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Abstract. We present equilibrium geometries, dipole moments, ionization energies
and electron affinities of the DNA base molecules adenine, thymine, guanine, and
cytosine calculated from first principles. The comparison of our results with experi-
mental data and results obtained by using quantum chemistry methods shows that
gradient-corrected density-functional theory (DFT-GGA) calculations using ultra-
soft pseudopotentials and a plane-wave basis are a numerically efficient and accurate
alternative to methods employing localized orbitals for the expansion of the electron
wave functions.

1 Introduction

Quantum chemistry methods range from empirical molecular dynamics over
density-functional theory (DFT) implementations with localized basis sets to
wave-function based methods. The latter, e.g., Hartree-Fock, Mgller-Plesset
[1] or coupled-cluster methods [2,3], can be very accurate, but due to their un-
favourable scaling properties are applicable only to a small number of atoms.
In addition, if atom-centered functions form the basis set, calculations suf-
fer from an inherent inaccuracy known as the basis set superposition error
(BSSE). Controversies still exist with regard to the validity of counterpoise
correction schemes [4] that are designed to correct for the BSSE (see, e.g., [5]).
Moreover, the usage of a necessarily incomplete basis set such as Gaussians
for the expansion of the molecular electron wave function renders the efficient
and reliable control of the numerical convergence difficult. These problems do
not exist if, instead, plane waves are used for the expansion of the wave func-
tions. Furthermore, the implementation of periodic boundary conditions is
straightforward, thus allowing for the treatment of extended systems. This is
especially important when studying the interaction of molecules with crystals
surfaces as planned for the further stages of our project. However, a serious
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disadvantage of plane-wave based methods for the treatment of finite systems
is the relatively high number of plane waves needed to obtain numerically
converged results, especially if first-row elements of the periodic table such
as carbon, nitrogen and oxygen are concerned. The numerical demand can in
principle be drastically reduced by employing ultrasoft, non-normconserving
pseudopotentials to describe the electron-ion interaction [6].

Therefore we probe here the applicability of DFT in the generalized gradi-
ent approximation (GGA) [7,8] together with ultrasoft pseudopotentials and
a plane-wave basis set. We show that accurate and numerically converged
molecular structures can be obtained already with a relatively low cutoff en-
ergy. The same approach is then applied to study the electronic properties of
the DNA base molecules.

2 Computational Method

2.1 Kohn-Sham energy functional for ultrasoft pseudopotentials

The starting point for the total-energy calculations in conjunction with ultra-
soft pseudopotentials (US PP) is the Kohn-Sham energy functional which can
be written as [9, 10]

Exs[{¢}, {RN =D fu(¢nlT + Vi én) + Enln] + Excln] "
n=1 1
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with f, = 1 for occupied and f, = 0 for unoccupied bands. To simplify
notation the k-index has been dropped. The sum runs over the N, bands
included in the calculation. The functional Exg, dependent only on the elec-
tronic wavefunctions ¢, and the atomic positions R, is decomposed into the
classical Hartree energy Eu, the local ionic pseudopotential V%", the kinetic
energy operator T with T = —h? /2mA and the Madelung energy Yewaia of
the ions. The remaining matrix elements (¢, |Vio?|¢,) are derived from the

nonlocal part of the pseudopotential which can be cast into the form

1on ZDlonlﬂ] ﬂz (2)

with localized projection states |3;). With the projection operators the overlap
matrix is constructed,
S=1+>a;l8))Bil )
j
gi; denoting the so-called augmentation charges. Thus the nonlocality of the
ultrasoft pseudopotential gives rise to the generalized orthonormalization con-
straint
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Minimizing the Kohn-Sham functional with respect to the wavefunctions and
subject to the orthonormalization constraint leads to the modified Kohn-Sham
equations

ﬁ|¢n) = 5n‘§|¢n) (5)

in the form of a generalized eigenvalue problem. This complication is coun-
terbalanced by a reduction of the necessary cutoff for first-row elements by
a factor between 2 and 4 compared to normconserving pseudopotentials for
systems of the size studied here.

A major advantage of using plane waves as a basis for the expansion of the
electron wave functions ¢, is the fact that the local part of the pseudopotential
and the kinetic energy operator are diagonal in real and reciprocal space,
respectively. Therefore the evaluation of the action of the Hamiltonian H
is very fast when using the Fast Fourier Transform (FFT) to transform the
wavefunctions to reciprocal space and back. Together with separable factorized
pseudopotentials [11] these features allow for the application of highly efficient
iterative diagonalization algorithms to solve the Kohn-Sham equations.

To this end we employ the residual minimization method — direct inver-
sion in the iterative subspace (RMM-DIIS) algorithm [12,13] using the Vienna
Ab-initio Simulation Package (VASP) implementation [14] of the gradient-
corrected (PW91) [7] density functional theory together with highly transfer-
able ultrasoft pseudopotentials [6] supplied with the code.

2.2 Computational cost

In the RMM-DIIS algorithm the calculation of the residual (H — £9)|,) is
an operation of the order N2log N, N being the number of atoms. The most
demanding parts in the calculation of the action of H and S are the FFT
and the evaluation of the nonlocal projection operators. For larger systems
they are calculated in real space [15] and therefore the number of operations
per band increases linearly with the system size. For all bands this is only
an O(N?) operation. The orthogonalization of the wave functions and the
subspace diagonalization scale like O(N?3) with similar prefactors that are
small compared to those of the O(N?) operations. Thus their contribution
to the overall execution time becomes dominant only for systems containing
more than about 10% atoms. This favourable scaling behaviourhas allowed
for modeling semiconductor structures containing nearly 3000 atoms using
VASP [16].

VASP offers parallelization over bands and plane-wave coefficients. To re-
duce communication overhead VASP uses a twodimensional cartesian topol-
ogy in which the bands are distributed among a group of nodes in a round-
robin fashion. Using MPI functionality, in-group communication does not in-
terfere with inter-band communication. It should be noted that paralleliza-
tion over plane-wave coefficients results in large memory demands because the
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Table 1: Details of a ground-state calculation from scratch for the DNA base gua-
nine on the Hitachi-SR8000.

number of atoms 16 number of bands 45

size of supercell 10x20x20 A3 max. number of plane waves 47190
number of nodes 32 integrated memory used 14409 MB
CPU time 1522s max. memory used per node 496 MB
MFlops 1914

nonlocal projection operators |3;){5;| must be stored on each node within a
group. Table 1 summarizes the details of a typical ground-state calculation
for guanine on the Hitachi-SR8000.

3 Results and Discussion

We performed extensive convergence tests on gas-phase adenine using a
10x20x20 A3 supercell. The total energy and characteristic bond lengths
are found to be completely converged (and the latter in excellent agreement
with experiment, cf. Fig. 1) if the electronic wave functions are expanded into
plane waves up to a kinetic energy of 35 Ry. This constitutes a major com-
putational saving, compared to the cutoff energy of 70 Ry found necessary
in calculations using norm-conserving pseudopotentials [17,18]. For adenine,
cytosine and guanine (thymine) the cutoff of 35 Ry corresponds to a basis
set of roughly 45000 (94000) plane waves. This still relatively high number
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Fig. 1: Equilibrium bond lengths (cf. Fig. 2) of gas-phase adenine vs the plane-wave
cutoff energy.
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Fig. 2: Schematic structures of most stable tautomers of the DNA bases

results from the requirement to also ‘describe’ the large vacuum region of
the supercell. Therefore the favorable scaling properties of the VASP imple-
mentation (compared to the scaling worse than O(N*) for post-Hartree-Fock
methods [19]) do not necessarily translate into a short execution time for
systems such as studied here, cf. Table 1.

As can be seen from Fig. 1, the energy cutoff can be further reduced to 25
Ry, on the expense of a slightly increased error bar. We use the value of 35 Ry
throughout the calculations. In the case of thymine the size of the supercell
had to be increased to 20x20x20 A3.

3.1 Geometries

Calculated bond lengths for the most stable tautomers of the DNA bases,
i.e., the keto-forms shown in Fig. 2, are compiled in Tab. 3.1. They are com-
pared with high-resolution X-ray and neutron diffraction data summarized
in a statistical survey of the Cambridge Structural Database by Clowney et
al., see Ref. [20]. The standard deviations in the samples amount to less than
0.002 A for the bond lengths. The calculated values and the cited experimen-
tal findings agree within an error bar of typically less than 1-2%. A slight
overestimation of bond lengths of this order of magnitude is to be expected
for DFT-GGA calculations [21]. The bond lengths of DNA base molecules
have also been determined using a variety of quantum chemical methods such
as MP2/6-31G(d,p) [22,23], HF/4-31G [24], and B3LYP/6-311G(d,p) calcu-
lations [25]. The comparison of these predictions (also given in Tab. 3.1) with
the data presented here shows that plane-wave calculations using ultrasoft
pseudopotentials are comparable in accuracy with those quantum-chemical
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approaches concerning the bond lengths. Our results are also very close to
those obtained in a recent DFT-GGA study using plane waves in conjunction
with normconserving pseudopotentials [26].

Table 2: Calculated bond lengths (in A) for adenine, cytosine, guanine, and
thymine. Comparison is made with experimental data from Ref. [20] and quantum-
chemical results from Refs. [22,24,25].

adenine cytosine
bond DFT- Ref. [25] Exp. bond DFT- Ref. [22] Exp.
GGA GGA

Ni1Cs 1.341 1.333 1.331 N:C: 1.429 1.418 1.399
CaN3 1.348 1.342 1.339 C.0 1.231 1.226 1.237
N3C4 1.350 1.342 1.351 C2N3 1.367 1.382 1.356
C4Niyo 1.352 1.353 1.335 N3Cq4 1.324 1.318 1.334
C4Cs 1.409 1.409 1.406 C4N7 1.359 1.369 1.337
CsCs 1.396 1.396 1.383 C4Cs 1.435 1.437 1.426
CeNy 1.339 1.336 1.344 C5Ce 1.360 1.359 1.337
CsN7 1.383 1.385 1.388 CsN1 1.353 1.358 1.364
N~7Cs 1.316 1.308 1.311

CsNog 1.381 1.380 1.373

NoCs 1.381 1.377 1.374

guanine thymine
bond  DFT- Ref [22] Exp. bond ~ DFT- " Ref [24]  Exp.
GGA GGA

Ni1Co 1.312 1.310 1.323 N;Cq 1.389 1.366 1.376
C2Niyp 1.361 1.385 1.337 C209 1.227 1.218 1.220
CaN3 1.371 1.372 1.371 C2N3 1.383 1.368 1.373
N3C4 1.434 1.430 1.391 N3Cy 1.406 1.384 1.382
C40 1.230 1.225 1.238 C404 1.233 1.218 1.228
CuCs 1.435 1.442 1.419 C4Cs 1.459 1.461 1.445
C5Cs 1.402 1.394 1.379 CsCs 1.354 1.329 1.339
CeNy 1.354 1.366 1.350 CeNy 1.376 1.380 1.378
CsN~» 1.380 1.377 1.388 CsCr 1.495 1.498 1.496
N7Csg 1.311 1.324 1.305

CsNg 1.385 1.375 1.374

NoCs 1.370 1.370 1.375

In contrast to the bondlengths, the planarity of the nucleic acid bases
is still under debate. For a detailed discussion see [27,28]. Whereas earlier
ab initio calculations carried out at the Hartree-Fock level indicate a rather
weak amino group pyramidalization [29] more recent studies predict dihedral
angles of 39.1° for guanine and 27.1° for cytosine [28]. Our DFT-GGA calcu-
lations, however, result in quite small deviations from planarity, cf. Table 3.
For guanine we obtain a dihedral angle of only 2.3°. Interestingly, the DFT-
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(a) aniline (b) guanine

Fig. 3: Electrostatic potential plotted on an isodensity surface for (a) aniline
(a =34.0°) and (b) guanine (@ = 2.3°). The higher pyramidalization of the amino
group in aniline leads to stronger charge accumulation at the nitrogen atom. For a
reproduction of this figure in colour, see Fig. 35 on page 478.

GGA study by Di Felice et al. [26] on DNA bases also indicates a very weak
nonplanarity.

The DFT-GGA approach thus seems not to be able to reproduce the or-
der of amino group pyramidalization. But structural consequences of rehy-
bridization processes at solid surfaces, which go along with strong charge
inhomogeneities, are generally well accounted for in DFT calculations using
LDA or GGA to model the effects of exchange and correlation [30,31]. As,
unfortunately, there are no experimental data available for the amount of non-
planarity of the DNA bases we performed additional calculations for aniline
(CeHsNH>). In this case we predict an out-of-plane angle of the amino group
with respect to the ring plane of 34.0°, close to the experimental value of 37.5°
obtained by microwave spectroscopy [32], cf. Fig. 3. For aniline, the HF/6-31G
calculations in [28] yield a dihedral angle of 46.2°, largely overestimating the
experiment.

Table 3: Nonplanarity of the DNA bases with amino-group

rms deviation from planarity

base dihedral angle C — NHj-group molecule
adenine 0.0° 0.000 A 0.000 A
cytosine 11.2° 0.028 A 0.020 A
guanine 2.3° 0.006 A 0.023 A

3.2 Dipole moments

The electronic properties of the DNA base molecules are less well understood
than their structural details. The electrostatic potential around DNA bases is
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Table 4: Calculated dipole moments in the three cartesian directions and absolute
values (in Debye) of adenine (A), cytosine (C), guanine (G) and thymine (T).

DFT-GGA Exp.

Hz Hy Mz M ok
A 255 —0.29 0.00 256 2.5°
C —5.51 —3.43 0.22 6.49 7.0°
G 533 —4.37 016  6.89 7.1
T 053 —4.45  0.02  4.48 4.1¢

“ from Ref. [33] ° from Ref. [34] ° from Ref. [35]

of primary importance for molecular interactions like H-bonding, hydration,
and the bonding of small or polyvalent cations. The calculated dipole values
of the DNA bases are compiled in Table 4; their components perpendicular
to the molecular planes are almost neglegible because of their near planarity.

The comparison to experiment shows that electronic ground state prop-
erties, at least concerning the dipole moments, are reliably described within
DFT-GGA. The agreement in the case of adenine is excellent while for thymine
the dipole moment is slightly overestimated. The calculated values for cytosine
and guanine are smaller than measured but are, however, very close to the
results of quantum chemical calculations. The MP2/aug-cc-pVDZ values by
Hobza and Sponer [27], for example, amount to 2.56, 6.49, 6.65, and 4.37 De-
bye for adenine, cytosine, guanine, and thymine, respectively. Similar values
are also reported in [36].

3.3 Ionization energies and electron affinities

The calculation of excited configurations within DFT is a priori complicated
because density-functional theory, by derivation, only describes the electronic
ground state correctly. There exist well-founded schemes based on DFT plane-
wave implementations that allow for a systematic improvement of the descrip-
tion of the electronic many-body effects in the excited states. This concerns
both the inclusion of electronic self-energy effects for the accurate description
of unoccupied electronic states within the GW method [37-39] and the Bethe-
Salpeter equation (BSE) for pair excitations in order to account for electron-
hole attraction contributions to the optical response [40-44]. In contrast to
time-dependent density-functional theory (TDDFT), GW and BSE based ap-
proaches yield reliable results for both localized and extended systems [45,46].
These approaches are, however, computationally extremely expensive. In the
present case the localization of the electronic states fortunately allows for
a numerically far less demanding treatment of these many-body effects: we
investigate their influence by means of delta self-consistent field (ASCF) —
also called constrained-DFT — calculations. Thereby the total-energy differ-
ences between the ground states and the excited states of the molecules are
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calculated. The electrons are allowed to relax, while the occupation numbers
are constrained to the excited configuration. Here we determine the lowest
single-electron excitation, the ionization energy (IE)

IE=E(N —-1)— E(N), (6)
and the electron affinity (EA)
EA=E(N)-E(N +1), (7)

where E(NN) denotes the ground-state energy of the molecule with N electrons.
The ionized molecules with one missing or additional electron are character-
ized by the total energies E(N — 1) and E(N + 1), respectively. Using (6) and
(7), the calculation of single-particle excitation energies reduces to the treat-
ment of electronic ground states. In addition, structural relaxations can be

(a) adenine (b) cytosine

(c) guanine (d) thymine

Fig. 4: Hartree potential of the DNA bases in the molecular planes. The magni-
tudes and directions of the electric dipole moments are indicated by arrows. For a
reproduction of this figure in colour, see Fig. 36 on page 478.



358 M. Preuf}, K. Seino, W. Schmidt

Table 5: Calculated ionization energies and electron affinities (in eV) of adenine
(A), cytosine (C), guanine (G) and thymine (T).

ionization energies electron affinities
vertical adiab. vertical adiab.
A 8.23 8.06 0.74 0.79
C 8.75 8.66 0.84 0.84
G 7.82 7.63 0.84 0.85
T 9.13 9.08

taken into account. Then, instead of the vertical IEs and EAs, which include
only electronic relaxation effects, one obtains adiabatic values.

The vertical and adiabatic values of the IEs and EAs computed within
the ASCF schemes (6) and (7) are listed in Table 5. The effect of structural
relaxation on the IEs amounts to about 0.1-0.2 eV. In contrast, this effect is
negligible for the EAs. The additional electron in the LUMO state does not
induce a noticeable change of the atomic geometry compared to the ground
state.

Experimentally, adiabatic IEs of 8.26, 8.68, 7.77 and 8.87eV were deter-
mined for adenine, cytosine, guanine, and thymine [47]. These values agree
within 0.2eV with our calculations. An error bar of the same size has been
found in earlier quantum chemistry calculations [48]. The comparison of the
calculated vertical IEs with the experimental results of 8.44, 8.94, 8.24, and
9.14eV for adenine, cytosine, guanine, and thymine [49] is of the same ac-
curacy. Only the agreement for guanine is worse. There is quite a scatter in
the theoretical values, ranging for guanine for example from 7.31eV deter-
mined with ASCF B3LYP/6-31G* calculations [50] to 8.1eV obtained using
a semi-empirical NDDO-G approach [51].

Because we did not obtain fully converged results for thymine, EAs cal-
culated within the ASCF method are only cited for adenin, cytosine, and
guanine. A delocalized excess electron presents an obvious obstacle to an ac-
curate ASCF calculation of the EA within the supercell approach. In order to
illustrate the degree of delocalization, we plot in Fig. 5 the orbital character of
the adenine LUMO after one electron has been added. Upon electron addition
and subsequent relaxation of the LUMO the orbital is partially smeared out
in a region more than 5 A away from the molecule. It extends over a large frac-
tion of the supercell. Due to the periodic boundary conditions it is necessarily
influenced by the neighboring images. Consequently, the electronic relaxation
is not modeled correctly and the supercell ASCF calculation fails to account
for the measured EA.
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Fig. 5: Delocalized additional electron in the adenine LUMO. Edges of the supercell
are indicated. For a reproduction of this figure in colour, see Fig. 37 on page 479.

4 Summary

We have been able to reproduce the molecular structures of the nucleic acid
bases with the help of density-functional theory in conjuction with a plane-
wave basis set and ultrasoft pseudopotentials. Concerning geometries, this
method is comparable in accuracy to quantum-chemical approaches employ-
ing localized basis sets. We have applied our numerically converged ab initio
method to examine the electronic properties of the DNA bases for which only
little and/or contradicting information is available. Our results suggest the
application of the VASP code also for further planned studies on the self-
organization of DNA bases on solid surfaces.
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