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Abstract: Single and double proton-transfer reactions in Watson-Crick Guanine-Cytosine (GC) and Adenine-
Thymine (AT) radical cations have been studied using the hybrid density functional B3LYP method. Calibration
calculations for the formamidine-formamide dimer, a model system of AT, have shown that B3LYP compares
well to the high level ab initio correlated method CCSD(T), both for the neutral and cationic systems. The
single proton-transfer reaction is favorable in both the GC and AT radical cations; it takes place from the
ionized monomer (guanine and adenine, respectively), which increases its acidity, to the neutral fragment.
For the two systems, GC and AT, the nonproton transferred and single proton transferred structures are almost
degenerate (∆E ) 1.2 kcal/mol), and the process presents low energy barriers (4.3 kcal/mol for GC and 1.6
kcal/mol for AT). The double proton-transfer reaction is less favorable than the single one, in contrast to
what is observed for the neutral systems. The relative stability of the different structures can be understood
considering two factors: the relative stability of the asymptotes from which they derive and the number and
sequence of the strong and weak hydrogen bonds formed. For the same number of strong short hydrogen
bonds, the most stable structures are those in which the strong H-bonds are neighbors. Based on these
considerations, a prediction for other pairings is reported.

1. Introduction

One-electron oxidations in DNA have recently received
considerable attention due to their connection with DNA damage
caused by ionizing radiation,1 oxidizing agents,2 and photo-
irradation using endogenous photosensitizers.3 The initial
ionization of DNA by the 193-nm light is predicted to occur
mainly at the guanine residue, which has the lowest ionization
potential.4 Moreover, initially oxidized radical species on other
fragments can migrate to the most easily oxidized nucleobase
guanine. Thus, the DNA damage is predicted to be produced
at this site.1e,5

One proposed pathway1e to strand breakage in DNA goes
through deprotonated species of the guanine radical cation that
produce specific hydrogen atom abstraction reactions from the
sugar moiety, causing the heterolytic elimination of the phos-
phate ester bond.6 Moreover, proton-transfer reactions between

base pair ion radicals or to surrounding hydrogen bonded water
molecules can be important determinants of ion radical stabi-
lization and migration in DNA.2d,7 So, it is not surprising that
single proton-transfer reactions between base pair radical cations
have been studied from a theoretical point of view. In particular,
the pioneering work of Sevilla and co-workers8 and the more
recent work of Clark and co-workers9 must be mentioned.

The double proton-transfer reaction in DNA base pairs has
been hypothesized as a possible source of spontaneous muta-
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tions,10 since rare tautomers could be formed which might
disturb the genetic code. Theoretical studies on double proton-
transfer processes have been considered for the ground state of
neutral pairs. Because of the size of the Adenine-Thymine
(AT) and Guanine-Cytosine (GC) base pairs, however, lower
computational levels of theory have been used till recently. First
studies, using ab initio11 and semiempirical methods12 were
performed using fixed geometries for the monomers during the
proton-transfer processes. Consequently, both the single and
double proton-transfer reactions were found to be too unfavor-
able. Recent studies,13 in which full geometry optimizations
have been performed, have found smaller reaction energies.
Nevertheless, all studies agree with the fact that the single
proton-transfer reaction is less favorable than the double proton-
transfer one, because the single transfer process implies a charge
separation in the formation of the resulting ion-pair complex,
while in the double proton-transfer process the electroneutrality
is maintained. The energy barrier in double proton-transfer
processes is always high,13c regardless of whether the mechanism
is concerted or two-step.

Recent experimental14 and theoretical studies15 on radical
cations have shown that the interconversion between different
isomeric species can be catalyzed by polar neutral molecules,
such as water, in what Bohme16 has termed proton-transport
catalyst. This catalysis implies a double proton-transfer process.
Ionization of the AT and GC base pairs is expected to be
localized in the monomers with the lowest ionization poten-
tials: Adenine and Guanine, respectively.4 Thymine and
Cytosine could then play the role of the neutral molecule in the
proton-transport catalyst, and so, the double proton-transfer
process is expected to be kinetically more favorable in this case
than in the neutral base pair.

Molecular beam experiments have allowed the study of base-
pairing in gas phase,17 the ionization potentials of hydrated
Adenine and Thymine,18 and double proton-transfer processes
in model base pairs in excited states.19 In consequence,
theoretical studies on base pair systems can, nowadays, be tested

experimentally, which makes theory and experiment comple-
mentary tools in order to get a deeper insight in chemical and
biochemical processes.

In this work we present a theoretical study of the ionized
Watson-Crick base pairs. Energies, geometries, and vibrational
frequencies have been determined using theoretical methods that
include electron correlation. Our main goal is to understand
the behavior of the base pair after ionization, focusing on the
difference between single and double proton-transfer reactions.
We expect that the present work will provide some insight and
help understand the complex processes of the DNA damage,
caused by ionization radiation or oxidizing agents.

2. Methods

Full geometry optimizations and frequency calculations for
the neutral and cationic base pairs have been performed using
the hybrid three-parameter B3LYP density functional method20

with the 6-31G** basis set.21 The adequacy of density
functional methods for the study of hydrogen bonded com-
pounds has been the subject of several recent papers.22 These
studies have shown that the nonlocal methods that include
gradient corrections, in particular the B3LYP one, provide results
comparable to MP2 when similar basis sets are used. Moreover,
for different radical cations, the B3LYP method has been shown
to perform much better than the more computationally demand-
ing UMP2 one,23 due to the fact that the perturbation expansion
converges slowly when the UHF reference wave function has
large spin contamination.24 In contrast, B3LYP does not
overestimate spin polarization, which has been related to spin
contamination.25

Since it is desirable to confirm the B3LYP results for this
kind of systems, we have performed calculations for a model
system using ab initio highly correlated methods and larger basis
sets. The model system chosen is the formamidine-formamide
complex which has two hydrogen bonds similar to those found
in the adenine-thymine base pair.26 For this model system,
geometry optimizations have been carried out at the B3LYP
and MP2 levels of calculations using the same 6-31G** basis
set. All geometry optimizations have been performed usingCs
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symmetry. For the (2A′′) cationic dimer, the planar structures
are found to be minima both at the B3LYP and MP2 levels of
calculations. For the neutral dimer and free monomers some
structures are found to be first order saddle points, depending
on the level of calculation. Since our purpose is to compare
different levels of theory, we report only the calculations
obtained usingCs symmetry. Single point calculations, both at
the B3LYP and MP2 equilibrium geometries, have been
performed using the CCSD(T) method.27 The effect of increas-
ing the basis set is studied at the CCSD(T) level at the B3LYP
equilibrium geometries. The larger basis are the correlation
consistent sets of Dunning.28 For C, N, and O we have used
the (10s5p2d)/[4s3p2d] set and for H the (5s2p)/[3s2p]. For
the MP2 and CCSD(T) calculations, we have correlated all the
electrons except the 1s-like ones.

Basis set superposition error has been corrected by using the
counterpoise correction.29 Calculations with the small basis set
are based on a spin unrestricted formalism and have been
performed with the Gaussian94 package.30 CCSD(T) calcula-
tions with the larger basis set are spin restricted and have been
done with the MOLPRO 96 package.31

3. Model System: Formamidine-Formamide Dimer

Formamidine (FI) and formamide (FA) molecules interact
forming two parallel hydrogen bonds. Figure 1 shows the
B3LYP and MP2 optimized geometries of the neutral (FI-FA)
and cationic (FI-FA)+ dimers. The interaction energies with
respect to the ground-state asymptotes are presented in Table
1.

The ionization of the dimer takes place at the formamidine
fragment, since it is the monomer with lower ionization
potential. The formamidine monomer becomes then more acid,
and so, the proton-transfer reaction to formamide can occur
easily. A second proton-transfer reaction from the protonated

formamide, FA(+H+), to the deprotonated formamidine
FI•(-H+) monomer could also take place. The following
scheme show the two processes:

Let us first consider the neutral system. It can be observed
in Figure 1 that B3LYP and MP2 methods provide similar
geometries. The largest differences correspond to the H-bond
distances, which are about 0.04-0.05 Å smaller at the B3LYP
level. Previous studies on neutral hydrogen bonded systems22

found that B3LYP tends to provide somewhat smaller H-bond
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Table 1. Relative Energiesa of the Neutral and Cationic FI-FA Dimers, with Respect to FI+ FA and FI+ (2A′′) + FA Asymptotes,
Respectivelyb

cationic

neutral FI-FA FI•+-FA FI•(-H+)-FA(+H+) FI•(-H+) + FA(+H+) FI•+ + FA′
B3LYP//B3LYP -17.8(-14.3) -34.5(-32.8) +8.7 +12.6
MP2//B3LYP -17.3(-12.6) -30.3(-28.3) +13.0 +12.3
PMP2//B3LYP -33.3 +10.1
CCSD(T)//B3LYP -16.8 -34.1 +7.8 +10.9
CCSD(T)//B3LYP -15.7 -33.6 +6.0 +9.9
cc-VTZ
MP2//MP2 -17.4 -28.0 -29.7 +13.6 +12.3
PMP2//MP2 -30.6 -33.8 +9.5
CCSD(T)//MP2 -17.0 -30.3 -34.3 +7.6 +10.9

a In kcal/mol. Calculations performed usingCs symmetry.b In parentheses counterpoise corrected energies.

Figure 1. B3LYP (MP2) optimized geometrical parameters of the
neutral (a) and cationic (b and c) formamidine-formamide dimers.
Distances are in Å and angles in deg.
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distances and smaller dimerization energies than MP2. The
smaller interaction energies have been attributed to the fact that
the dispersion energy is not covered by present density
functional methods.32 In the present system (FI-FA), we
observe the same tendency for the H-bond distances, but the
interaction energy at the B3LYP level is slightly larger than
the one obtained with correlated ab initio methods. The
difference between MP2 and B3LYP dimerization energies
increases after including the counterpoise correction. Table 1
shows that the effect of the geometry in the dimerization energy
is very small; that is, if a consistent set of geometries is used,
the binding energy differs by less than 0.2 kcal/mol whether
we use the equilibrium MP2 or B3LYP geometries. Thus, the
differences between B3LYP and conventional ab initio methods
arise mainly from the electrostatic term, which varies due to
the different procedure of including electron correlation, the
dispersion effects being a minor component of the total
interaction energy. Overall, the B3LYP value is in good
agreement with the MP2 and CCSD(T) ones. Similar results
have been observed previously for the formamide-formamide
dimer.33 At the highest level of calculation, CCSD(T), the
increase of the basis set decreases the binding energy by 1.1
kcal/mol due to the smaller basis set superposition error. The
obtained value differs only by 1.4 kcal/mol from the counter-
poise corrected B3LYP obtained with the smaller basis set.

For the cationic system, we have investigated the three
isomers shown in Scheme 1, at the B3LYP and MP2 levels of
theory. A minimum corresponding to the single proton
transferred isomer, FI•(-H+)-FA(+H+), has been localized at
both levels of calculation. However, the nonproton transferred
FI•+-FA complex has only been determined at the MP2 level.
B3LYP calculations always collapsed to the single proton
transferred complex. As it was found for the phenol-ammonia
cation,23f the nonproton transferred minimum at the MP2 level
is probably an artifact produced by the spin contamination of
the reference wave function (S2 ) 1.0). Note that the projected
MP2 energies as well as the values obtained with the more
extensive electron correlation CCSD(T) method increase the
stability of the FI•(-H+)-FA(+H+) isomer compared to that
of FI•+-FA. It is worth noting that B3LYP values compare
much better to the more reliable CCSD(T) and projected MP2
results than to the unprojected ones. Increasing the basis set
decreases slightly the interaction energy at the CCSD(T). Thus,
as shown in previous studies,23 B3LYP seems to perform much
better than UMP2 for radical cation systems. As found for the
model system, the B3LYP calculations for the base pair radical
cations present values ofS2 between 0.76 and 0.78, while the
UHF values lie within 0.92 and 1.3.

The double proton transferred FI•+-FA′ isomer has not been
localized as a minimum on the potential energy surface at any
of the two levels. In all cases, geometry optimizations lead to
the single proton transferred isomer. As it will be discussed
below, the stability of the different isomers can be related to

the relative energy of the different asymptotes involved in the
dimerization process and to the strength of the hydrogen bonds
formed.

In summary, the results obtained for this model system
indicate that B3LYP is an appropriate method for studying the
Watson-Crick base pairs, both the neutral and cationic systems.
Moreover, the lower computational cost of B3LYP compared
to other correlated methods allows us to calculate the harmonic
vibrational frequencies of these large systems, which are needed
for computing thermochemical properties.

4. Watson-Crick Base Pairs

In this section we will present and discuss the results obtained
for the neutral and ionized Guanine-Cytosine (GC) and
Adenine-Thymine (AT) Watson-Crick base pairs. We will
first present the molecular structure, the interaction energies of
the two dimers, and the adiabatic ionization potentials. Finally,
we will analyze the proton-transfer processes in the radical
cations. The results obtained will be compared with those
obtained for the neutral base pairs.

4.1. Equilibrium Geometries, Dimerization Energies, and
Ionization Potentials. Figure 2 shows the B3LYP/6-31G**
equilibrium geometries of the neutral and cationic species of
GC and AT base pairs. As shown in previous studies,34 although
the isolated monomers with an NH2 group are nonplanar, the
Watson-Crick GC and AT dimers haveCs symmetry and are
planar due to the formation of the hydrogen bonds. The lowest
out-of-plane frequencies are, however, very small, which
indicates that those dimers are very flexible.

The hydrogen bond distances of the neutral and cationic GC
and AT dimers are given in Table 2. For comparison, we have
also included the results obtained previously at the Hartree-
Fock level9,35 and the known experimental values.37 It can be
observed that, in all cases, the B3LYP method provides shorter
hydrogen bond distances than the Hartree-Fock one, due to
the inclusion of electron correlation effects at the B3LYP level.
Similar variations have been observed using the traditional
correlated MP2 method.38 At present, the only base pair that
has been optimized at the MP2 level is the Cytosine-Cytosine
dimer.36 For this system, the MP2 and B3LYP H-bond lengths
are shown to be very similar, and thus, we expect our B3LYP

(32) (a) Kristyán, S.; Pulay, P.Chem. Phys. Lett. 1994, 229, 175. (b)
Hobza, P.; Sponer, J.; Reschel, T.J. Comput. Chem. 1995, 16, 1315.

(33) (a) Kim, Y. J. Am. Chem. Soc. 1996, 118, 1522. (b) Lim, J. H.;
Lee, E. K.; Kim, Y.J. Phys. Chem. A 1997, 101, 2233.

(34) (a) Riggs, N. V.Chem. Phys. Lett. 1991, 117, 447. (b) Gould, I.
R.; Hillier, I. H. Chem. Phys. Lett. 1992, 161, 185. (c) Sponer, J.; Hobza,
P. J. Am. Chem. Soc. 1994, 116, 709. (d) Sponer, J.; Hobza, P.J. Phys.
Chem. 1994, 98, 3161. (e) Sponer, J.; Hobza, P.J. Mol. Struct. Theochem
1994, 304, 35. (f) Estrin, D. A.; Paglieri, L.; Corongiu, C.J. Phys. Chem.
1994, 98, 5653. (g) Floria´n, J.; Leszczynski, J.J. Biomol. Struct. Dyn. 1995,
12, 1055. (h) Floria´n, J.; Leszczynski, J.J. Am. Chem. Soc. 1996, 118,
3010. (i) Sponer, J.; Floria´n, J.; Hobza, P.; Leszczynski, J.J. Biomol. Struct.
Dyn. 1996, 13, 827. (j) Sponer, J.; Leszczynski, J.; Hobza, P.J. Phys. Chem.
1996, 100, 5590. (k) Sponer, J. Hobza, P.Int. J. Quantum Chem. 1996, 57,
959.

(35) Gould, I. R.; Kollman, P. A.J. Am. Chem. Soc. 1994, 116, 2493.
(36) Sponer, J.; Leszczynski, J.; Hobza, P.J. Phys. Chem. 1996, 100,

1965.
(37) Saenger, W. Principles of Nucleic Acid Structure; Springer-

Verlag: New York; 1984; pp 123 and 124 and references within.
(38) See, for instance: Smallwood, C. J.; McAllister, M. A.J. Am. Chem.

Soc. 1997, 119, 11277.
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results for GC and AT dimers to be much better than those
published up to now at the Hartree-Fock level. This is
confirmed by comparison with the experimental values. It can
be observed, however, that while the agreement between B3LYP
and experiment is very good for AT, the results obtained for
GC show larger differences. In particular, the theoretical results
show that the O6-N4 distance is shorter than the N2-O2 one,
in contrast to the experimental values.37 Part of this difference
may arise from the fact that the experimental results have been
obtained from crystallographic data and not from gas-phase
studies.

Mulliken charges and spin densities indicate that the ioniza-
tion of GC and AT is mainly localized at the guanine and
adenine monomers, respectively. For GC, the Mulliken charge
on guanine is 0.82 and the spin density is 1.00, while for AT,
the charge on adenine is 0.79 and the spin density is 0.86. This
is not surprising considering that Guanine and Adenine have a
lower ionization potential than Cytosine and Thymine, respec-

tively.4 As for the neutral dimers, the ionized systems haveCs

symmetry, the electronic ground-state being a2A′′.
Since Guanine and Adenine are the two monomers that loose

the electron and thus, become more acid, those hydrogen bonds
in which these two monomers act as the proton donor become
stronger in the ionized system. This implies a shortening of
the distance between the two heavy atoms and a lengthening
of the H-X bond involved. In contrast, those H-bonds in which
Guanine and Adenine act as the acceptor become weaker. These
changes can be observed in Figure 2 and Table 2. That is, the
N1-N3 and N2-O2 H-bond distances of GC decrease after
ionization while the O6-N4 increases. For AT, the N6-O4 is
the bond that gets shorter while the N1-N3 becomes longer.

The interaction energies of neutral and cationic GC and AT
dimers are given in Table 3. Correcting for basis set superposi-
tion error decreases the B3LYP/6-31G** binding energy by 3-5
kcal/mol. The counterpoise corrected-∆H0

f for neutral GC,
obtained including the translational, rotational, and vibrational

Figure 2. B3LYP optimized geometrical parameters of the neutral and cationic Guanine-Cytosine (a-c) and Adenine-Thymine (d-g) Watson-
Crick base pairs. Distances are in Å and angles in deg.
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thermic corrections at 298 K, (24.0 kcal/mol) is in reasonable
agreement with the reported experimental value of 21.0 kcal/
mol obtained from field ionization mass-spectrometry studies.39

Our results are very similar to the DFT values obtained by
Santamarı´a and co-workers,40 using a different functional, and
somewhat larger than previous results obtained at the MP2 level
of calculation. It should be noted, however, that those interac-
tion energies were obtained using the equilibrium Hartree-Fock
geometries,35,36 which have been shown to provide too large
H-bond distances. Thus, it is not surprising that the stabilizing
electrostatic interaction energy is smaller.

It can be observed in Table 3 that ionization produces a
significant increase of the binding energy of GC and AT. For
GC, the binding energy increases about 19 kcal/mol and for
AT 10 kcal/mol both with and without considering the zero point
correction. This increase is not due to an equal strengthening
of the three hydrogen bonds of GC or the two hydrogen bonds
of AT. As it has already been mentioned, ionization strengthens
those hydrogen bonds in which the ionized monomer acts as
proton donor and weakens those in which it acts as acceptor.
Thus, the N1-N3 and N2-O2 hydrogen bonds of GC and the
N6-O4 of AT would become strong hydrogen bonds according
to the energetical classification (12-24 kcal/mol) reported in
ref 41. Moreover, the optimized H-bond distances of these
strong bonds are close to the sum of the van der Waal radii,
2.65 for O-N and 2.75 for N-N, and so could be denoted as
short-strong hydrogen bonds (SSHB).42

A simple thermodynamical cycle shows that the decrease of
the ionization potential of the dimers compared to that of the

free monomers is just the increase of the binding energy
produced by ionization. That is, the lowering of the adiabatic
ionization potential, including the zero point energy and
correcting for BSSE, of GC compared to G, is 0.81 eV, and
that of AT compared to A is 0.47 eV. We expect the lowering
of the IP to be more accurate than the computed IP values. Thus,
our best estimate of the adiabatic ionization potential of GC
(6.96 eV) and AT (7.79 eV) are obtained by subtracting the
computed lowering to the experimental IP values43 of the
monomers G and A, respectively.

4.2. Single and Double Proton-Transfer Reactions.Scheme
2 shows the single and double proton-transfer processes studied
in the present work.

As already said, the positively charged monomers have an
increased acid character. This implies that those H-bonds in
which the charged monomer acts as donor are strengthened,
while those in which it acts as acceptor are weakened. This
has been indicated with the letters s(strong) and w(weak) in
Scheme 2.

For G•+-C, we have one weak and two neighbor strong
H-bonds; that is, a (w-s-s) situation. Any of the two strong
H-bonds could be involved in the first proton-transfer reaction.
The transfer from N1 to N3 leads to a (s-s-w) situation with
two neighbor strong H-bonds, while the transfer from N2 to
O2 produces the alternated (s-w-s) pattern. In the first case,
the two strong hydrogen bonds can benefit of the enhanced
electrostatic interaction by decreasing simultaneously the N1-
N3 and N2-O2 distances, while the N4-O6 distance increases
to reduce repulsion. These geometry changes can take place
through a relative movement of the two monomers which
approaches the terminal N2-O2 bond and separates the other
N4-O6 terminal bond. Due to the rigidity of the monomers
the central H-bond distance does not decrease as much as the
terminal one, the obtained value resulting from the compromise
of the two terminal strong and weak H-bond interactions. In
the second case, we have an alternated (s-w-s) pattern which
is less favorable given that we have a central weak bond, which
does not allow to obtain a geometrical compromise that benefit
strong short H-bonds, without introducing the central H-bond
into a repulsive region. As a matter of fact, this structure has
not been located as a stationary point on the potential energy
surface. Thus, we have only considered the structures shown
in Scheme 2.

It can be observed that the double proton-transfer structure
G′•+-C′ shows also an alternated (s-w-s) situation. Thus, it
is not surprising that any attempt to localize this energy
minimum collapsed to the single proton-transfer structure. The
optimized H-bond distances (Figure 2b,c) agree with what is
expected.

For the A•+-T dimer, we have one weak and one strong
H-bond (w-s) before any proton transfer is produced. After
the single proton-transfer reaction, the positive charge moves
to the protonated Thymine, and thus, both H-bonds become
strong (s-s). The second proton-transfer reaction leads us to
a situation similar to the initial one but with the two H-bonds
reversed (s-w). The values of the optimized H-bond distances
shown in Figure 2e-g confirm the expected changes. It is worth
noting the particularly small H-bond distances of 2.58 Å,
obtained for N6-O4 in the single proton transferred structure
(Figure 2f), and of 2.61 Å, obtained for N1-N3 in the double
proton-transfer one (Figure 2g). These distances are much
smaller than the sum of van der Waals radii, typically observed
in strong-short hydrogen bonds.

(39) Yanson, I. K.; Teplitsky, A. B.; Sukhodub, L. F.Biopolymers1979,
18, 1149.

(40) Santamarı´a, R.; Vázquez, A.J. Comput. Chem. 1994, 9, 981.
(41) Frey, P. A.; Whitt, S. A.; Tobin, J. B.Science1994, 264, 1927.
(42) Pan, Y.; McAllister, M. A.J. Org. Chem. 1997, 62, 8171. (43) Hush, N. S.; Cheung, A. S.Chem. Phys. Lett. 1975, 34, 11.

Table 2. Hydrogen Bond Distances (Å)

H-bond HF/6-31G* HF/6-31G**c B3LYP/6-31G** exptle

GC Watson-Crick
O6‚‚‚N4 2.93a,b 2.92 2.79c,d 2.91
N1‚‚‚N3 3.05a,b 3.04 2.93c,d 2.95
N2‚‚‚O2 3.01a,b 3.02 2.92c,d 2.86

G•+C Watson-Crick
O6‚‚‚N4 3.17b 2.97d

N1‚‚‚N3 2.96b 2.82d

N2‚‚‚O2 2.79b 2.67d

AT Watson-Crick
N1‚‚‚N3 3.01a,b 2.99 2.84d 2.82
N6‚‚‚O4 3.08a,b 3.09 2.94d 2.95

A•+T Watson-Crick
N1‚‚‚N3 3.23b 2.96d

N6‚‚‚O4 2.72b 2.68d

a Reference 35.b Reference 9.c Reference 36.d Present work.e Ref-
erence 37.

Table 3. B3LYP Interaction Energies of Watson-Crick Neutral
and Cationic GC and AT Base Pairs (in kcal/mol)c

GC AT

neutral cation neutral cation

De 30.3(25.5) 48.4(44.3) 16.4(12.3) 25.4(22.3)
D0

a 28.8(24.0) 46.8(42.7) 15.3(11.2) 25.1(22.0)
-∆H0

f(298 K)b 28.8(24.0) 47.1(43.0) 15.0(10.9) 24.8(21.7)
-∆G0

f(298 K) 17.4(12.6) 34.1(30.0) 3.8(-0.3) 13.6(10.5)

a Includes zero point energy computed from the unscaled harmonic
B3LYP frequencies.b After correction for translational, rotational, and
vibrational energies determined at the B3LYP level.c In parentheses
are counterpoise corrected values.
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Figure 2b-c,e-g also show that, in addition to the variations
of H-bond distances during the proton-transfer reactions,
important geometry changes take also place in the rings of the
purine and pirimidine monomers. This indicates that the studied
processes have a high multidimensional character.

We have previously seen that Mulliken spin densities and
charges indicate that ionization of GC and AT is mainly
localized at the guanine and adenine monomers, respectively.
For the G•(-H+)-C(+H+) and A•(-H+)-T(+H+) systems, the
Mulliken charges of the C(+H+) and T(+H+) fragments are
0.82 and 0.76, respectively, which confirms that the nature of
the G•+C f G•(-H+)-C(+H+) and A•+T f A•(-H+)-
T(+H+) processes is that of a proton-transfer reaction. Con-
sequently, the radical remains at the deprotonated Guanine and
Adenine monomers, both of them showing a spin density value
of 1.0. Therefore, the G•(-H+)-C(+H+) and A•(-H+)-
T(+H+) systems are distonic radical cations,44 since the net
charge and the unpaired electron are localized in different
fragments of the complex. For the A′•+-T′ system, the charge
and spin density of adenine are 0.84 and 1.00, respectively.
Charge and spin density are now in the same monomer as a
consequence of the second proton-transfer reaction.

The relative energies of the different cationic species with
respect to the ground-state asymptote are given in Table 4. For

comparison we have included the relative energies of the single
and double proton transferred asymptotes. Both for GC and
AT radical cations, the global minima of the potential energy
surface are the nonproton transferred G•+-C and A•+-T
structures, respectively. The single proton transferred com-
plexes, G•(-H+)-C(+H+) and A•(-H+)-T(+H+), however,
are only 1.2 kcal/mol above the absolute minimum. Correcting
for basis set superposition error decreases slightly the difference
to 1.1 kcal/mol, while the inclusion of the zero point correction
leads to a 1.4 and 0.8 kcal/mol energy differences for G•+-C
and A•+-T, respectively. The minimum corresponding to the
double proton-transferred A′•+-T′ complex, before and after
correcting for BSSE, is 6.5 and 6.8 kcal/mol, respectively, higher
than the initially ionized A•+-T structure. Inclusion of the zero
point energy slightly decreases the energy difference to 5.3 kcal/
mol. From the variation of the counterpoise corrected free
energy at 298 K, the computed equilibrium constants for the
single proton-transfer process in GC and AT are 0.11 and 0.09,
respectively. For the double proton-transfer process in the AT
cation, the equilibrium constant is 2.7× 10-5.

The stability of the different radical cations can be understood
considering two factors: the stability of the asymptotes from
which they derive and the strength of the interaction leading to
the formation of the dimer. For GC radical cation, the
nonproton transferred and the single proton-transferred asymp-
totes are almost degenerate; that is, the G•(-H+) parent radical

(44) Yates, B. F.; Bouma, W.; Radom, L.J. Am. Chem. Soc. 1984, 106,
5805.

Scheme 2

Table 4. B3LYP Relative Energies of GC and AT Radical Cations with Respect to Its Own Ground State Asymptotec

(Guanine-Cytosine)•+

G•+ + C G•+-C G•(-H+)-C(+H+) G•(-H+) + C(+H+) G′•+ + C′
∆E 0.0 -48.4(-44.3) -47.2(-43.2) 1.1 2.6
∆E0

a 0.0 -46.8(-42.7) -45.4(-41.4) 1.1 3.4
∆H0

f(298 K)b 0.0 -47.1(-43.0) -45.7(-41.7) 1.3 3.1
∆G0

f(298 K) 0.0 -34.1(-30.0) -32.7(-28.7) 0.6 3.7

Adenine-Thymine

A•+ + T A•+-T A•(-H+)-T(+H+) A′•+-T′ A•(-H+) + T(+H+) A′•+ + T′
∆E 0.0 -25.4(-22.3) -24.2(-21.2) -18.9(-15.5) 24.7 17.5
∆E0

a 0.0 -25.1(-22.0) -24.3(-21.3) -19.8(-16.4) 23.9 17.2
∆H0

f(298 K)b 0.0 -24.8(-21.7) -24.3(-21.3) -19.7(-16.3) 23.9 17.0
∆G0

f(298 K) 0.0 -13.6(-10.5) -12.1(-9.1) -7.7(-4.3) 24.1 17.4

a Includes zero point energy computed from the unscaled harmonic B3LYP frequencies.b After correction for translational, rotational, and vibrational
energies determined at the B3LYP level.c In kcal/mol.
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and Cytosine have very similar proton affinities. In particular,
the G•(-H+) + C(+H+) asymptote is 1.1 kcal/mol less stable
than the G•+ + C one. As it can be observed, this difference
is the same than that found between the G•(-H+)-C(+H+) and
the G•+-C minima, which implies that the H-bond interaction
is the same in the two structures. This is not surprising
considering that the two minima show a similar (w-s-s) and
(s-s-w) pattern with two neighbor strong H-bonds.

Table 4 show that the double proton-transferred asymptote,
G′•+ + C′, is also slightly less stable (2.6 kcal/mol) than the
ground-state one. However, the interaction arising from this
asymptote has a (s-w-s) pattern which, as it has been
previously mentioned, is very unfavorable due to the presence
of a central weak H-bond interaction. This is the main reason
this minima does not appear on the potential energy surface.

For the AT cationic system, the single proton transferred
asymptote lies much higher in energy (24.7 kcal/mol) than the
ground-state one. However, the derived proton-transferred
A•(-H+)-T(+H+) dimer is almost degenerate with the non-
proton transferred A•+-T one. This is due to the fact that in
A•+-T we have one weak H-bond and one strong H-bond
(w-s), while in A•(-H+)-T(+H+) the two H-bonds are strong
(s-s). It is also worth noting that the dissociation energy of
A•(-H+)-T(+H+) with respect to its own asymptote is 48.9
kcal/mol, very similar to that found in the GC radical cation
where we also have two strong H-bonds. Thus, the new strong
H-bond compensates for the destabilization of the proton
transferred asymptote. For the model system formamidine-
formamide, the proton-transferred asymptote does not lie as high
in energy compared to the ground state (see Table 1). Thus,
the derived dimer becomes more stable and, consequently, the
only minimum on the potential energy surface.

As for the initial A•+-T species, the double proton-transferred
A′•+-T′ dimer has one strong H-bond and one weak H-bond.
However, it lies only 6.5 kcal/mol above, despite having its
asymptote 17.5 kcal/mol above the ground-state one. In this
case, the difference is due to the fact that in the initial radical
cation we have a N6-H‚‚‚O4 strong bond, while in the double
proton-transferred one we have a much stronger N1-H‚‚‚N3
bond. As mentioned, the N1-N3 bond distance is much shorter
than the sum of van der Waals radii.

Recent studies relate short strong hydrogen bonds with low-
barrier hydrogen bonds.38,41,42,45 The cationic systems studied
in the present work present short-strong hydrogen bonds, and
thus, it is interesting to study the proton transfer energy profiles
connecting the obtained minima. Figure 3 shows the energy
profile of the single and double proton transfer reactions in GC
and AT radical cations. These energy profiles have been
obtained optimizing the whole system for different fix values
of a distinguished coordinate. Given that the distinguished
coordinate does not differ significantly from the reaction
coordinate and the chosen step is small enough, we expect the
obtained maximum to lie only slightly higher than the real
transition state. For GC, we have chosen the H-N3 distance
as the distinguished coordinate in the single proton-transfer
process. For the transfer of the second proton, we have chosen
the O6-H distance. It can be observed in Figure 3a that the
maximum of the energy profile of the first proton transfer is

4.26 kcal/mol above the reactant. A similar value has been
obtained using B3LYP energies at the UHF geometries.9 The
energy barrier for the reverse process is, thus, 3.04 kcal/mol.
At this point (dH-N3 ) 1.30 Å), the distance between the two
heavy atoms is 2.63 Å, about 0.2 Å smaller than in G•+-C.
This shortening of the distance between the two heavy atoms
is typical in this kind of processes. Although the energy barrier
is low, it does not fall within the category of low-barrier
hydrogen bond. For the double proton-transfer process, the
energy increases monotonically with the shortening of the
O6-H distance. At a value of 1.05 Å for the O6-H distance,
which could be taken as the double proton transferred structure,
the energy is about 10 kcal/mol higher than the G+•-C global
minimum. Thus, it is not surprising that all the attempts to
optimize such structure lead to the G•(-H+)-C(+H+) complex.

For the AT radical cation, the distinguished coordinates used
for the single and double proton-transfer reactions are the H-O4
and the N1-H distances, respectively. For this system, the
single proton-transfer reaction shows a smaller energy barrier
(1.64 kcal/mol) compared to the GC radical cation. The reverse
reaction has an energy barrier of only 0.42 kcal/mol. At the
maximum of the energy profile the distinguished coordinate has
a value of 1.20 Å. As for GC, at this point the distance between
the two heavy atoms decreases about 0.2 Å when compared to

(45) (a) Cleland, W. W.Biochemistry1992, 31, 317. (b) Cleland, W.
W.; Kreevoy, M. M. Science1994, 264, 1887. (c) Garcı´a-Viloca, M.;
González-Lafont, A.; Lluch, J. M.J. Phys. Chem. A 1997, 101, 3880. (d)
Garcı́a-Viloca, M.; Gonza´lez-Lafont, A, Lluch, J. M.J. Am. Chem. Soc.
1997, 119, 1081. (e) Pan, Y.; McAllister, M. A.J. Am. Chem. Soc. 1997,
119, 7561. (f) Gilli, P.; Bertolasi, V.; Ferreti, V.; Gilli, G.J. Am. Chem.
Soc. 1994, 116, 909. (g) Hibbert, F.; Emsley, J.AdV. Phys. Org. Chem.
1990, 26, 255.

Figure 3. Enegery profiles for the single and double proton-transfer
processes in cationic Guanine-Cytosine (a) and Adenine-Thymine
(b) Watson Crick base pairs.

8166 J. Am. Chem. Soc., Vol. 120, No. 32, 1998 Bertran et al.



the reactants. However, since the H-bond distances in AT are
shorter than in GC (see Figure 2), it is not surprising that we
get a lower energy barrier for AT. Therefore, the AT system
behaves more as a strong short low-barrier hydrogen bond than
GC. The energy profile for the double proton-transfer reaction
shows a very shallow minima. The computed harmonic
frequency calculations for this structure show that the vibrational
frequency corresponding to the H transfer is 39 cm-1 which is
consistent with a very close transition state and with a small
energy barrier. This frequency value is much smaller than that
obtained for the A•(-H+)-T(+H+) structure (370 cm-1) for
which the energy barrier of the proton transfer is 0.42 kcal/
mol. Thus, although this frequency is a local property, it can
be correlated with the height of the barrier. The energy barrier
for the second proton transfer is slightly larger than the reaction
energy (6.45 kcal/mol). The reverse reaction has almost no
barrier in agreement with a very short strong H-bond.

5. Concluding Remarks

Single proton-transfer reactions for Watson-Crick GC and
AT radical cations are favorable processes both from a
thermodynamic and a kinetic point of view. Although the
double proton species do not lie high in energy compared to
the reactant, they are not expected to be detected in the
experiments, given that the barrier of conversion to the single
proton transferred structures is negligible. The difference
between the vertical and adiabatic ionization potentials provides
the excess of vibrational energy present after ionization. In both
systems, GC and AT, this excess is higher than the energy
barrier of the single proton transfer reaction. Therefore, if an
important amount of this excess is redistributed in the vibrational
modes involved in the proton transfer process, the proton would
not be localized in any of the two structures. Even if the excess
of vibrational energy is not conveniently redistributed, we could
also have a delocalization of the proton produced by tunnel
effect. That is, the energy profile of the proton transfer process
depends on the position of the heavy atoms. For instance, for
GC the nonproton transferred structure is destabilized by 8.3
kcal/mol if the geometry of the heavy atoms is that of the proton-
transfer structure. Therefore, some of the geometry fluctuations
of the heavy atoms can change the energy profile to a
symmetrical double well situation where tunneling can occur
readily. A similar situation has been discussed previously when
dealing with solvent fluctuations.46

The behavior of the radical cation species is very different
to that observed for the neutral base pairs, where the single
proton-transfer reaction was found to be very unfavorable due
to the formation of an ion-pair complex. The double proton-
transfer reaction was found to be concerted or two-step
depending on the level of calculation but always with a high
barrier.13c In any case, the double proton-transfer structure was

computed to be more stable than the single proton transfer one.
The situation does not change dramatically at the excited states.47

On the contrary, for the radical cations the single proton transfer
is a very favorable process due to the increased acidity of the
ionized monomer48 and to the fact that the proton transfer does
not imply a creation of charges but a transfer of a positive
charge. Thus, the two-step mechanism is the preferred one in
the double proton-transfer process in radical cations.

When the system has two or more hydrogen bonds, the energy
profile is not only determined by the proton affinity of the
centers involved in the proton transfer15 but also by the number
and sequence of the strong and weak hydrogen bonds formed.
That is, for the same number of strong short hydrogen bonds,
the most stable situations are those in which the strong hydrogen
bonds are neighbors, the alternate situations being much more
unstable. According to these arguments and considering that
in the ground state the ionized monomer in the dimer is that
with the lowest ionization potential (guanine and adenine,
respectively) we can generalize the present results, obtained for
the Watson-Crick pairs, to other possible gas-phase pairings.
For instance, for the reverse Watson-Crick AT, Hoogsteen AT,
and reverse Hoogsten AT, we expect a similar energy profile
than the one found here for the Watson-Crick AT, since the
initial ionized dimer will have one weak H-bond and one strong
H-bond, that will become two strong H-bonds after the proton
transfer occurs. Certainly, the relative stability of the two
minima will also depend on the stability of the asymptotes from
which they derive. On the contrary, for the reverse GC, we
expect the initial ionized system (s-s) to be significantly more
stable than the single proton-transferred one (w-s). For
Hoogsten GC+ and reverse Hoogsteen GC+, Guanine acts as
proton acceptor, and so, its ionization will weaken the two
H-bond interactions. The dimer would probably dissociate
considering the repulsive electrostatic interaction between the
two positive charges. Therefore, the single proton transfer
reaction in the GC radical cation is only expected to be produced
in the Watson-Crick pairing.

In the different proton-transfer processes that have been
described for GC and AT radical cations, Guanine and Adenine
are always the fragments that show the radical character. The
neutral G•(-H+) and A•(-H+) radicals formed after the single
proton-transfer reaction have been invoked to play an important
role in the DNA damage caused by ionization.1e New gas-phase
experiments on these systems would be desirable in order to
test the present theoretical predictions and obtain the fruitful
sinergy between theory and experiment for advancing the
knowledge of chemical and biochemical processes.
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