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Diffuse-bound and valence-bound anions of cytosine have been examined with correlated, ab initio calculations
employing large basis sets. Five structures of the cytosine anion have been considered for both kinds of
anions. Adiabatic electron affinities of neutrals and vertical electron detachment energies were determined
with perturbative, coupled-cluster and electron propagator methods. Basis sets with many diffuse, atom-
centered functions were used. Among the five tautomeric cytosine structures, only the 1H-amino-oxo isomer
is capable of forming both diffuse and valence-bound anions. Two imino-oxo isomers produce valence-
bound anions with positive vertical electron detachment energies. The most stable neutrals, the amino-oxy
tautomers, have adiabatic electron affinities that are negative with respect to both dipole-bound and valence-
bound anionic forms. Valence-bound, amino-oxy anions are not even vertically bound with respect to electron
loss. Diffuse-bound anions of the amino-oxy and imino-oxo isomers have negative adiabatic electron detachment
energies. Close agreement with the lowest peak in an anion photoelectrum spectrum obtains for the vertical
electron detachment energy of the diffuse-bound anion of 1H-amino-oxo cytosine. A peak of higher energy
is assigned to the valence-bound anions of 1H-amino-oxo and imino-oxo tautomers.

Introduction

The response of nucleic acids to electron capture, removal
or transport influences many important biochemical phenom-
ena.1 Mechanisms of mutation, radiation damage of genetic
material and the possibility of DNA-based electrical conduits
are among these related topics. Thymine and cytosine are
considered to be the most likely sites for localization of extra
electrons in DNA strands.2 Two types of bound anions can be
formed by electron attachment to nucleotide bases. Formation
of conventional or valence-bound (VB) anions is expected in
condensed media. In the gas phase, molecules with high dipole
moments may favor dipole-bound or diffuse-bound (DB) anions.
DB anions observed in photodetachment-photoelectron (PDPE)
experiments correspond to sharp, intense peaks with low electron
binding energies. VB anions are characterized in the same
experiments by wider peaks at higher energies which may
display vibrational structure.3,4 Resonant dissociation of bases
by sub-ionization electrons is associated with VB anion inter-
mediates.5 Vertical electron affinities of base neutrals corre-
sponding to resonances in electron transmission experiments
are generally assigned to states where the surplus electron
occupies a valence,π orbital.6

Experiments3,4,6-10 and calculations11,12 indicate that uracil
forms an adiabatically stable, DB anion. A VB anion is observed
when uracil is coordinated to a single water molecule and both
kinds of anions are found when uracil is complexed to a Xe
atom.4 Calculations have shown that, in the absence of a
coordinated solvent molecule, the VB anion of uracil is
adiabatically unstable.12,13

Unlike uracil, gas-phase cytosine has a number of close-lying
tautomeric forms.14,15 In recent PDPE spectra of pyrimidinic
base anions,7 two peaks were found in the case of cytosine.
One of these peaks, at 85( 8 meV, was sharp, while another,
at 0.230 eV, was wider and significantly less intense. These

peaks were assigned to amino-oxy and amino-oxo DB anions,
respectively. The larger dipole moment of the amino-oxo tauto-
mer of cytosine provides a qualitative justification for this con-
clusion.

Stable anions of cytosine with lifetimes of at least 10µs were
produced in electron scattering experiments.5 Dissociative
electron attachment to cytosine proceeds through formation of
a long-lived anion.

Density functional calculations obtain negative or positive
values for the adiabatic electron affinity of cytosine, depending
on the choice of the functional.16-18 These calculations consider
only VB anions, for diffuse basis functions that are appropriate
for DB anions are absent.

Adamowicz and co-workers performed correlated, ab initio
calculations on three tautomers of cytosine and corresponding
anions.19 Uncharged and anionic structures were optimized at
the MP2/6-31++G** and UMP2/6-31++G** levels, respec-
tively. These authors found a metastable VB anion of the amino-
oxo tautomer with a vertical electron detachment energy
(VEDE) of 0.084 eV at the MP2/UMP2 level. This value
increased to 0.102 eV when single-point,∆MP4 calculations
were performed. The adiabatic electron detachment energy of
this anion was negative, however. For amino-oxy tautomers,
VB anions had negative VEDEs. DB anions were examined
with a basis set that included six diffuse s and p functions at a
hydrogen atom nearest to the positive end of the molecular
dipole. With this basis set and MP4, the following AEAs were
obtained for cytosine tautomers: 0.058 eV (amino-oxo tautomer)
and 0.022 and 0.006 eV (amino-oxy tautomers). The authors
of ref 19 considered these three results to be qualitatively
consistent with the experimental results of ref 7, but they could
only speculate on the reasons for the numerical discrepancies.

In this work, we perform ab initio geometry optimizations
for several tautomers of cytosine and for the corresponding DB
and VB anions. Relative energies are determined with basis sets
designed for calculations on both kinds of anions.* To whom correspondence should be addressed. E-mail: ortiz@ksu.edu.
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Results and Discussion

Calculations. All calculations were performed with the
GAUSSIAN-98 suite of programs.20 Figures were generated
with the MOLDEN package.21

The five lowest tautomers of cytosine14,15are the 1H-amino-
oxo (Cy0),trans-amino-oxy (Cy1),cis-amino-oxy (Cy2),trans-
imino-oxo (Cy3), andcis-imino-oxo (Cy4) forms shown in
Figure 1. These structures were optimized at the MBPT(2) (also
known as MP2)22 level with the 6-311++G** basis23 Total
energies, relative energies, and dipole moments are given in
Table 1. At this level of optimization, Cy1 was the lowest form,
but Cy2 was only 0.75 kcal/mol higher. The amino-oxo form,
Cy0, is 2.34 kcal/mol above Cy1.

Corresponding DB anions were obtained in UMP2 optimiza-
tions with the same basis set. Each anion’s structure differed
little from that of the corresponding neutral isomer. Spin
contaminations were negligible. At this point, no binding of
the additional electron was indicated, but calculation of positive
electron affinities generally requires a basis set with many
diffuse and polarization functions.

The nearly saturated, diffuse basis set described in our work
on uracil12 was used subsequently. This basis, known as B2,
contains additional diffuse s and p functions on each atom. One

set of diffuse functions is employed for C, N and O atoms and
two sets were used for hydrogen. The corresponding exponents
are 0.0146 for C, 0.0213 for N, 0.0282 for O, and 0.012 and
0.001 for H. To obtain VEDEs, neutral total energies at
optimized geometries of anions were calculated. Table 2 contains
these total energies, adiabatic electron affinities (AEAs) of
cytosine isomers and VEDEs of the respective DB anions. AEAs
were calculated as differences between a neutral MP2 energy
and an anion’s UMP2 energy. VEDEs are the differences of a
neutral MP2 energy at an anion geometry and an optimized
anion UMP2 energy.

The diffuse nature of all these anions is illustrated by plots
of the highest occupied molecular spin-orbital. This spin-
orbital is henceforth known as the singly occupied molecular
orbital (SOMO), for the remaining occupied spin-orbitals
comprise pairs ofR andâ spin-orbitals with nearly identical
spatial functions. In each case shown in Figure 2, the SOMO
consists chiefly of a highly diffuse lobe. The Cy1- and Cy2-

SOMOs are nearly identical.
VB anions were located as minima in preliminary optimiza-

tions at the UHF/6-31G**24 level. These structures were
reoptimized with the UMP2/6-311G** and UMP2/6-311++G**
procedures. Anions thus obtained differed significantly from
parent neutrals in their geometries. For each tautomeric anion
of this type, prominent distortions of the pyrimidinic ring were
found. Figure 3 shows the optimized, nonplanar structures of
the VB anions. All VB anions had some spin contamination,
but 〈S2〉 values never exceeded 0.80.π SOMOs of VB anions
are shown in Figure 4. With the 6-311++G(2df,2p) basis,25

MP2 energies of the neutrals, UMP2 energies of valence-type
anions and MP2 energies of the neutrals at the anions’
geometries were obtained (Table 3). AEAs and VEDEs were
calculated in the same manner used for DB anions. Electron
propagator methods26 were used to calculate the vertical electron
affinities of the neutral at the anion’s geometry (that is, the
VEDEs) in those cases where∆MP2 gave positive values.

Diffuse-Bound Anions.Of the five isomeric cytosine mol-
ecules, only the amino-oxo form (Cy0) produces an adiabatically
stable, DB anion. An AEA of 0.046 eV obtains with the B2
basis. The VEDE is 0.058 eV when obtained as a UMP2/MP2
difference and is 0.055 eV when obtained directly by OVGF27

electron propagator calculations. These values differ little from
the AEA result. There are two other anions with positive, though
small, VEDEs. (These values are in close agreement with the
values of ref 19.) These are anions produced by the two
lowest neutrals, Cy1 and Cy2. The amino-oxo tautomer has the
largest dipole moment (see Table 1). There is no direct
correlation, however, between the values of dipole moments

Figure 1. The lowest lying isomers of cytosine.

TABLE 1: MP2/6-311++G** Structures of Cytosine

isomer Etot (au) ∆E (kcal/mol) µ (D)

Cy0 -393.97695 2.34 7.35
Cy1 -393.98068 0. 3.56
Cy2 -393.97948 0.75 4.67
Cy3 -393.97451 3.87 5.56
Cy4 -393.97179 5.58 2.91

TABLE 2: B2 Basis Results on Cytosine and Its DB Anions

procedure geometry
Etot
(au)

AEA
(eV)

VEDE
(eV)

Cy0 MBPT(2) Cy0 MBPT(2) -393.97894
Cy0- UMBPT(2) Cy0- UMBPT(2) -393.98063 0.046
Cy0 MBPT(2) Cy0- UMBPT(2) -393.97850 0.058
Cy1 MBPT(2) Cy1 MBPT(2) -393.98258
Cy1- UMBPT(2) Cy1- UMBPT(2) -393.98199 -0.016
Cy1 MBPT(2) Cy1- UMBPT(2) -393.98167 0.009
Cy2 MBPT(2) Cy2 MBPT(2) -393.98140
Cy2- UMBPT(2) Cy2- UMBPT(2) -393.98124 -0.004
Cy2 MBPT(2) Cy2- UMBPT(2) -393.98036 0.024
Cy3 MBPT(2) Cy3 MBPT(2) -393.97635
Cy3- UMBPT(2) Cy3- UMBPT(2) -393.97417 -0.008
Cy3 MBPT(2) Cy3- UMBPT(2) -393.97564 -0.040
Cy4 MBPT(2) Cy4 MBPT(2) -393.97366
Cy4- UMBPT(2) Cy4- UMBPT(2) -393.96682 -0.081
Cy4 MBPT(2) Cy4- UMBPT(2) -393.97259 -0.157
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and either AEAs or VEDEs for the other isomers. Both the AEA
of Cy0 and the VEDE of its DB anion are in good agreement

with the experimentally observed feature at 0.085( 0.008 eV
in ref 7.

Valence-Bound Anions.As was the case with uracil,12 none
of cytosine tautomers produces an adiabatically stable VB anion.
Furthermore, only VB anions of oxo-forms (Cy0, Cy3, and Cy4)
display positive VEDEs at the∆UMP2 level (Table 3). These
VEDE values (0.142-0.271 eV) are within the peak observed
in the spectrum of ref 7, where this feature covers a range of
0.2-0.3 eV. An attempt to assess VEDEs of Cy0, Cy3, and
Cy4 with OVGF resulted in negative VEDE values:-0.350
eV for Cy0, -0.371 eV for Cy3, and-0.405 for Cy4. The

Figure 2. Diffuse-bound, singly occupied molecular orbitals of cytosine tautomers.

Figure 3. Valence-bound tautomeric cytosine anions stable to vertical
electron detachment.

Figure 4. Valence-bound, singly occupied molecular orbitals of
cytosine tautomers.
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discrepancies between OVGF and∆UMP2 results are a
consequence of orbital relaxation between anions and neutrals.
SOMOs of VB Cy0- and Cy3- and LUMOs of corresponding
neutrals at the anion geometries closely resemble each other.
The neutral LUMOs shown in Figure 5 suggest DB anions, even
at the structure of the VB anion. Orbital relaxation in the
attachment of an electron to form a VB anion therefore is very
strong. The next highest unoccupied molecular orbitals of the
neutrals (also shown in Figure 5), however, resemble VB anion
SOMOs. Some care must be exercised in the choice of initial
guess orbitals when searching for VB anions. If neutral LUMOs

are used for this purpose, Hartree-Fock calculations converge
to DB states.

A final set of calculations considers the effects of higher order
electron correlation. Table 4 shows total energies and VEDEs
pertaining to Cy0 and Cy0- that were obtained with optimized
geometries from previous tables. When the 6-311+G** basis
is used, the VEDE of Cy0- obtained at the UMP2/MP2 level
is 0.141 eV. A more exact electron propagator method, the third-
order adiabatic construction approximation (or ADC(3)),28,29was
applied to the VEDE of VB Cy0-. A value of 0.143 eV was
obtained by calculating the electron affinity of the neutral at
the anion’s geometry. CCSD(T) results are even higher: 0.296
eV. Larger VEDE values may be expected from all three
methods with use of a larger basis. These calculations indicate
that the broader, higher energy feature of ref 7 at 0.230( 0.008
eV may be attributed to VB Cy0-. Cy3- or even Cy4- also
may contribute to this experimental feature.

Future work should consider whether the relatively greater
breadth of the peak at 0.230 eV is compatible with calculated
vibrational frequencies and Franck-Condon factors associated
with electron detachment from VB anions. Calculation of
photodetachment cross sections may also assist in making
assignments.

Conclusions

Calculations on electron attachment to cytosine isomers
indicate that the two peaks observed in the PDPE spectrum of
cytosine7 may be produced by electron detachment from VB
and DB anions of the 1H-amino-oxo isomer (Cy0) and perhaps
by VB anions of thetrans-imino-oxo (Cy3) andcis-imino-oxo
(Cy4) forms. DB Cy0- is responsible for the lower peak at 0.085
( 0.008 eV. VB Cy0- is responsible for the peak at 0.230 eV,
but Cy3- and Cy4-may be present also. The most stable, amino-
oxy tautomers of cytosine are not capable of forming DB or
VB anions. We conclude that electron binding by two pyrimi-
dinic bases, uracil12 and cytosine, is essentially the same. Both
produce weakly bound, DB anions. Oxo-forms are capable of
forming short-lived, VB species that are significantly distorted
with respect to neutral structures.
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