X= Cl, Br) bond lengthens and on bond rupture the reactive uracilyl σ-radical is
formed.14,15 ESR spectroscopic results show that γ-irradiated single crystals of 2-
thiothymine form σ-radicals while 2-thiouracil and 2-thiocytosine were found to produce π-
radicals, suggesting σ- and π-radical states are close in energy for all of these species.16 The
succinimidyl radical with the same C(O)-N-C(O) functional group as found in thymine and
uracil has been recognized to produce near degenerate σ- and π-radicals with distinct
chemical properties. The σ-radical is found to be much more reactive and undergo C-C bond
cleavage while the π-radical does not.17

Though, the σ-radicals for a number of substituted one-electron oxidized pyrimidines were
recognized experimentally,11–17 σ-cation radicals of the one electron oxidized DNA/RNA
bases (guanine (G), adenine (A), thymine (T), cytosine (C) and uracil (U)) have not been
found as yet. The breaking of a bond such as the C-Br bound in 5-bromouracil results in a σ-
radical while the deprotonation of a DNA base π-cation radical from a nitrogen site
produces the same π-radical species as formed by N-H bond fragmentation. An important
question in this context is how close in energy are the σ- and π-radical states and under what
conditions will the π-cation radical, on deprotonation, become a σ-radical. Thus, in this
present work we employ density functional theory to calculate the relative stabilities of σ-
and π-radicals of one-electron oxidized DNA bases and their N-H deprotonated neutral
radicals and show that for pyrimidine DNA bases the σ- and π-radicals are close in energy
and there are conditions for which the σ-radicals become more stable than π-radicals.

Method of Calculations
The present work employs the B3LYP method which has been found to be an excellent and
cost-effective choice for calculation of various properties of DNA bases and base-pairs in
their neutral and radical state.3,15,18–26 The B3LYP functional utilizes Becke’s exchange
functional with the Lee-Yang-Parr nonlocal correlation functional (LYP).27 The basis set
used in the calculation is 6-31++G** and the unrestricted open shell method was employed
in the calculation. The geometries of all the species in their radical cation states or nitrogen
deprotonated state in the gas phase were optimized in the Cs symmetry (planar) and
“guess=alter” keyword was used to obtain optimized σ- and π-radical states, respectively.
The stable states were then fully optimized in C1 symmetry to observe the effect of
structural distortion (nonplanarity) on the σ- and π-nature and energy of these species. To
incorporate the effect of bulk aqueous solvent, we used the self-consistent reaction field and
the integral equation formalism polarized continuum model (IEFPCM) with a dielectric
constant ε = 78.4 as implemented in the Gaussian09 program. The IEFPCM model was
employed to optimize the geometries of few representative cases with outcomes presented in
the result and discussion section. All the calculations were carried out using the Gaussian 09
program28, spin density distribution of molecule was plotted (0.004 electron/bohr3) using
the GaussView program29 and JMOL was used to draw structures.30

From earlier works,22,25, 26 it is well established that use of a small basis set (6-31G*) with
the B3LYP method is most suitable to reproduce the experimental HFCCs. In the present
study we use the 6-31++G** basis set to calculate optimal total energies of π- and σ-radicals
but also find this basis set gives good estimates of HFCCs.

Results and Discussion
The molecular structures of all the molecules used in the present study to explore their π-
and σ-radical formation in the gas phase and in solution are presented in Figure 1. The spin
density distribution and relative stabilities of the π- and σ-radicals in the gas phase and in
solution are presented in Tables 1 – 4 and Figures 2, respectively. The anisotropic hyperfine
couplings (HFCs) calculated using the B3LYP/6-31++G** method, for all the radicals
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presented in Tables 1 – 4, along with the available experimental values are given in Table S1
in the supporting information. In Table S1, we provide only the couplings of atoms with the
largest spin densities. We also note that radical designations such as T(N3-H)•, indicates that
the thymine radical is deprotonated from N3; whereas the designation π(C5) for T(N3-H)•

indicates this radical has a π radical state with high spin density at atom C5. A single radical
such as T(N3-H)•, can have several π- or σ-radical states. The relative stability of π- and σ-
radical states of a radical is of considerable interest to the radical chemistry of these
intermediates.11–17

(i) Succinimidyl•

The succinimidyl radical has been shown to have both π- and σ-radical forms. These two
succinimidyl radical types were first identified by Skell et al.17 in a thermal chain reaction
and shown to have distinct chemical reactivities. The geometry of succinimidyl• is optimized
by the B3LYP/6-31++G** method specifying C2V symmetry. The π-radical state is 2B1
while the two σ-radical states are 2B2 (oxygen(O)-centered) and 2A1 (N-centered),
respectively. The O-centered σ-radical state is found to be the most stable in the gas phase
and in solution using the PCM model. The σ (O)-radical in the gas phase (solution) is only
0.5 (0.33) kcal/mol lower in energy than the π-radical whereas the σ (N)-centered radical is
2.05 (2.24) kcal/mol higher in energy than the π-radical (Table 1). Using the B3LYP method
and different basis sets Gainsforth et al.31 also predicted the O-centered σ-radical to be the
most stable whereas an ab initio calculation including electron correlation predicted the π-
radical to be more stable than the σ (N)-radical by ca. 5 kcal/mol.32

From Table 1, it is evident that the spin density distribution in the p-radical is delocalized on
the N atom and CO groups, while in σ (O)-radical, the spin is localized in the molecular
plane at both the CO groups and N atom and in σ (N)-radical the spin is localized mostly on
the N atom in the molecular plane. The B3LYP method predicts the presence of all three
types of the radicals within ca. 3 kcal/mol. The succinimide radical state would therefore be
very sensitive to environment and factors such as hydrogen bonding at specific sites,
stacking, and solvation would be expected to stabilize different states. In fact the
succinimidyl π-radical is reported in an ESR study of X-irradiated succinimide single
crystals at 26 K where the crystal structure provides stacking and specific hydrogen bonds
that apparently stabilize the π-radical over the σ-states.33

The principle values of the anisotropic hyperfine couplings for the N atom observed
experimentally by ESR10 is 31, ca. 0, ca. 0 G and characterized succinimidyl radical as a π-
radical. The theoretically calculated anisotropic HFCs of the N atom of π-radical are 28.3,
0.1, 0.4 G, respectively, which is in excellent agreement with the experimental values. The
calculated anisotropic HFCs of the N atom in σ (N)-radical is (8.8 G, 40.2 G, 7.4 G) is in
poor agreement with the experiment.

(ii) 2-Thiothymine(N3-H)•

Sulfur substituted nucleic acid bases are known photosensitive probes. For example, 6-
thioguanine has unusual optical properties. It absorbs ultraviolet A (UVA) (340 nm) while
canonical DNA bases absorbs UVB (< 300 nm).34 2-Thiothymine is also used for specific
targeting of selected sites in nucleic acids.35 ESR experiments on γ-irradiated single crystal
of 2-thiothymine find the sulfur centered σ-radical deprotonated from N3 at 77 K.36 It was
also observed that σ-radical formed by one electron oxidation converts to the allylic 7-yl
carbon centered π-radical on warming the crystal to room temperature.36

The structure of one electron oxidized N3-deprotonated 2-thiothymine (2-thioT(N3-H)•) is
shown in Figure 1, and the relative stability of its sulfur-centered π- and σ-radicals along
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with spin density distributions are presented in Table 1. The structure was optimized in the
Cs symmetry by the B3LYP/6-31++G** method. The present calculation predicted π- and
σ-radicals isoenergetic having energy difference ca. 0.4 kcal/mol between them. This energy
difference (0.4 kcal/mol) is very small and shows both the radicals would be present at room
temperature. For the π-radical the spin density is largely localized on the sulfur atom
perpendicular to the molecular plane while in the σ-radical the spin density is localized
mainly on the sulfur atom in the molecular plane, see Table 1.

For 2-thioT(N3-H)•, the 14N couplings for the sulfur-centered σ-radical were reported by
experiment10 and the principal coupling values are 46.6, 55.5 and 45.2 G, respectively. The
calculated total N3 atom couplings for the sulfur-centered σ-radical are 13.4 G, 19.2 G and
13.6 G which are far smaller than the reported experimental values. The theoretically
calculated total 33S couplings for the σ-radical are reported in Table S1 in the supporting
information. In the experiment S couplings were not observed. For π-radical (Tables 1 and
S1 in the supporting information) the theoretically calculated HFCCs for N3 atom are −0.1
G, −0.2 G and 6.0 G. This shows that both the σ and π-radical N3 couplings are far smaller
than the corresponding couplings for the σ-radical.

(iii) Uracil radicals
Uracil can be one electron oxidized by various chemical species such as Cl2•−, HPO4

•−,
H2PO4

• and SO4
•− and ionizing radiation.1,37 The uracil radical cation (U•+) produced by

one electron oxidation is expected to be far more acidic than the parent neutral uracil. For
example, the pKa’s of the thymine radical cation toward deprotonation at N1 and N3 sites
are ca. 3.2 and 3.5, respectively.1 It is likely that U•+ is slightly more acidic than the T•+ and
thus has pKa’s which are slightly lower than those of T•+. When U•+ deprotonates either
from N1 or N3 sites in aqueous solution it becomes a neutral radical (U(N1-H)• or U(N3-
H)•).1,37 The structure of U(N3-H)• is shown in Figure 1 and the spin density distribution of
the π-, σ (O)- and σ (N)-radicals are shown in Table 2. The radical structures are optimized
in the Cs symmetry and π- and σ-radicals have 2A″ and 2A′ symmetry. The present
calculation shows that like succinimidyl radical, U(N3-H)• can also form σ (O)- and σ (N)-
radicals. The π-radical is found to be the more stable than the σ-radicals and the relative
stability in the gas phase in kcal/mol is π(0.0) > σ (O)(3.39) > σ (N)(3.58), respectively.
Under the influence of the aqueous solution the σ (O)- and σ (N)-radicals are further
destabilized so that they are 8.11 kcal/mol and 9.54 kcal/mol less stable than the π-radical,
see Table 2. It is also found by our calculations that in going from the gas phase to solution
the π-spin density which is largely localized on the N3 atom in the gas phase becomes
largely localized on the C5 atom in solution, i.e., thus the π(N3)-radical in the gas phase
becomes a π(C5)-radical in solution. These two π-radicals are in near degenerate states, thus
the environment determines the most stable state. We note that experiments in solution find
the C5 π-radical as predicted in this work.10 The energy difference between the two π-
radicals and the σ-radical of uracil are not large (< 4(10) kcal/mol in gas phase (solution))
and the σ-radical states are clearly thermally accessible.

The spin density distribution of π- and σ-radicals of U•+ (one-electron oxidized uracil) are
shown in Table 2. The spin density in the π-radical is mainly localized on the C5 atom
followed by a smaller spin distributions on N1, O4 and O2 atoms, however, for the σ-
radical, the spin is localized on the O4 and O2 atoms in the molecular plane. The π-radical is
found to be more stabilized than the σ-radical by ca. 11 kcal/mol. On deprotonation of U•+

from N3 site, the σ-radical becomes close in energy to the π-radical as discussed above, see
Table 2.

π cation of uracil deprotonated at N1 was reported by ESR10. The α-proton at C5 gave
principal H5 anisotropic couplings of −8, −24, −15 G (−16 G isotropic coupling). The
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calculated H5 anisotropic HFCs are −6.7, −23 G, −16.5 G (−15.4 G isotropic coupling) of
the uracil cation radical, U•+, which match the experimental values well especially
considering the difference in protonations state, see Table S1 in the supporting information.
The σ (O4)-radical of U•+ shows no appreciable H5 couplings.

(iv) Thymine radicals
Geimer and Beckert generated thymine cation radical (T•+) in solution from photoexcited
anthraquinone-2,6-disulfonate with thymine and its methyl derivatives through electron
transfer reaction and characterized T•+ by Fourier transform EPR (electron paramagnetic
resonance).38,39 The T•+ deprotonates at N1 and when N1 site was blocked by a methyl
group the deprotonation takes place from the N3 site.38,39 The pKa for N1-deprotonation of
T•+ was determined to be 3.240 and the pKa for N3-deprotonation thymidine and 1-
methylthymine cation radicals are 3.6 and 3.8, respectively.41 The N3-centered radical was
also produced by photoionization of thymidine 5′-monophosphate, thymidine, and 1-
substituted thymine in basic 8 M NaC1O4-D2O glasses at 77 K by Sevilla and were
investigated by ESR spectroscopy.42 From these results we expect that the T(N3-H) radical
will be the form produced after ionization and deprotonation in DNA. For T(N3-H)• we find
in this work two π- and two σ-radicals just as obtained for uracil. In the gas phase the π-
radical localized at C5, i.e., π(C5) radical, is found to be nearly equal in energy but slightly
more stable than π-radical at N3 by 0.5 kcal/mol, see Table 2. The π(C5) radical is also
found to be more stable than the σ (N3)-radical by 4.23 kcal/mol. When solvated the π(C5)
radical was ca. 23 kcal/mol more stable than in the gas phase and substantially more stable
by ca. 16 kcal/mol and 15 kcal/mol over the σ (N3)- and σ (O4)-radicals, respectively, see
Figure 2. For uracil π(N3)-radical is found to be the most stable species in the gas phase and
on solvation π(C5)-radical is found to be the most stable species.

In solution, as modeled by PCM for waters high dielectric (ε = 78.4) the charge distribution
within T(N3-H)• rearranges significantly compared to the charge distribution in the gas
phase. This is most easily seen from the calculated dipole moments of T(N3-H)• in the gas
phase and in solution. In the gas phase T(N3-H)• has a dipole moments of 6.67 Debye for
π(N3) radical and 9.85 Debye for slightly more stable π(C5) radical. However, in water (ε =
78.4) the π(C5) radical becomes by far the most stable and its dipole moment increases to
13.62 Debye. Thus, in water the most polar state of the T(N3-H)• is stabilized and it
becomes even more polar with N3 gaining charge density. We note that in agreement,
experiments on T(N3-H)• in nucleosides or in DNA in aqueous systems at low temperatures
only the C5 π-radical is found.10,20

For one-electron oxidized thymine (T•+), the most stable state is the C5 π-radical which is
ca. 20 kcal/mol more stable than the σ (O)-radical. The spin density in the π-radical is
localized on the C5 atom followed by N1, O4 and O2 atoms and in σ (O)-radical, spin is
localized on O4 and O2 atoms as found for U•+, see Table 2.

The experimental N1 and average methyl hydrogen couplings of the π-cation radical of
thymine are obtained by ESR experiments.42 The experimental N1 principal anisotropic
couplings and the average isotropic coupling of the three hydrogens of CH3 for both radical
are in good agreement with the calculated HFCCs of the thymine π-cation radical (see Table
S1 in the supporting information). The calculated N1 HFCCs of σ (O4)-radical are very
small and can not account for the observed couplings.

Our calculated couplings of π(C5)-radical of T(N3-H)• are in good agreement with the
reported experimental values, see Table S1 in the supporting information. The calculated N3
couplings of π(N3)- and σ (N3)-radicals of T(N3-H)• are far too large to explain the
experimental results.
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(v) Cytosine radicals
The one-electron oxidation of cytosine has been shown to occur by reaction with SO4

•−,
Cl2•− or directly by ionizing radiation.1 The one-electron oxidized cytosine radical cation
(C•+) has pKa 4.0 for its deprotonation from N4 (NH2) site.43–45 The pKa of deoxycytidine
itself is > 13, thus C•+ is about 9 orders of magnitude more acidic than neutral cytosine.
Using the Fourier-transform EPR study, Geimer et al.46 characterized the deprotonation of
C•+ from the N1 site and deprotonation of 1-methylcytosine radical cation from the N4 site.
Pulse radiolysis experiment with conductance detection estimated the life time of
deoxycytidine radical cation to be approx. 200 nanoseconds at pH 5.2.44

The structures of C•+ and two of its deprotonated forms (C(N4-H′)• and C(N4-H″)•) are
presented in Figure 1 and Table 2, respectively. The structures of C•+, C(N4-H′)• and C(N4-
H″)• were optimized by the B3LYP/6-31++G** method in the Cs symmetry. For C•+, the
calculation predicted the π-radical to be the more stable than the σ (O)- and σ (N)-radicals.
The relative stabilities of these radicals in kcal/mol are 0.0 (π), 8.93 σ (O) and 15.99 σ (N),
respectively, see Table 2. In the π-radical, spin density is largely localized on the C5 atom.
In the σ (O)- and σ (N)-radicals, spin densities are largely localized on the O and N3 atoms
in the molecular plane.

For C(N4-H′)• (see Table 2), the π-spin density is mainly localized on the N4 atom in the π-
orbital system perpendicular to the molecular plane. Interestingly, for σ (N)-radical of C(N4-
H′)•, the spin density is mainly localized on the N3 atom in the molecular plane. The energy
difference between π-radical and less stable σ-radical was predicted to be ca. 19 kcal/mol,
see Table 2.

In C(N4-H″)•, shown in Table 2, the spin densities in the π- and σ-radicals are both mainly
localized on N4 atom. Thus, in σ-radical the location of spin density distribution is affected
by the site of deprotonation of the NH2 group. The energy difference between π- and σ-
radicals of C(N4-H″)• was predicted to be ca. 22 kcal/mol which is slightly larger than the
energy difference between π- and σ-radicals of C(N4-H′)•, see Table 2.

The calculated HFCCs of C•+ (Table S1) are also close to the experimental couplings
determined for N1-deprotonated cytosine π-cation radical by the ESR.10 The calculated σ
(O2)- and σ (N3)-radicals couplings eliminate them as candidates to explain the
experimental values.

(vi) 6-Azauracil radicals
One-electron oxidized 6-azauracil deprotonated at N1 (6-azaU(N1-H)•) was produced by
Cl2− attack in basic 12 M LiCl glasses and investigated by ESR spectroscopy at low
temperatures by Sevilla and Swarts.13 The 6-azaU(N1-H)• was found to be a σ- radical
whose ESR spectrum shows large couplings (ca. 30 Gauss) to the N1 and N6 atoms of 6-
azauracil.

In this work we find that the structure of 6-azauracil cation radical, 6-azaU•+, (Figure 1)
optimized in the Cs symmetry has the π-radical as most stable by ca. 5 kcal/mol relative to
the σ-radical, see Table 3. The spin density on the π-radical is delocalized over the 6-
azauracil ring largely localizing on C5 atom, while in the σ (N)-radical the spin is on N6 and
O4 atoms, see Table 3.

However, for the N1-deprotonated 6-azauracil radical (6-azaU(N1-H)•) we find that the N1-
deprotonated σ-radical is more stable than its π-radical by ca. 2 kcal/mol (Table 3) as
observed experimentally.13 The nature of the spin density distribution in the π-radicals of 6-
azauracil(N1-H)• and 6-azauracil•+ are almost identical, however, the spin density
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distribution in the σ-radicals of 6-azaU(N1-H)• and 6-azaU•+ are quite different, see Table 3.
In the σ-radical of 6-azaU(N1-H)•, the spin density is mainly localized on N1 and N6 atoms.

The N1 and N6 couplings of σ-radical of 6-azaU(N1-H)• are measured by the ESR
experiment13 and 30.2 G (isotropic) and (26 G, 38.5 G, 26 G) anisotropic couplings were
measured for both N1 and N6 atoms. The calculated N1 and N6 couplings of 6-azaU(N1-H)•

are overestimated by ca. 7 – 16 G, see Table S1 in the supporting information.

(vii) 6-Azathymine radicals
One-electron oxidized 6-azathymine was produced by Cl2− attack in basic 12 M LiCl
glasses and studied by ESR spectroscopy at low temperatures.13 The 6-azathymine radical
was also generated by photoionization in 8 M NaClO4.13 These ESR experiments confirmed
the formation of only the π-radical of 6-azathymine.13 In our study, we consider 6-
azathymine•+ (6-azaT•+) and N1-deprotonated 6-azathymine radical (6-azaT(N1-H)•) and
optimized their structures in the Cs symmetry. For 6-azatT•+, we find the π-radical to be
more stable than its σ-radical by ca. 11 kcal/mol. The spin density in the π-radical is
delocalized largely on C5 atom and the spin density in the σ (N)-radical is localized on N6
and O4 atoms as found for 6-azauracil, see Table 3.

From the calculations, the π- and σ-radicals of 6-azaT(N1-H)• are found to be nearly
isoenergetic, with the π-radical more stable than the σ-radical by ca. 2 kcal/mol. The spin
density distribution in π- and σ-radicals is also similar to those found for 6-azaU(N1-H)•.

The ESR experiment13 predicted 6-azaT(N1-H)• as a π-radical and the measured isotropic
couplings of CH3 is 14.7 G, couplings of N1 atom are 8 – 10 G (isotropic) and (< 3 G, < 3
G, 23 G) anisotropic and unresolved < 4 G couplings for the N6 atom. The calculated
HFCCs are in excellent agreement with those measured experimentally, see Table S1 in the
supporting information.

(viii) 6-Azacytosine radicals
Using ESR spectroscopy at 77 K Sevilla and Swarts characterized the formation of the σ-
radical of one electron oxidized 6-azacytosine.13 In this case, we optimized the structures of
6-azacytosine cation radical, 6-azaC•+ and the N1 deprotonated one electron oxidized 6-
azacytosine radical, 6-azaC(N1-H)• in the Cs symmetry and determined the relative stability
of π- and σ-radicals. From Table 3, it is evident that π-radical of 6-azaC•+ is more stable
than the σ-radical by ca. 4 kcal/mol. To the best of our knowledge 6-azaC•+ has not been
observed experimentally. The spin density in the π-radical is delocalized on the 6-
azacytosine ring, while in the σ-radical spin is localized on the O2 atom in the molecular
plane.

The σ-radical of 6-azaC(N1-H)• is found to more stable than its π-radical by ca. 9 kcal/mol.
The spin density distribution in the π-radical of 6-azaC(N1-H)• is similar to the spin density
distribution in the π-radical of 6-azaC•+. The spin density in the σ-radical of 6-azaC(N1-H)•

is largely localized on the N1 and N6 atoms as found for 6-azauracil and 6-azathymine.
Thus, the present calculations predict the formation of ground state σ-radical of 6-azaC(N1-
H)• as observed by ESR experiments.13

For 6-azacC(N1-H)• the theoretically calculated couplings of N1, N3 and N6 atoms of σ-
radical are in close agreement with those measured experimentally by ESR 13, see Table S1
in the supporting information.
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(ix) Adenine radicals
Adenine cation radical (A•+) is produced by one-electron oxidation of adenine and its 2′-
deoxynucleosides by SO4

•−, photolysis and γ-irradiation and was extensively studied using,
(i) pulse radiolysis and flash photolysis in aqueous solution,1,4,44 (ii) ESR in γ-irradiated
aqueous (D2O) glassy systems at low temperature,47,48 and (iii) X-ray irradiated single
crystals.49–51 A number of theoretical treatments have also been reported.52–54 One electron
oxidized adenine (A•+) becomes very acidic and has pKa in the range ca. 1 – 4.4,44,45,48,53–55

The pKa of neutral adenine is ≥ 14, thus, the acidity of A•+ is increased by 10 – 13 orders of
magnitude over the parent molecule.4,44 Although Steenken reported the pKa of A•+

deprotonated from NH2 group as ≤ 1 from experiment44 other more recent work suggests
pKa values near 4.45,55 The high acidity of A•+ (with a pKa of 4 or less) produces a strong
driving force for deprotonation from it’s NH2 group. This deprotonation is found in X-
irradiated single crystals of adenosine at 10 K.49 Thus, we calculated the π- and σ-radicals of
A•+ as well as the expected A(N6-H)• in the Cs symmetry using the B3LYP/6-31++G**
method. The π-radical of A•+ is ca. 17 kcal/mol more stable than its σ-radical, see Table 4.
From the nature of the spin density distribution, it is evident that in π-radical spin is
delocalized on the adenine ring while in the σ-radical spin is mainly localized on the N1, N3
and N7 atoms in the molecular plane.

The spin density distributions of the π- and σ-radicals of A(N6-H)• are shown in Table 4.
The spin density distribution in the π-radical of A(N6-H)• shows more localization at N6
than found for A•+, see Table 4. The spin density distribution in the σ-radical of A(N6-H)• is
quite different than the corresponding σ-radical of A•+ and spin is largely localized on the
N6 atom, see Table 4. We also found that the π-radical of A(N6-H)• is highly stabilized
relative to its σ-radical by ca. 27 kcal/mol.

(x) Guanine radicals
The one-electron oxidized guanine (G•+) and its nucleosides have been extensively studied
using theory and experiment.2–9,18,21,22,56–58 The pKa of neutral deoxyguanosine is 9.5 and
it can be oxidized by several oxidants, for example, SO4

•−, Cl2•−, Br2
•−, Ti(II),

photoionization and γ-irradiation to produce G•+.1,2,4,5,5658 Candeias and Steenken estimated
two pKas of G•+ (i) 3.9 for its deprotonation from the N1 site in deoxyguanosine and
guanosine, and (ii) 4.7 for its deprotonation from NH2 site in 1-methylguanosine by time-
resolved optical and conductance techniques.56 In single crystal G•+ was found to be present
as neutral radical (G•) at ca. 10 K59,60 and the ESR experiments find G•+ and G(N1 H)• in
aqueous glasses at low temperatures.22 Using ESR and thermal annealing of one-electron
oxidized guanine in dsDNA at 155K, G•+ was found to exist mainly as G(N1-H)•:C(N3+H),
however, upon annealing the sample to 175 K, deprotonation to the solvent occurs and an
equilibrium mixture of G(N1 H)•:C and G(N2 H)•:C is found.57,58 This experimental finding
was also supported by theory.18 Thus, in the present study, we considered the formation of
π- and σ-radicals of G(N1-H)• and G(N2-H)•, respectively. The structures are optimized in
the Cs symmetry in the gas phase and in solution and the nature of their spin density
distribution is presented in Table 4. For G(N1-H)• we found that its π-radical is more stable
than its σ (O)- and σ (N)-radicals by ca. 19 kcal/mol and ca. 27 kcal/mol, respectively, see
Table 4. In the gas phase only σ (O)-radical was obtained by the theory while in solution
only σ (N)-radical was obtained. The spin density distribution in the π-radical is delocalized
on the guanine ring and in σ-radicals, spin densities are localized on the O6 atom in σ (O)-
radical and on N3 and N1 atoms in σ (N)-radical, respectively.

In G(N2-H)•, only π- and σ (N)-radicals were obtained by the calculation in the gas phase
and in solution and π-radical was found to be more stabilized than its σ-radical by ca. 40
kcal/mol in the gas phase as well as in solution. The spin density distribution in the π-radical
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is similar to those obtained for G(N1-H)• and for σ (N)-radical the spin density is mainly
localized on the N2 atom.

The π- and σ-radicals of guanine radical cation (G•+) is shown in Table 4. In σ-radical of G•+

the spin is mainly localized on N7, O6 and N3 atoms in the molecular plane while in the π-
radical, the spin is delocalized on the purine ring, see Table 4. The π-radical is found to be
more highly stabilized than the corresponding σ-radical by ca. 34 kcal/mol.

The π-cation radical of 2′-deoxyguanosine in D2O was studied using ESR at 77 K.22 The
measured isotropic couplings of C8-H is 7 G and the measured anisotropic couplings are
(−3.5 G, −10.5 G, −7.5 G), respectively. The calculated couplings of C8-H are −8.9 G
(isotropic) and (−3.8 G, −13.4 G, −9.5 G) (anisotropic) are in good agreement the
experimental values. The calculated couplings of σ (N7) and σ (O6) atoms of G•+ are far too
large to explain experimental values as calculated for other σ (N)- and σ (O)-radicals.

(xi) Uracil(N3-H)•-3H2O
As a model for gas phase clusters, the stabilization of π- and σ-radicals of N3-deprotonated
uracil radical (U(N3-H)•) is considered in the presence of three water molecules. We
arranged three water molecules near the C(O)-N3-C(O) region of the uracil in the molecular
plane in a hydrogen-bonding fashion in Cs symmetry and optimized the Uracil(N3-
H)•-3H2O structure by the B3LYP/6-31++G** method. The spin density distribution is
shown in Figure 3. From Figure 3, it is evident that the nature of the spin density distribution
in the π- and σ-radicals are similar to those found for the corresponding radicals in the gas
phase for U(N3-H)•, see Table 2. The π-radical of U(N3-H)•-3H2O is more stable than its σ-
radical by ca. 5 kcal/mol as obtained in the gas phase.

Instead of Cs symmetry, we optimized the σ-radical of U(N3-H)•-3H2O in C1 symmetry
which allows the water molecules to become nonplanar with the uracil. Here we found that
the σ-radical in C1 symmetry is more stable than the π-radical in Cs symmetry by ca. 11
kcal/mol. In this particular arrangement, the σ-radical is stabilized by making a three-
electron bond with one of the water molecules. The σ-spin density localized on the N3 atom
of uracil forms the bond to the O atom of a water molecule, see Figure 3. The Uracil(N3-
H)•-3H2O structures were further optimized considering the effect of full solvent through
PCM. With full solvation we find that the σ (N)-radical in the Cs symmetry (planarity
forced) is less stable by ca. 13 kcal/mol than the corresponding π-radical with spin at N3
(Figure 3) while the σ (N)-radical in the C1 symmetry (nonplanar) was less stable by ca. 5
kcal/mol than the π(C5)-radical. Thus our calculations show that on full solvation (PCM) the
π-radical with high spin density at C5 was found instead of the π-radical with high spin at
N3. The stabilization of the σ (N)-radical is confined to gas phase clusters.”

(xii) Fully optimized radicals and mixed states
In the work above the structures of all the one-electron oxidized DNA/RNA bases and their
radicals considered in this study were optimized with the symmetry constraint of Cs
symmetry (planar) to emphasize their σ- and π-radical nature. To assess the affect of
nonplanarity on the energies, we also optimized all the ground state radicals both σ and π
without symmetry constraints (i.e., in C1 symmetry). For all the DNA π-radicals considered
in this study we found the energies in the C1 symmetry did not change significantly (ΔE <
0.6 kcal/mol) from the energies in Cs symmetry and all these structures in the C1 symmetry
maintained their near planar π-radical nature. For the DNA analog structures two cases
showed little change. The energy of the σ-radicals of 6-azaC(N1-H)• in C1 and Cs
symmetries were found to be essentially identical (within 0.004 kcal/mol) with no mixing of
σ and π states. The optimized σ- and π-radicals in C1 and Cs symmetries of 2-
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thiothymine(N3-H)• were also found to be isoenergetic having energy differences of 0.01
kcal/mol and 0.004 kcal/mol, for σ- and π-radicals, respectively. Although the energy
changes were not large, the spin density distribution in non-planar radicals (C1 symmetry) of
6-azaU(N1-H)•, and 6-azaT(N1-H)• shows a clear mixing of π and σ states. The energy of
the mixed state (mainly σ-radical) of 6-azaU(N1-H)• in C1 symmetry was ca. 1.7 kcal/mol
lower than the pure σ-radical in Cs symmetry, whereas the mixed state of the still mainly π-
radical of 6-azaT(N1-H)• in C1 symmetry was ca. 2.2 kcal/mol lower than the pure π-radical
in the Cs symmetry. In general, we find that as the energy between σ- and π-states separated
little or no mixing of states is found.

(xiii) Distinction between σ- and π-radicals by HFCs
From the above discussion and Table S1, it is evident that the B3LYP/6-31++G** calculated
HFCs for both π- and σ-radicals of a molecule when compared to their experimental HFCs
one can often easily distinguish the π- from σ-radicals. For example, a comparison of the
calculated and the experimental HFCs of 6-azaU(N1-H)• and 6-azaT(N1-H)• allow for easy
identification of σ- and π-radicals in each case. The π-radical of 6-azaT(N1-H)• yields
calculated HFCs for the C5 methyl group (15.8G isotropic) and a single N1 HFC of 0.8, 1.0,
22.8G whereas the σ-radical gives two large nitrogen couplines from N1 and N6 and no
significant methyl coupling, see Table S1. ESR experiment13 gives a C5 methyl group
(14.7G isotropic) and a single N1 HFC of <3, <3, 23G which provide very clear evidence
for a π-radical. For 6-azaU(N1-H)• which differs from 6-azaT(N1-H)• by only the 5-methyl
group, experiment shows two large N1, N6 couplings of 26, 39, 26 G each. Theory predicts
for the π-radical of 6-azaU(N1-H)•, a single N1 anisotropic coupling of 0.9, 1.1, and 24.7 G
and C5 proton couplings of −6.1, −20.4, 14.3 G while the σ-radical gives two large N1, N6
couplings of 36, 54 and 38 G (avg) and no significant C5 proton coupling, see Table S1.
Clearly, the comparison of experimental and calculated hyperfine couplings show that 6-
azaU(N1-H)• is a σ-radical and that 6-azaT(N1-H)• is a π-radical. The methyl substitution at
C5 was sufficient to interchange the energies of the two states so that the σ-radical in 6-
azaU(N1-H)• becomes a π-radical in 6-azaT(N1-H)• and this was predicted by theory (Table
3 and Figure 4).

Conclusions
In this work the DNA/RNA radicals were optimized as planar structures (Cs symmetry). In
addition, the σ or π stable states were also fully optimized without symmetry restrictions (in
C1 symmetry). The energies and structures did not change significantly (ΔE < 0.6 kcal/mol)
except for several cases where near degeneracy in the σ and π states lead to mix states which
induced some nonplanarity. In Figure 4 we present a summary of the energies of σ–radicals
relative to their respective π-radicals for all the radicals considered in the present study
under Cs symmetry. The results summarized in the figure clearly show that on going from
pyrimidines to purines the energy difference between their π- and σ-radicals states increases
with the purine σ-radicals being the most unstable. It is especially interesting to note that for
the pyrimidine radicals, U(N3-H)•, T(N3-H)•, and 2-thiothymine(N3-H)•, the σ- and π-
radicals are within 4 kcal/mol of each other. These radicals are similar in nature to
succinimidyl radical whose σ- and π-radicals are within a few kcal/mol and are known to
react to form different molecular products, see Tables 1 and 2. Our work clearly indicates
that environments with low polarity tend to stabilize the σ-radicals vs the π-radicals and thus
can alter reaction mechanisms. Thus for a radicals such as, T(N3-H)•, in a low polarity
stacked base DNA system specific interactions within the local environment may tend to
favor one state over another. The point of interest is that under specific conditions both σ-
and π-states are thermally accessible and are likely to contribute to the chemistry of the
radical intermediates.
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The deprotonation state of the radical is a major factor in the stabilization of the σ-DNA
base radicals. For the cation radicals, U•+, T•+ and G•+ σ-radicals are found which lie ca. 11
kcal/mol, 20 kcal/mol and 34 kcal/mol above their π-radicals. After deprotonation from N3
site, the σ (N)-radical of U(N3-H)• and T(N3-H)• are found to lie only ca. 4 kcal/mol above
their π-radicals. The π-radicals of 6-azauracil•+, 6-azathymine•+ and 6-azacytosine•+ are
predicted to be more stable than their σ-radicals by ca. 5 to 11 kcal/mol; however, on
deprotonation from the N1 site, the σ-radicals of 6-azauracil(N1-H)• and 6-azacytosine(N1-
H)• were found to be more stable than their π-radicals in agreement with ESR
experiments.13 For G•+, σ (N)-radicals resulting from deprotonation at N1 or N2 sites are
still highly unfavorable energetically relative to their respective lowest energy π-radicals,
see Table 4.

As indicated above, PCM results show that a polar solvent tends to stabilize the π state in
these systems. However, paradoxically inclusion of specific waters of hydration are found to
behave differently than inclusion of a continuous dielectric in the PCM model. For example,
we found the σ-radical of U(N3-H)• complexed with three waters of hydration in the gas
phase (Figure 3) in C1 symmetry is lower by 11 kcal than the π-radical. The spin distribution
and structure show the formation of a three-electron σ bond between the N3 atom of uracil
and the O atom of one of the water molecules. When PCM is included the σ-radical becomes
ca. 5 kcal/mol less stable than the π-radical; in this regard, we note that since the dielectric is
low in the stacked DNA system61,62 σ bond formation to water becomes possible. The
extent of this behavior in contributing to the chemistry of the DNA base radicals is not fully
understood and is clearly an area for future work.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of molecules used for the calculation of their π- and σ-radicals.
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Figure 2.
Relative energies of σ- and π-radicals of T(N3-H)• in the gas phase and in aqueous solution
using PCM.
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Figure 3.
Spin density plots of σ- and π-radicals of U(N3-H)• in the presence of three water molecules
in Cs and C1 symmetries. The relative stabilities in the gas phase (solution) are given in kcal/
mol at the bottom of each figure. In C1 symmetry the uracil σ-radical is stabilized by a three-
electron bond with one of the water molecules. All the structures are optimized by the
B3LYP/6-31++G** method.
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Figure 4.
Lowest σ-radical energy relative to the most stable π-radical energy for gas phase
pyrimidine and purine systems considered in the present study (in kcal/mol).
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Table 1

The B3LYP/6-31++G** calculated spin density distribution of π- and σ-radicals of succinimidyl• and 2-
thiothymine(N3-H)•. The relative stabilities of the radicals in the gas phase and (aqueous solution) in kcal/mol
are given at the bottom of each figure. The molecular symmetry is given in parentheses.
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Table 2

The B3LYP/6-31++G** calculated spin density distribution of π- and σ-radicals of uracil, thymine and
cytosine. The relative stabilities of the radicals in the gas phase (aqueous solution) in kcal/mol are given at the
bottom of each figure. The molecular symmetry is given in parentheses.a

a
π(d) designates the delocalized nature of the radical.
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Table 3

The B3LYP/6-31++G** calculated spin density distribution of π- and σ-radicals of 6-azauracil, 6-azathymine,
and 6-azacytosine. The relative stabilities of the radicals in the gas phase in kcal/mol are given at the bottom
of each figure. The molecular symmetry is given in parentheses.a

a
π(d) designates the delocalized nature of the radical.
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Table 4

The B3LYP/6-31++G** calculated spin density distribution of π- and σ-radicals of adenine and guanine. The
relative stabilities of the radicals in the gas phase (solution) in kcal/mol are given at the bottom of each figure.
The molecular symmetry is given in parentheses.b

a
π(d) designates the delocalized nature of the radical.
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