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Projected MP2/6-31++G(d,p) ionization potential calculations have recently been performed on the DNA
bases in the gas phase and in aqueous solution (J. Phys. Chem. A, 2004, 6373). The goal of the present work
is to explore methods to perform these same calculations with density functional theory. New results for the
vertical ionization potentials for the DNA bases at the B3LYP/6-31++G(d,p) level are close to the PMP2
results and also close to the experimental results. Vertical ionization potentials for the DNA bases in aqueous
medium at the PCM/B3LYP/6-31++G(d,p) level are thymine 5.41, (5.36), cytosine 5.32, (5.24), adenine
5.05, (5.08), and guanine 4.71, (4.77) eV. The numbers in parentheses are the previous PCM/PMP2 results.
Again, the DFT results are comparable to the PMP2 results. Results are also presented for the vertical ionization
potential of 5-MeC in the gas phase and also in aqueous solution. This results in a cytosine base that has an
IP more like a purine and may therefore have to be considered to be in competition with guanine as a hole
trap.

Introduction

A major goal in photochemistry has been to establish the
threshold energies necessary to ionize nucleotides. The experi-
mental determination of the ionization potentials of nucleotides
presents two challenging problems. First of all, it is difficult to
prepare intact gas-phase nucleotides. Also, one expects that the
large number of valance orbitals with similar energy in a
nucleotide would give rise to poorly resolved ionization spectra.
Previous work has therefore focused on the components of a
nucleotide, the bases, and the deoxyribose-phosphates.

Since there are difficulties in determining the experimental
ionization potentials (IPs) of nucleotides, one would like to use
theoretical calculations to estimate IPs. Theoretical gas-phase
vertical IPs have been calculated for the DNA bases by Colson
et al.1 at the HF/6-31+G(d) level on structures optimized at
the HF/3-21G level. Overall, Koopmans’ theorem IPs compared
most favorably with the experimental vertical IPs, though the
best fit for the pyrimidine IPs was found for the 6-31+G(d)
vertical values. A second study conducted higher level MP2/
6-31+G(d) calculations on structures optimized at the ROHF/
6-31G(d) level and found that the vertical IPs are well predicted
at this level (within 0.2 eV) except for thymine (which is 1.2
eV too high).2 Projected MP2/6-31++G(d,p) IP calculations
have recently been performed on the DNA bases. The average
deviation between calculated and experimental values is only
about 0.1 eV for the gas-phase IPs. This study also examined
the IPs of the bases in aqueous solution.3

Accurate theoretical results of IPs can also be obtained using
ab initio propagator calculations in the partial third-order (P3)
approximation with the 6-311G(d,p) basis set.4 Gas-phase P3
IP calculations on all the DNA bases have recently been
reported.5 However, this technique is not presently available
for calculations in an aqueous medium. Therefore, attempts are
made in the present study to examine other methods of
performing accurate IP calculations on the DNA bases in both
the gas phase and in aqueous solution.

Theoretical Methods

All of the calculations presented here are based on optimiza-
tions with either the second-order Møller-Plesset perturbational
theory (MP2), or the hybrid Hartree-Fock density functional
theory functional B3LYP, in conjunction with a series of
different basis sets. Frequency calculations were performed at
the same level of theory to ensure that the systems represent
true minima on the potential energy surfaces and to provide
corrections for the zero-point vibrational effects. To investigate
the effect of the surrounding matrix on these systems, the
environment was modeled using the polarized continuum model
(PCM) of Tomasi et al.6 All calculations were performed with
the Gaussian 98 (Revision A11.3) suite of programs.7

Results and Discussions

IP calculations previously obtained using ab initio electron
propagator calculations in the partial third-order (P3) ap-
proximation with the 6-311G(d,p) basis set are presented in
Table 1. The calculations are labeled OVGF-MP2/6-311G(d,p).
Here, one sees the rather remarkable agreement between the
calculated and experimental vertical ionizations potentials for
the canonical DNA bases.

Barton and coworkers have used indole derivatives as artificial
nucleic acid bases.8 These molecules appear to serve as a hole* Phone: 423-439-5646; fax: 423-439-6905; e-mail: closed@etsu.edu.

TABLE 1: Vertical Ionization Potentials for the DNA Basesd

molec.
OVGF-MP2/
6-311G(d,p)a

MP2/
6-31+

+G(d,p)b

PMP2/
6-31+

+G(d,p)c

B3LYP/
6-31+

+G(d,p) expt expt ref

Ura 9.54 10.02 9.43 9.47 9.50 (9)
Thy 9.13 9.55 9.07 9.01 ∼9.1 (9)
Cyt 8.79 9.45 8.69 8.69 8.80 (10)
Ade 8.49 9.42 8.62 8.26 8.44 (11)
Gua 8.13 8.91 8.33 7.98 8.24 (12)
indole 7.75 8.04 7.68 7.66 7.76 (13)

a The values for Thy, Cyt, Ade, and Gua were taken from ref 5.
b These values are similar to those presented in ref 3. Here, however,
they are not corrected for the ZPE.c These are the values presented in
ref 3. d Energies in eV.

10376 J. Phys. Chem. A2004,108,10376-10379

10.1021/jp046660y CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/16/2004



trap in DNA since they have a lower oxidation potential than
guanine. Calculations on indole are also included in Table 1.
The results of some more familiar calculations using MP2 and
density functional theory are also included in Table 1 for
comparison and will be discussed herein.

There are likely problems with some of the experimental data.
The experimental paper on ionization of cytosine points out that
the photoelectric spectra of the cytosine derivatives are rather
broad, something not seen in the other bases.10 This is most
likely due to the presence of several isomers in the sample. Also,
higher probe temperatures were required for some of the
cytosine derivatives (195°C versus 152°C for thymine). This
could give rise to partial decomposition. Even though no error
limits are given in the experimental paper, it may be that the
errors in measuring the IPs for cytosine were greater than for
the other bases.

The calculations in Table 1 are for the canonical bases with
N1-H for the pyrimidines and N9-H for the purines. To
provide a better representation of DNA, it was decided to repeat
the calculations with N1-CH3 or N9-CH3 to mimic the
glycosidic bond in the nucleosides. The calculations in Table 2
show a small downward shift in IPs for the methylated bases.14

In this same vein, new calculations have been performed on
C5 methlylated cytosine.5 This results in a cytosine base that
has an IP more like a purine and may therefore have to be
considered to be in competition with guanine as a hole trap.

Regardless of the overall comparisons between theoretical
and experimental IPs, all the calculations presented in Table 2
suggest that the trend in IPs is U> T > C > A > G, with the
pyrimidines having significantly higher IPs than the purines.
Guanine has the lowest IP and therefore would be the easiest
to oxidize.

Most IP calculations in the literature are given with the ZPE
correction.17 The ZPE corrections for the DNA bases at the
B3LYP/6-31+G(d,p) level are listed in Table 3. It can be seen
for the canonical bases at least that the corrections are very
small.

The next step is to ask what are these ionization potentials
in a biologically relevant (aqueous) environment. Here, one has
only limited experimental data. One knows, for example, that
reported ionizations with 250-nm light (which corresponds to
energies of 4.9 eV) involve a biophotonic process.18 On the other
hand, 193 light (6.4 eV) does mono-photonically ionize pu-
rines.19 We can use this information to bracket the threshold

energies required for DNA ionization in aqueous solution to
lie in the range of∼4.9-6.4 eV.

To study how an aqueous environment would affect IPs, one
needs to repeat these calculations in a dielectric continuum.
Presently, the electron propagator methods cannot be used to
do these calculations. So, one must look back at MP2 or DFT
techniques. Here, one has to look to see which technique yields
the best results. Table 1 shows vertical IP calculations using
various basis sets with MP2 and B3LYP.

The MP2 calculations in Table 1 seem to overestimate the
vertical IPs by slightly more that 0.5 eV. Bertran has pointed
out that difficulties can be encountered in doing MP2 calcula-
tions of radical cations because of the overestimation of spin
polarization (which is related to spin contamination).20

The problems with spin contamination arise in computing
the energy of the cation. For example in adenine, the cation
has an S2 value of 1.0486. Also, the frequency calculation on
the adenine cation has a negative frequency (-747.8 cm-1).
This is an indication that there is likely a geometry change in
creating the cation (one electron removal). The problem with
spin contamination can be addressed by using the projected MP2
(PMP2) energies. These calculations, as previously reported,3

are presented in Table 1 and show rather good agreement with
the experimental IPs.

Good results for the gas-phase IPs have been obtained at the
B3LYP/6-31++G(d,p) level. For easy comparisons, these
results are presented in Table 1. These calculations slightly
underestimate the vertical IPs by about 0.14 eV. This is probably
related to the fact that the DFT calculations at the B3LYP level
do not overestimate spin polarization. The appeal of the DFT
procedures is that one can perform geometry optimizations on
the DNA bases in a dielectric continuum. Presently, this cannot
be done for the MP2 calculations in the Gaussian suite of
programs.

Using B3LYP/6-31++G(d,p), the vertical ionization poten-
tials of the DNA bases were calculated in a dielectric continuum
with the polarized continuum model of Tomasi et al.6 The results
are shown in Table 4. The results under the heading B3LYP/
6-31++G(d,p) represent calculations on the optimized coordi-
nates (optimized at the HF/6-31++G(d,p) level) in water (∈ )
78.3). This therefore represents the energy of the solvated
ionized radical. To calculate the energy for the IP in water, one
must subtract the solvation energy of the electron (which is 1.3
eV).21 To the calculations on the bases, additional IPs are
included for 5-MeC, 8-OxoGuanine, and indole in water.

The results in Table 4 are compared with recent results by
LeBreton et al.22 This group has used data from gas-phase
photoelectron experiments, combined with results from self-
consistent field and post self-consistent field calculations and
with theoretical Gibbs free energies of hydration, to describe
the aqueous ionizations of the nucleotide anions. The negative

TABLE 2: Vertical Ionization Potentials for the DNA Bases
OVGF-MP2/6-311G(d,p)a

molec. N1,9-H exptb N1,9-CH3 expt refs

Ura 9.54 9.50 9.14 ∼9.2 (15)
Thy 9.13 ∼9.1 8.78 8.79 (15)
Cyt 8.79 8.80 8.53 8.65 (16)
5-MeC 8.50 8.78 8.26 8.50 (16)
Ade 8.49 8.44 8.34 8.39 (11)
Gua 8.13 8.24 7.98 8.02 (12)

a Energies in eV.b These are the experimental values given in Table
1 for the N1,9-H bases.

TABLE 3: Zero-Point Energy Corrections at
B3LYP/6-31+G(d,p)a

molec. B3LYP/6-31+G(d,p) corrected for ZPE

Thy 9.01 8.97
Cyt 8.69 8.64
Ade 8.26 8.26
Gua 7.98 8.03

a Energies in eV.

TABLE 4: Polarized Continuum Model Calculations in
Water (B3LYP/6-31++G(d,p))a

molec. B3LYP minus 1.30 PMP2b expt refs

Ura 7.01 5.71 5.55
Thy 6.71 5.41 5.36 5.4 (22)
Cyt 6.62 5.32 5.24 5.5 (22)
5-MeC 6.43 5.13
Ade 6.35 5.05 5.05 5.0 (22)
Gua 6.01 4.71 4.77 4.8 (22)
8-OxG 5.71 4.41
Indole 5.76 4.46 4.46 4.35 (21)

a Energies in eV. Pyrimidines with N1-H and purines with N9-H.
b The results at the PMP2/6-31++G(d,p) level are taken from ref 3.
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charge on the phosphate does not seem to affect the results as
the authors show that the aqueous ionization threshold energy
of anionic 5′dTMP (5.4 eV) is nearly the same as that of the
neutral nucleoside 2-deoxythymidine (5.3 eV).

Comparing Table 2 (vacuum IPs) and Table 4 (IPs in water),
one sees that in water the ordering of the IPs is the same as in
a vacuum. Furthermore, the IP of 5-MeC is smaller than that
of cytosine. This has important implications to the radiation
chemistry of DNA. Once 5-MeC is oxidized, the cation may
irreversibly deprotonate at C5-CH3 producing the 3RH radical.5

Such an irreversible deprotonation could in principle halt hole
transfer in DNA. Therefore, one has to consider the conse-
quences of the oxidation of 5-MeC, and not just guanine
oxidation, to understand the radiation chemistry of DNA.23

Base Stacks and Base Pairs.It would be desirable to extend
the results obtained here to compute the IPs of stacked bases.
First of all, it is necessary to use extended basis sets to
adequately describeπ-electron distributions. Also, one should
include the effects of electron correlation to accurately compute
the IPs. This could be very computational demanding since one
is dealing with up to 24 second-row atoms for a purine:purine
stack To save CPU time, previous calculations have been done
with smaller basis sets on nonoptimized structures.

Saito and coworkers have computed IPs on the DNA base
stacks by using geometries based on standard bond lengths and
bond angles taken from X-ray crystal data.24 IPs were estimated
from Koopmans’ theorem from single-point calculations at the
HF/6-31G* level. Similar results were reported by Prat et al.25

using geometries optimized with the AMBER force field.
Vertical IPs were then estimated from the Koopmans’ theorem
from calculations performed at the RHF/6-31G* level.

The use of Koopmans’ theorem to estimate IPs was discussed
by Colson et al.1 They showed that the best results were obtained
with small basis sets. The good fit between the Koopmans’
values (using the 3-21G basis set) and the experimental values
is believed to result from a cancellation of unaccounted errors
in the electron correlation and orbital relaxation energies. The
use of higher basis sets did not improve the fit of the calculated
IPs to the experimental values.

To study the effects of using nonoptimized structures, one
has to consider that A- or B-DNA crystal structures are not
minima on the gas-phase potential energy surface. The basic
difference is that in the geometry optimized structures of
cytosine and guanine the-NH2 groups are rather nonplanar.
Table 5 shows the effect this has in calculating IPs.

There are several interesting features in Table 5. First of all,
the IPs calculated with Koopmans’ theorem seem to agree with
the OVGF calculated IPs (and the experimental values) for the
purines but not for the pyrimidines. Also, there are differences
between the calculated IPs for the planar and nonplanar
calculations. The nonplanarities are basically caused by the out-

of-plane bending of the NH2 groups. It is seen that there is only
a small energy difference between the planar and nonplanar
geometries.

The works mentioned above on stacked bases include
calculations on guanine. The calculated IP of guanine by Saito
et al. is 7.75 eV24 and by Prat et al. is 7.72 eV25 which is very
close to the values in Table 5 for planar guanine. This is because
these authors are performing calculations on planar molecules.
Saito uses atomic coordinates from crystal structures, and Prat
used AMBER force fields to optimize the molecular geometries.
Both procedures result in planar bases.26

When one sees a calculated IP of guanine to be∼7.75 eV,
this may cause some concern since the standard reference has
the experimental value as 8.24 eV.9 However, the experimental
value was for normal guanine, not N9-CH3 guanine. Table 2
shows that the experimental IP for N9 methylated guanine is
8.02 eV. Table 5 shows that one can accurately calculate this
IP in N9 methylated guanine (7.77 eV), at least for a calculation
involving the fully optimized geometry. Also, perhaps fortu-
itously, the Koopmans’ value for the IP of guanine is very close
to the experimental value.

There have also been efforts to calculate the influence of base
pairing on IPs. Hutter and Clark27 have calculated that the
vertical IP of G:C is 7.16 eV and 7.74 eV for A:T. They suggest
that these values are too low and so have performed linear
correlations to experimental IPs, which give corrected values
of 7.51 eV for G:C and 8.06 eV for A:T. There are also
problems of comparing calculations of the IP on a base pair
with the IP of an individual base because of the basis set
superposition error. More recent calculations by Li et al.28 have
vertical IPs of 7.80 eV for G:C and 7.23 eV for A:T.

Conclusions

Table 1 lists the vertical ionization potentials for the DNA
bases previously calculated at the PMP2/6-31++G(d,p) level.3

The new results for the vertical ionization potentials for the DNA
bases at the B3LYP/6-31++G(d,p) level in Table 1 are seen to
be close to the PMP2 results and also close to the experimental
results. The density functional theory calculations can be run
at considerable savings in CPU time.

Table 4 lists the vertical ionization potentials for the DNA
bases in aqueous medium at the B3LYP/6-31++G(d,p) level.
These values can be compared with the previous results at the
PMP2/6-31++G(d,p) level,3 which are included in Table 4
(under the heading PMP2). In both cases, these are single-point
calculations on geometries first optimized at the PCM/HF/6-
31++G(d,p) level. One sees very good agreement between the
two sets of calculations.

Therefore, it seems as if one can obtain reliable vertical
ionization potentials for the DNA bases with the faster density
functional theory calculations. Work is in progress to look at
DFT calculations of the ionization potentials of a larger system
including the DNA bases with explicit waters of hydration in a
PCM cavity and the influence of 5-MeC in a guanine base stack.
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