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ABSTRACT: Cation radicals of DNA nucleosides, 2′-deoxyadenosine, 2′-deoxyguano-
sine, 2′-deoxycytidine, and 2′-deoxythymidine, can exist in standard canonical forms or as
noncanonical isomers in which the charge is introduced by protonation of the nucleobase,
whereas the radical predominantly resides in the deoxyribose moiety. Density functional
theory as well as correlated ab initio calculations with coupled clusters (CCSD(T)) that
were extrapolated to the complete basis set limit showed that noncanonical nucleoside ion
isomers were thermodynamically more stable than their canonical forms in both the gas
phase and as water-solvated ions. This indicated the possibility of exothermic conversion
of canonical to noncanonical forms. The noncanonical isomers were calculated to have
very low adiabatic ion−electron recombination energies (REad) for the lowest-energy isomers 2′-deoxy-(N-3H)adenos-1′-yl (4.74
eV), 2′-deoxy-(N-7H)guanos-1′-yl (4.66 eV), 2′-deoxy-(N-3H)cytid-1′-yl (5.12 eV), and 2′-deoxy-5-methylene-(O-2H)uridine
(5.24 eV). These were substantially lower than the REad value calculated for the canonical 2′-deoxyadenosine, 2′-deoxy guanosine,
2′-deoxy cytidine, and 2′-deoxy thymidine cation radicals, which were 7.82, 7.46, 8.14, and 8.20 eV, respectively, for the lowest-
energy ion conformers of each type. Charge and spin distributions in noncovalent cation-radical dA⊂dT and dG⊂dC nucleoside
pairs and dAT, dCT, dTC, and dGC dinucleotides were analyzed to elucidate the electronic structure of the cation radicals. Born−
Oppenheimer molecular dynamics trajectory calculations of the dinucleotides and nucleoside pairs indicated rapid exothermic
proton transfer from noncanonical T+· to A in both dAT+· and dA⊂dT+·, leading to charge and radical separation. Noncanonical T+·

in dCT+· and dTC+· initiated rapid proton transfer to cytosine, whereas the canonical dCT+· dinucleotide ion retained the cation
radical structure without isomerization. No spontaneous proton transfer was found in dGC+· and dG⊂dC+· containing canonical
neutral and noncanonical ionized deoxycytidine.

■ INTRODUCTION
Ionization of DNA by energetic elementary particles (α, β,
protons, or γ-rays) is ubiquitous because of human exposure to
radionuclides or high-altitude travel.1−3 Direct DNA ionization
creates an electron deficiency (called a “hole”) that can
propagate by electron transfer along the DNA strand or double
helix, resulting eventually in chemical modifications of the
nucleobases or deoxyribose moieties. Charge migration in
oligonucleotide models of DNA has been studied exten-
sively4−6 using indirect ionization mediated by photoexcited
components that were either intercalated in the oligonucleo-
tide7 or covalently tethered to it.8,9 These studies have resulted
in the current model of charge propagation that ranks the
nucleobases by their ionization energies or redox potentials,
concluding that most radical reactions occur at guanine as the
most readily ionized nucleobase. However, studies of photo-
induced ionization of nucleotides containing adenosine and
thymidine have revealed radical reactions at thymine10−14

which did not fit the hole migration model according to which
adenine ionization by electron transfer should be expected.
Ionization of DNA components has been addressed by
numerous computational studies using density functional
theory (DFT)15−21 or wave function methods22 including
electron correlation.23−32 These studies have provided accurate

vertical and adiabatic ionization energies of standard
nucleobases and approximate ionization energies of nucleo-
sides and nucleotides. Structural changes in nucleobase cation
radicals caused by ionization have been discussed for the
standard (canonical) nucleobases.15 Ionization of sugar-based
C1′-C5′ nucleoside radicals has been addressed by DFT
calculations.21 In addition, recent experimental and computa-
tional studies addressed the dynamics of electronic excitation
in nucleobase and nucleotide cation radicals at high levels of
theory.33−37 Recently, isomeric forms of nucleobase cation
radicals have been discovered as stable gas-phase species and
characterized by UV−visible photodissociation action spec-
troscopy.38 The noncanonical isomer of the thymine cation
radical, [4-hydroxy-5-methylene-(1,3H)pyrimid-2-one]+·, was
formed as a major component, along with the canonical
isomer, by electron transfer oxidation of thymine in a copper-
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terpyridine complex.39 The noncanonical isomer and its enol
tautomers have been found by DFT40 and ab initio coupled
cluster CCSD(T) calculations to be thermodynamically more
stable than the canonical thymine isomer.39 Similarly, the
noncanonical isomer of the 1-methylcytosine cation radical, [1-
methylene-2-hydroxy-4-aminopyrimidine]+·, has been found to
form spontaneously by electron transfer oxidation of 1-
methylcytosine in a copper-terpyridine complex in the gas
phase and was characterized spectroscopically.41 Ab initio
calculations at the CCSD(T)/ complete basis set (CBS) level
of theory have indicated that the noncanonical 2-OH
methylenecytosine cation radical and its N3-H-tautomer
were 59 and 56 kJ mol−1 more stable, respectively, than the
canonical form.41 The noncanonical isomer of the 9-
methyladenine cation radical, [9-methylene-(1H)adenine]+·,
has been generated recently in the gas phase and calculated to
be more stable than its canonical isomer.42 The [9-methylene-
(1H)adenine]+· ion has been shown to have a distonic43

electronic structure, whereby the radical and charge sites
resided at different atoms.44 An intriguing feature of the
remarkably stable noncanonical cation radicals was that their
neutral forms were high-energy isomers of the canonical
nucleobases. This implied extremely low adiabatic ion−
electron recombination energies for the noncanonical
nucleobase cation radicals that were in the 5.7−5.9 eV
range.39,41,42 Because of their low recombination energies,
noncanonical nucleobase cation radicals can be envisioned to
trap the electron vacancy in ionized DNA and prevent hole
migration. Calculations of adenosine cation radicals carried out
at the CCSD(T)/CBS level of theory have indicated extremely
low recombination energies of <5 eV for adenosine cation
radical isomers.42 Photoexcitation of ionized 2′-deoxyguano-
sine has been reported to produce distonic 2′-deoxyribose
radicals,45 and proton-transfer isomerizations of 2′-deoxygua-
nosine cation radicals have been studied by experiment46 and
DFT theory,47 and the results have been debated.48,49

These previous results, showing the spontaneous or
photoinduced formation of noncanonical nucleobase cation
radicals and their low energies in the gas phase, warranted a
comprehensive study of cation-radical isomers of the four
DNA nucleosides (Scheme 1) to investigate the role of the
deoxyribose moiety.
The paper is organized as follows. First, we present

optimized structures and relative energies of cation radicals
of 2′-deoxyadenosine (dA+·), 2′-deoxyguanosine (dG+·), 2′-
deoxycytidine (dC+·), and 2′-deoxythymidine (dT+·) to
compare the canonical and noncanonical forms. Next, we
present and discuss the cation-radical recombination energies.
Finally, we describe investigations of the energetics of proton
transfer from noncanonical nucleosides and the dynamics of
ionized nucleobase interactions in noncanonical thymidine and
cytidine dinucleotides, dAT+·, dCT+·, dT+·C, and dGC+·,

respectively, and noncovalent cation-radical nucleoside pairs,
dA⊂dT+· and dG⊂dC+· where the symbol ⊂ denotes that the
nucleosides are noncovalently bound.

■ CALCULATIONS

Born−Oppenheimer molecular dynamics (BOMD) calcula-
tions were performed using the Cuby4 high-level platform,50,51

as described previously.52 In brief, trajectories were run with
PM6-D3H453 for 20 ps at 1 fs steps, starting from several initial
configurations. This included both electron wave functions and
nuclei thermal motion. The temperature was set at 510 K,
employing the Berendsen thermostat to damp fluctuations of
kinetic energy.54 The trajectories consisting of 20,000
snapshots were sampled at regular intervals to extract 200
structures that were gradient-optimized with PM6-D3H4 using
MOPAC.55 The optimized structures were compacted to sort
out duplicates, and 20−30 structures were selected for further
geometry optimizations. These were performed with B3LYP56

and M06-2X57 hybrid DFT methods using the 6−31 + G(d,p)
basis set. B3LYP/6−31 + G(d,p) was used to calculate
harmonic frequencies that were scaled by 0.975 and used to
obtain zero-point vibrational energies, enthalpies, and en-
tropies at 310 K. Entropy corrections due to hindered rotors
were applied.58 The spin-unrestricted formalism was used for
all odd-electron species, such as cation radicals and neutral
radicals. The M06-2X/6−31 + G(d,p)-optimized geometries
were used for single-point energy calculations. These were
carried out with M06-2X/6−311++G(2d,p) for all species.
Additionally, we ran ab initio calculations with Møller−Plesset
theory truncated at the second order and with valence-
electron-only excitations, MP2(frozen core), and the correla-
tion consistent basis sets, aug-cc-pVDZ, aug-cc-pVTZ, and
aug-cc-pVQZ.59 The quadruple ζ calculations required over 6
Tbytes of scratch space. Spin contamination in the Hartree−
Fock and MP2 calculations was handled by a spin annihilation
precedure.60,61 The Hartree−Fock and MP2 energies were
used to extrapolate the electron correlation energy to the CBS,
using the formula Ecorr = a + bX−3 where X is the ζ split in the
aug-cc-pVXZ basis set.62 The a and b values are summarized in
Table S1 (Supporting Information). In addition, coupled
cluster63 single-point energy calculations were carried out with
single, double, and disconnected triple excitations, CCSD-
(T),64 using the aug-cc-pVDZ basis set. The single-point
energies were combined to produce extrapolated CCSD(T)/
CBS energies according to the formula
CCSD(T)/CBS ≈ CCSD(T)/aug-cc-pVDZ −MP2/aug-cc-

pVDZ + HF/aug-cc-pVQZ + Ecorr → ∞. We did not extrapolate
HF energies to the CBS,65 as the combinations of HF/aug-cc-
pVXZ energies showed occasional irregularities. Using UHF/
UMP2 and spin-projected HF/MP2 energies resulted in
<0.0003 Hartree (<0.8 kJ mol−1) differences in the final

Scheme 1. Structures and Atom Numbering in DNA Nucleosides
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CCSD(T)/CBS energies. Atomic charges and spin densities
were calculated by natural population analysis
(NPA)66 of M06-2X/6−311++G(2d,p) wave functions.

Solvation energies were estimated by self-consistent reaction
field calculations using the polarizable continuum model
(PCM)67 and water dielectric constant. Solvated structures
were fully optimized with PCM-M06-2X/6−31 + G(d,p) and
PCM-M06-2X/6−311++G(2d,p). All ab initio and DFT
calculations were carried out using Gaussian 16, Revision
A03.68

■ RESULTS AND DISCUSSION

2′-Deoxyadenosine. Calculations of adenosine cation
radicals have been mentioned previously42 and are expanded
and discussed here for the sake of completeness. The lowest-
energy conformer of the canonical isomer dA1+· showed an
optimized structure that followed that of the neutral nucleoside
(Figure 1, Table S2, Supporting Information). Ionization

resulted in alternating bond length changes, elongating the
C2−N3, C4−C5, C5−C6, N7−C8, and N9−C1′ bonds, while
shortening the N1−C2, C6−N10, C5−N7, C8−N9, and C1′−
O bonds. The changes in the adenine bond lengths were
similar to those reported by Improta et al. for adenine,15 except
for the N1−C2 bond which was elongated according to our
M06-2X optimization, while it was contracted according to the
previous B1LYP geometry optimization.15 Structure dA1+·

showed a nonbonding interaction between H8 and the 5′-O
hydroxyl at 2.11 Å that can be viewed as a weak hydrogen
bond of the acidic H8. Ion dA1+· had >99% of spin density in
the adenine ring, according to natural population analysis of
the M06-2X/6−311++G(2d,p) molecular orbitals. Noncanon-
ical isomers were constructed by moving a hydrogen atom
from C1′ to the basic N1, N3, and N7 positions in adenine,
resulting in tautomers dA2+·, dA3+·, and dA4+·, respectively.
The lowest-energy conformers of each tautomer group of the
noncanonical isomers are shown in Figure 1. The noncanonical

Figure 1. M06-2X/6−31 + G(d,p)-optimized structures of 2′-adenosine cation radicals. Yellow double-headed arrows indicate hydrogen bonds
with distances in Ångstrøms. Purple italics represent NPA atomic spin densities.

Table 1. Relative Energies of 2′-Deoxyadenosine Cation Radical Isomers

relative energyab

ion M06-2X/6−31 + G(d,p) M06-2X/6−311++G(2d,p)c CCSD(T)/aug-cc-pVTZcd CCSD(T)/CBSe

dA1+· 0.0 (0.0)f (0.0)g 0.0 (0.0)g 0.0 0.0
dA2+· −26 (−29)f (−43)g −26 (−42)g −16 −18
dA3+· −44 (−42)f (−38)g −41 (−35)g −39 −40
dA4+· −22 (−26)f (−32)g −23 (−33)g −13 −15
dA5+· −21 (−19)f (−19)g −17 (−16)g

dA6+· −41 (−41)f (−40)g −38 (−37)g −36 −37
dA7+· −31 (−32)f (−33)g −29 (−30)g

dA8+· −30 (−29)f (−33)g −26 (−29)g
aIn kJ mol−1. bIncluding scaled B3LYP/6−31 + G(d,p) zero-point energies and referring to 0 K unless stated otherwise. cSingle-point energies on
M06-2X/6−31 + G(d,p)-optimized geometries. dFrom linear basis set expansion: E[CCSD(T)/aug-cc-pVTZ] ≅ E[CCSD(T)/aug-cc-pVDZ] +
E[MP2/aug-cc-pVTZ] − E[MP2/aug-cc-pVDZ]. eCorrelation energy extrapolated to the CBS. fRelative Gibbs energies at 310 K. gRelative Gibbs
energies at 310 K in water dielectric.
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isomers showed different dihedral angles about the C1′−N9
bond connecting the deoxyribose and adenine rings, which
affected electron interaction between the radical-carrying C1′
and the adenine π-electronic system. Structures dA2+· and
dA4+· had essentially coplanar arrangements of the rings, as
evidenced by small C8−N9−C1′−O dihedral angles, resulting
in spin delocalization to the adenine imidazole atoms (Figure
1). The lowest-energy tautomer dA3+· was stabilized by a

hydrogen bond between N3-H and 5′-O which was
accompanied by a 28 degree twist about the C1′−N9 bond.
This tautomer showed the highest spin density at the
deoxyribose C-1′ and ring oxygen atoms (Figure 1). Placing
the radical on C1′ resulted in a substantial stabilization of the
2′-deoxyadenosine cation radicals that reached −40 kJ mol−1

in dA3+· relative to the canonical isomer dA1+· (Table 1). The
stabilization of the N3-H tautomer dA3+· relative to dA2+· and

Figure 2. M06-2X/6−31 + G(d,p)-optimized structures of 2′-deoxyguanosine cation radicals. Description as in Figure 1.
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dA4+· was analogous to that of protonated 2′-deoxyadenosine
that also preferred an N3-H tautomer.69 We note that the
ranking of the M06-2X relative energies for dA1+·-dA4+· closely
followed that from CCSD(T) calculations with large basis sets,
placing dA3+· as the lowest-energy isomer (Table 1). Solvation
by water was investigated by PCM calculations with full
geometry optimization with M06-2X/6−31 + G(d,p) and
M06-2X/6−311++G(2d,p). The calculated energies (Table 1)
showed stabilization of the noncanonical isomers relative to
dA1+· that was of a similar magnitude to that in the gas phase.
The noncanonical N1-H tautomer dA2+· was the lowest free-
energy solvated cation radical by a small margin among those
studied.
The reason for the greater thermodynamic stability of the

noncanonical 2′-deoxyadenosine cation radicals dA2+·-dA4+·

relative to dA1+· can be traced to the bond dissociation
energies of the differentiating C−H and N−H bonds. For
example, isomerization of dA1+· to dA2+· comprises homolytic
cleavage of the nonpolar C1′−H bond and formation of the
polar N1−H bond. The difference between the pertinent bond
energies, plus relaxation of the other bond lengths and angles,
then determines the enthalpy change. Isomerizations of this
type where a nonpolar C−H bond is replaced by a polar X−H
bond often result in stabilization of cation radicals, as first
reported by Radom and co-workers for distonic ions of
the·CH2XH

+ type, where X = O, N.43 The well-known
stabilization of simple enol cation radicals relative to their
aldehyde and ketone isomers is also well documented.70−73

With dA3+·, the noncanonical structure gains further
stabilization because of the hydrogen bond to O5. The
stabilizing C to N hydrogen transfer can be applied to the
other C−H bonds in 2′-deoxyadenosine cation radicals. This is
illustrated by the C2′, C3′, C4′, and C5′ radicals, dA5+·-dA8+·,
respectively, that are all thermodynamically more stable than
dA1+· (Table 1). The interaction of the C-based radical with n-
type electrons at the adjacent oxygen atom appears to have
only a minor effect, stabilizing the C3′, C4′, and C5′ radicals
relative to the C2′ radical dA5+·. This interaction resulted in a
transfer of 10−12% spin density from the carbon atom to the
adjacent oxygen atom in dA6+·-dA8+· (Figure 1).
2′-Deoxyguanosine. Both the canonical and noncanonical

2′-deoxyguanosine cation radicals can be realized in several
tautomers whose structures were investigated including full
conformational analysis. The lowest-energy conformers of each
tautomer are shown in Figure 2, and their relative energies are

listed in Table 2. Structures dG1+·-dG5+· are guanine isomers
of which the N1-H (dG1+·) and O-H tautomers (dG2+·) were
virtually isoenergetic in the gas phase at all levels of theory
used herein (Table 2). The O-H rotamer dG3+· was slightly
less stable than dG1+· and dG2+·. Solvation by water
significantly favored the N1-H tautomer dG1+· which was 28
kJ mol−1 more stable than solvated dG2+· (Table 2). The N7-
H and N3-H tautomers, dG4+· and dG5+·, respectively, had
notably higher relative energies than dG1+· and dG2+· in both
the gas phase and water dielectric, consistent with previous
DFT calculations.47 Out of the noncanonical isomers, the N1,
N7-H tautomer dG7+· was the global energy minimum in the
gas phase at −13 kJ mol−1 relative to dG1+·. This difference
was diminished to −0.7 kJ mol−1 by solvation in water
dielectric (Table 2). Remarkably, the N1-H, O-H tautomer
dG6+·, which is the noncanonical C1′ radical analogue of
dG3+·, was destabilized by 35 kJ mol−1 relative to dG7+· (Table
2). The noncanonical N1, N3-H tautomer with a C1′ radical
(dG8+·) was less stable than dG1+·. Finally, the C8-
dihydroguanine isomer dG9+· was marginally more stable
than dG1+·.
The relative energies of the canonical and noncanonical

isomers showed different trends. In the canonical series, dG1+·-
dG5+·, the relative energies of the 2′-deoxyguanine cation
radicals followed those of guanine cation radicals where the
lowest-energy cation-radical tautomer74 corresponds to ioniza-
tion of the lowest energy neutral guanine.75,76 In contrast, the
ranking of the noncanonical cation-radical energies, dG6+·-
dG8+·, was consistent with that reported for closed-shell 2′-
deoxyguanosine cations where the N3-H protonated tautomer
was the lowest-energy structure.77 The substantial destabiliza-
tion of the N1-H, O-H tautomer dG6+· relative to the N1-H,
N7-H tautomer dG8+· is similar to that for protonated guanine
tautomers where the N1-H, O-H, N9-H ion has been
calculated by Colominas et al. to be 21 kJ mol−1 less stable
than the N1-H, N7-H, N9-H global energy minimum.78 These
features, along with the prevalent localization of spin density at
C1′ in dG6+·-dG8+·, indicated that the radical interacted only
weakly with the π-electron system of protonated guanine. We
note that a hydrated distonic 2′-deoxyguanosine cation radical
with N7-protonated guanine and a C5′ radical defect has been
calculated to be 54 kJ mol−1 more stable than the hydrated
canonical isomer.47

2′-Deoxycytidine. Several isomers of 2′-deoxycytidine
cation radicals were investigated, including canonical structures

Table 2. Relative Energies of 2′-Deoxyguanosine Cation Radical Isomers

relative energyab

ion M06-2X/6−31 + G(d,p) M06-2X/6−311++G(2d,p)c CCSD(T)/aug-cc-pVTZcd CCSD(T)/CBSe

dG1+· 0.0 (0.0)f (0.0)g 0.0 (0.0)g 0.0 0.0
dG2+· 2.3 (0.7) (29)g 1.0 (28)g 2.3 0.8
dG3+· 7.0 (8.2) (38)g 4.5 (36)g 5.0 3.6
dG4+· 51 (52) (45)g 50 (45)g 46 47
dG5+· 11 (73) (43)g 69 (42)g 62 64
dG6+· 19 (16) (40)g 18 (36)g 25 22
dG7+· −19 (−22) (−2)g −18 (−0.7)g −10 −13
dG8+· 37 (37) (12)g 38 (13)g 38 36
dG9+· −4.5 (−5.4) (−2.2)g −6.8 (−4.8)g −4.2 −4.6

aIn kJ mol−1. bIncluding scaled B3LYP/6−31 + G(d,p) zero-point energies and referring to 0 K unless stated otherwise. cSingle-point energies on
M06-2X/6−31 + G(d,p)-optimized geometries. dFrom linear basis set expansion: E[CCSD(T)/aug-cc-pVTZ] ≅ E[CCSD(T)/aug-cc-pVDZ] +
E[MP2/aug-cc-pVTZ] − E[MP2/aug-cc-pVDZ]. eCorrelation energy extrapolated to the CBS. fValues in parentheses are relative Gibbs energies at
310 K. gRelative Gibbs energies at 310 K in water dielectric.
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in which the electron defect was confined in the nucleobase
(dC1+·-dC6+·), as well as distonic structures with the radical
site at C1′ (dC7+·-dC11+·, Figure 3). Among the canonical
structures, the lowest energy isomer was the 2-oxo, N3-H, 4-
imine cation radical dC5+· that was marginally more stable
than the classical 2-oxo, 4-NH2 cation-radical dC1

+· (Table 3).
This order of thermodynamic stability was similar to that
reported for analogous cytosine cation radicals carrying H or a
methyl group at N-1.24,41 Three of the noncanonical cation
radicals, dC7+·-dC9+·, were found to be substantially more
stable than the canonical forms (Table 3, Figure 3). The
lowest-energy structure dC7+· was an N3-H cytosine tautomer
which showed a near-coplanar arrangement of the deoxyribose

and cytosine rings, as illustrated by the C2−N1−C1′−O
dihedral angle (Figure 3). This coplanarity allowed for a
substantial delocalization of spin density, flowing from C1′
(29%) to the cytosine ring positions C2 (38%), C4 (25%), and
the NH2 group (11%). The other two low-energy isomers,
dC8+· and dC9+·, which were O2-H enol cytosine tautomers,
displayed smaller C2−N1−C1′−O dihedral angles, resulting in
spin density being localized at C1′. The ring twist in the
second lowest-energy structure (dC8+·) was enforced by a
hydrogen bond between the O2 hydroxyl and O5′ at 1.67 Å
(Figure 3). The noncanonical cytosine N3-H, 4-imine
tautomers (dC8+· and dC9+·) were less stable than dC7+·

while still being substantially more stable than dC1+·. It is

Figure 3. M06-2X/6−31 + G(d,p)-optimized structures of 2′-deoxycytidine cation radicals. Description as in Figure 1.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c00894
J. Phys. Chem. A 2022, 126, 2480−2497

2485

https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c00894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 3. Relative Energies of 2′-Deoxycytidine Cation Radical Isomers

relative energyab

ion M06-2X/6−31 + G(d,p) M06-2X/6−311++G(2d,p)c CCSD(T)/aug-cc-pVTZcd CCSD(T)/CBSe

dC1+· 0.0 (0.0)f (0.0)g 0.0 (0.0)g 0.0 0.0
dC2+· 41 (43) 42 40 41
dC3+· 72 (73) 72 67 69
dC4+· 18 (18) 21 23 23
dC5+· −0.3 (−1.0) (6.0)g 1.1(5.7)g −4.4 −3.1
dC6+· 6.3 (7.5) (7.1)g 7.9 (6.6)g 2.3 2.7
dC7+· −95 (−96) (−69)g −94 (−69)g −80 −84
dC8+· −74 (−72) (−45)g −71(−44)g −62 −64
dC9+· −72 (−74) (−45)g −69 (−45)g −57 −60
dC10+· 1.0 (3.6) (31)g 5.1 (30)g 8.6 6.9
dC11+· 12 (15) (9.5)g 15 (8.0)g 18 16

aIn kJ mol−1. bIncluding scaled B3LYP/6−31 + G(d,p) zero-point energies and referring to 0 K unless stated otherwise. cSingle-point energies on
M06-2X/6−31 + G(d,p)-optimized geometries. dFrom linear basis set expansion: E[CCSD(T)/aug-cc-pVTZ] ≅ E[CCSD(T)/aug-cc-pVDZ] +
E[MP2/aug-cc-pVTZ] − E[MP2/aug-cc-pVDZ]. eCorrelation energy extrapolated to the CBS. fValues in parentheses are relative Gibbs energies at
310 K. gRelative Gibbs energies at 310 K in water dielectric.

Figure 4. M06-2X/6−31 + G(d,p)-optimized structurers of 2′-deoxythymidine cation radicals. Description as in Figure 1.
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noteworthy that the stabilization of the C1′ radicals dC7+· and
dC8+· relative to the canonical isomer dC1+· was greater than
that reported for 1-methylcytosine cation radical isomers.41

This may indicate stabilizing interactions of the C1′ radical
with the flanking C2′ methylene and oxygen molecular orbitals
in the deoxyribose ring.
2′-Deoxythymidine. The presence of the 5-methyl group

in thymine gives rise to several noncanonical structures for 2′-
deoxythymidine cation radicals in which either a 5-methyl
hydrogen, H1′, or both were moved to the ring heteroatoms
(Figure 4). Among isomers with the 5-methylene group
(dT2+·-dT5+·), the lowest energy was found for the O2-H enol
(dT3+·) at −13 kJ mol−1 relative to the canonical cation radical
dT1+· (Table 4). The O2 enol group was also stabilizing in the

O2, O4 dienol structure dT4+·, possibly because of hydrogen
bonding to the deoxyribose O5′ (Figure 4). The energy
ranking of the 2′-deoxycytidine cation radical isomers was
similar to that reported for thymine ions.39 Moving the
hydrogen atom from C1′ to O2 was slightly endergonic in the
noncanonical O2-enol isomers as represented by the lowest-
energy conformer dT6+· (Table 4). This ion developed a
strong hydrogen bond between O2-H and O5′ at 1.55 Å,
which forced a thymine ring rotation to adapt a 37° dihedral
angle about the C2−N1−C1′−O bond. The noncoplanar
geometry was consistent with 79% spin density localization at
C1′ and a 12% carryover to the deoxyribose ring oxygen. In
contrast, among the noncanonical O4-enol C1′-radical
tautomers, the lowest-energy conformer dT7+· was the global

Table 4. Relative Energies of 2′-Deoxythymidine Cation Radical Isomers

relative energyab

ion M06-2X/6−31 + G(d,p) M06-2X/6−311++G(2d,p)c CCSD(T)/aug-cc-pVTZcd CCSD(T)/CBSe

dT1+· 0.0 (0.0)f (0.0)g 0.0 0.0 0.0
dT2+· 9.8 (14) (18)g 9.1 8.8 6.6
dT3+· −18 (−11) (−2.6)g −14 −13 −14
dT4+· −12 (−3.7) (19)g −11 −9.0 −11
dT5+· −9.4 (−3.9) (20)g −8.1 −2.8 −5.2
dT6+· 2.3 (6.5) (15)g 5.8 8.1 5.4
dT7+· −18 (−16) (8.1)g −19 −10 −14
dT8+· 28 (30) (42)g 27
dT9+· 248 (251) 248

aIn kJ mol−1. bIncluding scaled B3LYP/6−31 + G(d,p) zero-point energies and referring to 0 K unless stated otherwise. cSingle-point energies on
M06-2X/6−31 + G(d,p)-optimized geometries. dFrom linear basis set expansion: E[CCSD(T)/aug-cc-pVTZ] ≅ E[CCSD(T)/aug-cc-pVDZ] +
E[MP2/aug-cc-pVTZ] − E[MP2/aug-cc-pVDZ]. eCorrelation energy extrapolated to the CBS. fValues in parentheses are relative Gibbs energies at
310 K. gRelative Gibbs energies at 310 K in water dielectric.

Table 5. Adiabatic Recombination Energies of Nucleoside Cation Radical Isomers

recombination energyab

ion M06-2X/6−31 + G(d,p) M06-2X/6−311++G(2d,p)c CCSD(T)/aug-cc-pVTZcd CCSD(T)/CBSe

dA1+· 7.77 (6.28)f 7.76 (6.26)f 7.75 7.82
dA2+· 4.09 (3.16)f 4.12 (3.17)f 4.36 4.42
dA3+· 4.64 (3.46)f 4.65 (3.46)f 4.69 4.74
dA4+· 4.81 (3.23)f 4.88 (3.29)f 5.06 5.10
dG1+· 7.38 7.38 7.39 7.46
dG2+· 7.42 7.41 7.42 7.49
dG3+· 7.49 7.47 7.47 7.54
dG4+· 7.26 7.25 7.22 7.30
dG5+· 7.56 7.56 7.53 7.62
dG6+· 4.28 (4.20)g 4.30 (4.22)g 4.44 4.49
dG7+· 4.45 4.48 4.60 4.66
dG8+· 4.93 4.93 4.96 5.00
dG9+· 5.25 5.27 5.36 5.43
dC1+· 8.10 8.10 8.06 8.14
dC7+· 4.87 4.89 5.06 5.12
dC8+· 4.77 4.79 4.87 4.93
dC9+· 4.79 4.80 4.99 5.06
dT1+· 8.10 8.10 8.12 8.20
dT3+· 5.10 5.15 5.17 5.24
dT5+· 5.15 5.18 5.23 5.30
dT6+· 5.17 5.19 5.26 5.31
dT7+· 4.88 4.90 5.05 5.12

aAbsolute values in eV. bIncluding scaled B3LYP/6−31 + G(d,p) zero-point energies and referring to 0 K. cSingle-point energies on M06-2X/6−
31 + G(d,p)-optimized geometries. dFrom linear basis set expansion: E[CCSD(T)/aug-cc-pVTZ] ≅ E[CCSD(T)/aug-cc-pVDZ] + E[MP2/aug-
cc-pVTZ] − E[MP2/aug-cc-pVDZ]. eCorrelation energy extrapolated to the CBS. fAdiabatic recombination energies in water dielectric. gRelative
to neutral diradical triplet state.
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energy minimum in the gas phase (Table 4). Ion dT7+· had a
coplanar arrangement of the thymine and deoxyribose rings
(Figure 4) that allowed the unpair electron density to be
delocalized among the C1′, C4, and C6 positions. However,
enolization at both O2 and O4 was energetically unfavorable in
the C1′ radical dT8+· in which the O2-H hydrogen bond to
O5′ again forced a thymine ring rotation. Finally, a further
isomerization in dT6+· by moving the 5-methyl hydrogen to
O4 was associated with a steep energy increase (+242 kJ
mol−1, Table 4) in the noncanonical isomer dT9+·.
These results indicated that thymidine cation-radical

stabilization was due to a large part to the expansion of the
π-electronic system by including the exocyclic 5-methylene, as
in dT3+·-dT5+· , or C1′ as in dT7+·. This electronic effect was
more strongly stabilizing than the hydrogen bond between O2-
H and O5′ in dT6+· and dT8+·. It is noteworthy that solvation
with water, as approximated by the polarized dielectric PCM,
was most stabilizing in the canonical isomer dT1+· which
showed the largest solvation energy at −217 kJ mol−1. Among
the noncanonical isomers, only dT3+· had a lower energy than
dT1+· when solvated in water dielectric, whereas the other
noncanonical isomers were relatively disfavored when polar
interactions with the solvent were included. We note that the
PCM does not deal with specific interactions between the ion
and surrounding solvent molecules, and more sophisticated
methods based on a QM:QM approach may be necessary to
obtain deeper insight into the solvent effects.79

Recombination Energies. The direction of spontaneous
electron transfer in ionized DNA depends on the energy levels
of the relevant frontier molecular orbitals in the nucleobases.
These are typically approximated by the recombination
energies of the nucleobase cation radicals which, if taken as
adiabatic absolute values (|REad|), are equal to the nucleobase
adiabatic ionization energies. We calculated the adiabatic
recombination energies of several representative nucleoside
cation radicals for both the canonical and noncanonical forms
of dA+·, dG+·, dC+·, and dT+·. Electron attachment to the
canonical isomers, followed by geometry relaxation, yielded
singlet states, as shown for dA1+· (Scheme S1, Supporting
Information). With the noncanonical isomers, electron attach-
ment can produce singlet (sg) or triplet (tp) states with
tricoordinate C1′ (Schemes S2−S4, SI). Adenine noncanonical
isomers dA2-dA4 were calculated to be more stable as singlet
states, which was shown by their higher |REad| compared to
those forming the neutral triplets.
The |REad| of dA1

+· (7.82 eV, Table 5) was nearly identical
to the adiabatic ionization energy of adenosine reported
previously by Pluharǒva ́ et al. on the basis of their DFT
calculations.19 Solvation by water substantially lowered the |
REad| of dA1+· to 6.26 eV, again in agreement with the
previously reported ionization energy.19 The conspicuous
feature of electron recombination with dA2+·-dA4+· was the
formation of neutral forms dA2-dA4 that were 247−309 kJ
mol−1 less stable than dA1 (Table S3, Supporting Information)
that resulted in lower |REad| for all these ions. Reduction of the
lowest energy N3-H tautomer dA3+· was associated with |REad|
= 4.74 eV which was bracketed by the |REad| values for dA2

+·

and dA4+· at 4.42 and 5.10 eV, respectively (Table 5). The
resulting neutral adenosines were high-energy isomers of the
canonical form dA1, as shown by the calculated relative
energies in Table S3. Neutral dA2(sg) had a planar purine ring
system with a very minor pyramidization of the NH2 group. In
contrast, C1′ in dA2(sg) was pyramidal, as illustrated by the

N9−C1′−C2′−O dihedral angle (Scheme S2, Supporting
Information). Neutral dA2(sg) can be alternatively described
as a singlet diradical or a zwitterion. Based on the geometric
features and the very different structure of the triplet diradical
dA2(tp) (Scheme S2), we prefer to view dA2(sg) as a
zwitterion consisting of the N1-protonated adenine ring and a
C1′-carbanion. This interpretation was corroborated by the
difference between the atomic charges at C1′ in dA2(sg) and
dA2(tp), 0.27 and 0.54, respectively, indicating accumulation
of electron density at C1′ in the singlet state. The singlet form
of the N3-protonated isomer dA3(sg) also retained some
structural features of its cation-radical precursor (dA3+·),
namely, the strong hydrogen bond of N3-H to O5′, and
pyramidal C1′ (Scheme S3). These indicated a zwitterionic
character with an N3-protonated adenine ring and a C1′-
carbanion. Consistent with this interpretation, the C1′ atom in
dA3(sg) gained −0.50 units of atomic charge compared to the
same atom in dA3(tp). The singlet state of reduced dA4+·

(dA4(sg)) had a substantially puckered purine ring and
pyramidal C1′ that resembled the same features of the triplet
state ((dA4(tp), Scheme S4). Based on these characteristics,
we tentatively assigned dA4(sg) to be a diradical with opposite
electron spins in the adenine ring and at C1′.
The |REad| of dA2+·-dA4+· can be compared with the

recombination energies of analogous protonated adenine
tautomers Ad-N1-H+, Ad-N-3H+, and Ad-N7-H+ that upon
reduction formed radicals Ad-N1-H·, Ad-N-3H·, and Ad-N7-
H·, respectively (Scheme S5, Table S4, Supporting Informa-
tion). Radical Ad-N1-H·, in which the unpaired electron is in
the ring π-orbital, had a rotated NH2 group resembling that in
dA2(tp) but dissimilar with the structure of dA2(sg). Likewise,
radical Ad-N3-H· had an out-of-plane N3-H bond similar to
that in dA3(tp), which did not occur in dA3(sg). Radical Ad-
N7-H· acquired a puckered imidazole ring upon reduction,
which was similar to those in dA4(sg) and dA4(tp). The
corresponding |REad| of adenine cations were 0.14−0.16 eV
higher than those of dA2+·-dA4+· (Table S4). This indicated
that there was only a weak interaction between the π orbitals at
C1′ and the purine ring. The dissimilarity of Ad-N1-H· and
Ad-N-3H· structures relative to those of dA2 and dA3 was
consistent with our conclusion that these noncanonical neutral
adenosine molecules can be viewed as zwitterions rather than
diradicals.
Electron recombination with guanosine cation-radical

tautomers dG1+·-dG6+· was associated with |REad| ranging
from 7.30 to 7.62 eV (Table 5). The lowest-energy classical
tautomers dG1+·-dG3+· had |REad| of 7.46−7.54 eV. These are
slightly higher than the adiabatic ionization energy reported by
Pluharǒva ́ et al.19 for dG1 (7.41 eV) whose gas-phase structure
was not conformationally optimized. The noncanonical
isomers dG7+·-dG9+· showed substantially lower recombina-
tion energies, with a low value of 4.66 eV for the global energy
minimum dG7+·. The substantial drop of the recombination
energies for the noncanonical guanosine cation-radical isomers
was chiefly caused by the high relative energies of the neutral
nucleosides (191−308 kJ mol−1 relative to G1, Table S5). For
example, the data in Table S5 (Supporting Information)
showed that the neutral singlet dG7(sg) from neutralization of
the global energy minimum cation radical dG7+· was
destabilized against dG1 by 257 kJ mol−1, which largely
accounted for the 2.8 eV (270 kJ mol−1) difference in the ion
recombination energies. The electron density distribution in
dG7(sg) pointed to a zwitterionic structure. This was
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indicated by the highest occupied molecular orbital (HOMO)
that had a large amplitude at C1′ and its atomic charge (0.18)
compared to that in the triplet state (0.54) showing an electron
flow to C1′ in the singlet state.
Adiabatic recombination energies were calculated for the

canonical 2′-deoxycytidine cation radical dC1+· and its
substantially more stable noncanonical isomers dC7+·-dC9+·

(Table 5). The canonical |REad| = 8.14 eV was slightly higher
than the DFT value for the adiabatic ionization energy
reported previously.19 The noncanonical isomers showed
much lower |REad| that ranked within 4.93−5.12 eV. Electron
recombination with the planar isomer dC7+· produced a singlet
neutral (dC7(sg)) that retained the coplanar arrangement of
the cytosine and ribose rings. This resulted in a delocalization
of the HOMO over C1′ and the cytosine π-electron system
(Scheme S6, Supporting Information). Electron recombination
with the C1′-pyramidized isomer dC8+· formed a neutral
singlet (dC8(sg)) which also retained a pyramidized structure,

giving a HOMO that had a large amplitude at C1′ (Scheme S7,
Supporting Information).
Electron recombination with noncanonical thymidine cation

radicals gave neutral singlet molecules depending on the initial
radical site. With dT3+· having a C5 exocyclic methylene
group, the neutral singlet dT3(sg) that was formed at |REad| =
5.24 eV (Table 5) can be represented as a polarized zwitterion
with a negative charge at the 5-methylene and a positive charge
at C2 (Scheme S8, Supporting Information). For the low-
energy C1′ radical dT7+·, electron recombination resulted in a
singlet structure with coplanar rings, dT7(sg), and |REad| =
4.95 eV. The atomic electron densities again pointed to a
zwitterionic structure with positively charged C1′ and negative
charge at C5 and C6 (Scheme S8). The canonical thymidine
isomer dT1+· had |REad| = 8.20 eV, consistent with the
previously reported DFT ionization energy of neutral
thymidine.19

The |REad| data for the lowest-energy noncanonical isomers
of the nucleoside cation radicals point to a substantially

Scheme 2. Energetics of Proton Transfer from Noncanonical Nucleoside Cation Radicals to Nucleosides Based on CCSD(T)/
CBS Single-Point Energy Calculations
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reduced oxidation potential of these ions for abstracting an
electron from any of the canonical nucleobases. Thus, if any
noncanonical nucleoside cation radical was formed in DNA, it
could not capture an electron from a canonical nucleobase.
The |REad| ranking among the noncanonical nucleoside cation
radicals followed the sequence |REad|(dC7

+·) > |REad|(dT7
+·) >

|REad|(dA3
+·) > |REad|(dG7

+·) which was not unlike an
analogous sequence for the canonical forms, |REad|(dT1

+·) >
|REad|(dC1

+·) > |REad|(dA1
+·) > |REad|(dG1

+·), with the |REad|
for dC7+· and dT7+· reversed.
Cation Radicals of Dinucleotides and Nucleoside

Pairs. Whereas the noncanonical nucleoside cation radicals
have extremely low recombination energies, preventing them
from abstracting an electron from canonical nucleobases, they
may undergo other reactions, such as proton transfer between

nucleosides in the same DNA strand or in Watson−Crick
pairs. We investigated the energetics of proton transfer
between separate noncanonical nucleoside cation radicals and
canonical neutral nucleosides, as well as the proton transfer
dynamics in combinations of ionized dinucleotides dAT+· and
dCT+· and noncovalent dA⊂dT+· Watson−Crick complexes.
Gas-phase energies for the nucleosides were obtained from
single-point CCSD(T)/CBS calculations, and solvation
energies were from geometry optimizations with PCM-M06-
2X/6−311++G(2d,p).
Proton transfer from the lowest-energy adenosine cation

radical dA3+· to neutral adenine (dA1) was calculated to be
mildly exergonic (ΔG310 = −6.5 kJ mol−1) in the gas phase,
forming radical dA3· along with the lowest-energy protonated
adenosine dA1H+ (Scheme 2). Solvation with water had only a

Figure 5. M06-2X/6−31 + G(d,p)-optimized structures of low-energy dAT+· nucleotide cation radicals. Yellow double-headed arrows indicate
hydrogen bonds with distances in Ångstrøms. Purple italics represent NPA atomic spin densities. Relative Gibbs energies are from M06-2X/6−
311++G(2d,p) calculations with B3LYP/6−31 + G(d,p) zero-point energies, enthalpies, and entropies.

Figure 6. M06-2X/6−31 + G(d,p)-optimized structures of low-energy dTdA+· cation radical pairs. Description as in Figure 5.
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small effect on the proton transfer thermochemistry, increasing
the reaction exergonicity to −9.1 kJ mol−1. Proton transfer
from the lowest-energy guanosine cation radical dG7+· to
neutral guanine (dG1) was also mildly exergonic both in the
gas phase (ΔG310 = −1.9 kJ mol−1, Scheme 2) and when
including solvation with water (ΔG310 = −3.5 kJ mol−1).
Proton transfer to cytidine dC1 from the lowest-energy

cytidine cation radical dC7+· was 16.5 kJ mol−1 endergonic in
the gas phase. This was reversed by solvation in water
dielectric making the proton transfer between solvated cytidine
nucleosides 9.6 kJ mol−1 exergonic. Finally, proton transfer to
neutral thymidine dT1 from the lowest-energy noncanonical
cation radical dT3+· was mildly exergonic in the gas phase
(ΔG310 = −6.7 kJ mol−1) to become nearly thermoneutral
(ΔG310 = −0.4 kJ mol−1) for the solvated ions. These Gibbs
energies showed that the presence of the C1′ radical in dA3+·,
dG7+· and dC7+·, as well as the C5-methyl radical in dT3+·, had
only a small effect on the nucleobase basicity.
dAT+· Dinucleotides and Ion Pairs. Geometry opti-

mization of dAT+· dinucleotides consisting of neutral
adenosine and noncanonical thymine cation radicals resulted
in a spontaneous proton transfer from the thymine ion to
adenine, cf. structures dAT2+· and dAT3+· (Figure 5). These
are distonic ions with separated radical and charge sites in
which the unpaired electron is at the thymine C5 methylene
and C6 positions, whereas the charge is on the adenine. In

contrast, a dAT+· dinucleotide consisting of canonical adenine
and thymine nucleosides produced upon geometry optimiza-
tion a canonical adenine-ionized cation radical dAT1+· which
had a 37 kJ mol−1 higher energy than dAT2+·. Similar results
were obtained for geometry optimizations of ionized
adenosine-thymidine pairs (Figure 6).
The low-energy canonical forms of dT⊂dA1+·-dT⊂dA3+·

consisted of an adenosine cation radical and neutral thymine
but did not isomerize by proton transfer. This was regardless of
the initial nucleoside orientation and thermal motion in 100 ps
BOMD trajectories at 350 K. Interestingly, the relative Gibbs
energies of dT⊂dA+· complexes did not favor Watson−Crick
pairs dT⊂dA2+· and dT⊂dA3+· relative to dT⊂dA1+·, which
had a different hydrogen bonding pattern. In contrast to the
canonical nucleosides, dT+⊂dA+· pairs in which the thymine
cation radical had a noncanonical initial structure with a C5-
methylene underwent spontaneous proton transfer to
adenosine, forming the lowest-energy distonic ions dT·⊂dA4+
and dT·⊂dA5+.
We further pursued investigations of proton transfer by

analyzing 20 ps BOMD trajectories starting from several initial
complex structures that were composed of noncanonical dT+·

and neutral dA. These yielded very similar results regardless of
the initial nucleoside orientation, as illustrated with the
trajectory shown in Figure 7 and the associated scheme that
indicates the atom numbering. The acidic proton (H62) in

Figure 7. Top panel: Plot of selected interatomic distances in the dT+·⊂dA pair in the course of a 20 ps BOMD trajectory. For atom numbering,
see the bottom panel.
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dT+· was initially at O4 (atom O45 in Figure 7) at a long
distance from the basic adenine nitrogens. Thermal motion at
350 K led to a rapid conformation change that brought the
thymine OH close to the adenine N3 (atom N18 in Figure 7)
within 2 ps, resulting in proton transfer. The thymine oxygen
(O45) remained hydrogen bonded to adenine H62−N18, but
this interaction was periodically disrupted by thermal motion,
as evidenced by the oscillating O45−H62 distance (Figure 7).
Interestingly, we did not observe thymine proton transfer to
adenine N1 (atom N16 in Figure 7) or N7 (atom N12 in
Figure 7) which are the less basic sites in adenosine. However,
transfer to those adenine positions may occur if many more
(>100) trajectories were run.
The energetics of thymine-containing dinucleotide cation

radicals and complexes indicated thermodynamically favorable
and very fast isomerizations involving a hydroxyl hydrogen
migration from the noncanonical thymine cation radical. The
resulting thymine C5-methylene radicals, for example,
dT·⊂dA4+ and dT·⊂dA5+, were analogous to the intermedi-
ates of methyl hydrogen abstraction from ionized canonical
thymine, as studied in solution by Schuster and co-work-
ers.10−14 The formation of thymine radicals has been attributed
to fast proton transfer to water. The present data indicate an
alternative mechanism for the thymine-centered radical
formation, involving noncanonical cation radical isomers as
highly reactive intermediates. Thus, noncanonical nucleotide
cation radicals can be viewed as a hitherto unrecognized dark
matter of DNA ionization that can explain some aspects of
reactions following the cation-radical formation.

dCT+· and dTC+· Dinucleotides. To further examine if
the adenine-thymine interaction was unique, we analyzed 20 ps
trajectories of dCT+· dinucleotides containing an initial
noncanonical thymine cation radical. The initial structure
shown in Figure 8 had the thymine OH (atom numbers O55
and H62 in Figure 8) at >4 Å from the cytosine O2 (atom
number O23 in Figure 8). Upon thermal motion at 350 K, the
dinucleotide conformation underwent a rapid collapse, bring-
ing H62 to O23 at ca. 0.8 ps, while maintaining a strong O55−
H62−O23 hydrogen bond for additional 6 ps. This hydrogen
bond was disrupted at 7 ps by a temporary formation of new
hydrogen bonds between O55 and the 5′ hydroxyl (H1) and
the thymine O2 and phosphoester OH (atom numbers O53
and H61, respectively). These hydrogen bonds showed
periodic disruption and reformation in the course of the 20
ps trajectory. Overall, proton transfer from the noncanonical
thymine ion to cytosine was highly exergonic. This is shown by
the Gibbs energies of canonical dCT1+· and dCT2+· ions that
were ionized in cytosine, according to the canonical nucleobase
recombination energies, relative to dCT3+· and dCT4+· that
underwent a thymine-to-cytosine proton transfer (Figure 8).
Very similar results were obtained by running and analyzing

BOMD trajectories for dTC+· dinucleotides. The representa-
tive Figure 9 trajectory showed a rapid transfer of the hydroxyl
proton from the thymine cation radical to O5′ which was
followed by a conformational collapse bringing the cytosine O2
close to the 5′-OH2 group and resulting in proton transfer.
Overall, the isomerization by proton transfer from the
noncanonical cation radical dTC1+· to the cytosine-protonated

Figure 8. Left panel: Plot of selected interatomic distances in the dCT+· dinucleotide cation radical in the course of a 20 ps BOMD trajectory. For
atom numbering, see the bottom panel. Relative Gibbs energies are from M06-2X/6−311++G(2d,p) calculations with B3LYP/6−31 + G(d,p)
zero-point energies, enthalpies, and entropies.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c00894
J. Phys. Chem. A 2022, 126, 2480−2497

2492

https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?fig=fig8&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c00894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 9. Left panel: Plot of selected interatomic distances in the dTC+· dinucleotide cation radical in the course of a 20 ps BOMD trajectory. No
significant changes in interatomic distances were observed after 10 ps. For atom numbering, see the right panel. Relative Gibbs energies are from
M06-2X/6−311++G(2d,p) calculations with B3LYP/6−31 + G(d,p) zero-point energies, enthalpies, and entropies.

Figure 10. M06-2X/6−31 + G(d,p)-optimized structures of low-energy dGC+· dinucleotide cation radicals. Description as in Figure 5.
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thymine radical dTC2+· was 57 kJ mol−1 exergonic, as
established for low-energy fully optimized conformers,
providing the driving force for the reaction (Figure 9).
dGC+· Dinucleotides and Ion Pairs. Interactions between

ionized cytidine and guanosine were investigated in dinucleo-
tides dGC1+·-dGC4+· and nucleoside pairs dG⊂dC1+·-
dG⊂dC5+·. These represent the lowest Gibbs energy structures
from each type of ion. The two low-energy dinucleotide
structures with noncanonical cytidine units, dGC1+· and
dGC2+·, were both protonated at cytosine N-3 and nearly
isoenergetic, but differed in their electronic structure. Ion
dGC1+· had a pyramidal arrangement at C1′ that carried most
of spin density, whereas the guanine ring was neutral. In
contrast, ion dGC2+· had a coplanar arrangement of the
cytosine and 2′-deoxyribose rings, which resulted in spin
density delocalization into the cytosine π-electron system
(Figure 10). These two ions illustrate the stability of the
noncanonical cytidine cation-radical moiety even in a
dinucleotide ion where it is engaged in close-range hydrogen
bonding to guanine. Two low-energy canonical isomers were
obtained (dGC3+· and dGC4+·) that were ionized in
guanosine, as evidenced by the complete retention of spin
density in the guanine ring. Ions dGC3+· and dGC4+· had
similar relative Gibbs energies that were higher than those of
dGC1+· and dGC2+·. Interestingly, there was only a very small
energy preference for the Watson−Crick nucleobase arrange-
ment in dGC3+· compared to the different ring orientation in
the other conformer dGC4+·. The latter ion gained
stabilization by forming additional hydrogen bonds to the 5′
and phosphate hydroxyls. Also noteworthy is the substantial
weakening of the hydrogen bonds between guanine and
cytosine in ion dGC3+· as a result of guanine ionization. The
indicated thermodynamic stability of the noncanonical GC
dinucleotide cation radicals indicated that if formed by
ionization, the GC unit in DNA would not isomerize to
ionized guanine, thus preventing hole migration.
Among the several dG⊂dC+· dinucleoside pairs we

investigated, the Watson−Crick pair dG⊂dC1+· was only
marginally more stable than structures consisting of neutral
guanosine and noncanonical ionized cytidine, dG⊂dC3+·
through dG⊂dC5+· (Figure 11). Ion dG⊂dC1+· was ionized
in guanine, as evidenced by the complete spin density

retention in the guanine ring. Molecular orbital analysis with
M06-2X/6−311++G(2d,p) of dG⊂dC1+· showed delocaliza-
tion of the top occupied alpha orbitals, MO130α and
MO129α, in the guanine and cytosine π-electron systems,
whereas the highest energy occupied β orbital (MO129β) was
on cytidine (Figure S1, Supporting Information). This differed
from the previous report on the ionized Watson−Crick
guanine-cytosine pair by Kumar and Sevilla who assigned the
HOMO to be on cytosine.80 Our analysis showed that the
energy spacing of the frontier alpha and beta orbitals in
dG⊂dC1+· was quite tight (within 0.14 eV) and could be
possibly reversed depending on the ion system and computa-
tional method used. This dependence on the ion geometry is
illustrated by the analysis of frontier orbitals in dG⊂dC2+·,
dGC3+·, and dGC4+·. Ion dG⊂dC2+· showed the HOMO
(MO130α) to be a cytosine π-orbital with the underlying
MO129α being a guanine π-orbital. The energy difference
between MO130α and MO129α was only 0.04 eV (Figure S2,
Supporting Information). Similarly, the canonical dinucleotide
ion structures dGC3+· and dGC4+· showed a different order of
frontier MOs, with the former ion having the guanine π-orbital
(MO 145α) at the highest energy (Figure S3, Supporting
Information). This was reversed in dGC4+· where the cytosine
π-orbital (MO 145α) was 0.05 eV higher than the guanine π-
orbital (MO144α) (Figure S4, Supporting Information). We
note that spin-unrestricted M06-2X calculations have been
found to provide accurate excitation energies for cation radicals
of several canonical and noncanonical nucleobases,38,39,74,81,82

nucleosides,83,84 and nucleotides,85−89 as determined by
comparison with both experimental UV−vis action spectra
and benchmarking on equation-of-motion coupled cluster
calculations.
Ion dG⊂dC1+· displayed three strong hydrogen bonds

linking the nucleobases. The alternative canonical pair
dG⊂dC2+· which had hydrogen bonds between neutral
cytosine and the 2′-deoxyribose hydroxyls was substantially
less stable than dG⊂dC1+·. The noncanonical isomers retained
the cytidine cation-radical structure, with protonation at
cytosine N-3 and a C1′ radical site. In contrast to the
dT⊂dA+· pairs, there was no propensity among the non-
canonical dG⊂dC+· to undergo proton transfer to guanine.
Conversely, BOMD trajectories originating from structures

Figure 11. M06-2X/6−31 + G(d,p)-optimized structures of low-energy dGC+· dinucleotide cation radicals. Description as in Figure 5.
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protonated at guanine N7 showed a very rapid proton transfer
to N3 of the cytosine ring, such as in dG⊂dC3+·. A distonic
arrangement of the radical and charge sites residing in different
nucleobases was found in low-energy structure dG⊂dC5+·
which was at 8 kJ mol−1 relative to dG⊂dC1+· and had a
Watson−Crick hydrogen bonding between the nucleobases
(Figure 11). The stability of dG⊂dC3+· was consistent with
the calculated proton affinities of the dC3 radical (PA = 1008
kJ mol−1) and guanosine (993 kJ mol−1) that indicated that
proton transfer to guanine would be endergonic.
The calculated structures and energetics of the dG⊂dC+·

pairs indicated that the complexes were stable structures
corresponding to local energy minima. This was consistent
with the results of a previous study by O′Hair and co-workers
who reported a stable dG⊂dC+· cation radical complex that
was generated by gas-phase dissociation of a CuII complex.90

As a minor difference from O′Hair and co-workers,90 we
found, via a thorough conformational analysis, a low-energy
non-Watson−Crick canonical isomer dG⊂dC2+·, in addition
to the noncanonical structures dG⊂dC3+·-dG⊂dC5+· (Figure
11).

■ CONCLUSIONS
Ab initio calculations at a high level of theory and in
combination with BOMD analysis of ion conformations reveal
a new class of thermodynamically stable nucleosides, nucleo-
side pairs, and dinucleotide cation radicals. These new
noncanonical cation radicals have separated charge and radical
sites resulting from the migration of a deoxyribose hydrogen
atom from C1′ to a basic position in the nucleobase. DNA
components of this type have rarely been considered in the
current models of DNA radiation damage nor have they been
sought in experimental and computational studies. We
therefore call these new species the dark matter of DNA
ionization. Our computational analysis further reveals that
noncanonical cation radicals of nucleosides, dinucleotides, and
nucleoside pairs have a distinct electronic structure that
fundamentally differs from that in canonical ions. The low
energies of the cation radicals, combined with the high energies
of their corresponding neutral species, converge to extremely
low recombination energies of the noncanonical cation radicals
making them deep hole traps incapable of extracting an
electron from canonical nucleosides. Noncanonical dA+· and
dG+· were calculated to be relatively weak acids when
compared with neutral nucleosides. In contrast, noncanonical
dT+· can undergo exothermic and fast (ps) proton transfer to
dA and dC, forming a thymine radical that can play a role in
downstream chemical reactions.
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Ionization of Purine Tautomers in Nucleobases, Nucleosides, and
Nucleotides: From the Gas Phase to the Aqueous Environment. J.
Phys. Chem. B 2011, 115, 1294−1305.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c00894
J. Phys. Chem. A 2022, 126, 2480−2497

2495

https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c00894/suppl_file/jp2c00894_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frantis%CC%8Cek+Turec%CC%8Cek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7321-7858
mailto:turecek@uw.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu+R.+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c00894?ref=pdf
https://doi.org/10.1016/j.jrras.2015.03.003
https://doi.org/10.1016/j.jrras.2015.03.003
https://doi.org/10.1007/b94409
https://doi.org/10.1021/ar400079s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja907669c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja907669c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar990040b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar990040b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.biochem.71.083101.134037
https://doi.org/10.1021/ja058758b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja058758b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja058758b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja058758b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b717437c
https://doi.org/10.1039/b717437c
https://doi.org/10.1021/ja9055917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9055917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b922881k
https://doi.org/10.1039/b922881k
https://doi.org/10.1021/ja311282k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja311282k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1387-3806(00)00225-6
https://doi.org/10.1016/S1387-3806(00)00225-6
https://doi.org/10.1016/S1387-3806(00)00225-6
https://doi.org/10.1021/jp805308p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805308p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp811107x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp811107x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp110388v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp110388v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c00894?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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of Gas-Phase DNA Nucleobase Cation-Radicals. A UV-Vis Photo-
disociation Action Spectroscopy and Computational Study of
Adenine and 9-Methyladenine. J. Am. Soc. Mass Spectrom. 2020, 31,
1271−1281.
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