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Interaction energies of selected H-bonded nucleic acids base pairs, formamide dimer, and formamidine dimer
have been evaluated using the second-order Møller-Plesset method (MP2) with extended basis sets of atomic
orbitals. Basis sets with two sets of d-polarization functions on each non-hydrogen atom give the same
interaction energies as medium-sized 6-31G** and 6-31G*(0.25) basis sets. This is due to a compensation of
errors in the evaluation of the Hartree-Fock and correlation interaction energies. With a further increase of
the size of the basis set, a steep improvement (increase in absolute value) of the interaction energy appears.
It amounts to 0.6-1.1 kcal/mol with the cc-pVTZ basis set. The aug-cc-pVQZ and cc-pV5Z basis sets improve
the interaction energy of model complexes by additional ca. 1.3 kcal/mol while these data appear to be very
close to the basis set limit. In contrast to the MP2 method, Becke3LYP density functional theory method
does not show any systematic improvement of the interaction energies with the increase of the basis set size.
The previously published reference values for interaction energies of H-bonded base pairs obtained with
medium-sized basis sets of atomic orbitals are likely to be underestimated (in absolute value) by 2.0-2.5
kcal/mol while relative stabilities of base pairs are correctly reproduced. Nevertheless, with the present computer
facilities we cannot yet investigate in detail the influence of the quality of the optimized geometries of the
dimers on their stabilization energies. It is expected, however, that this contribution is considerably smaller
compared to the primary basis set effects evaluated in this study.

Introduction

Interactions of nucleic acid bases significantly influence the
structure, dynamics, and function of nucleic acids. Therefore,
studies of interactions of nucleobases are important to understand
their role in nucleic acids1-11 and to parametrize accurate
molecular mechanical force fields for molecular modeling of
nucleic acids.12 Accurate gas phase data are required since it is
very difficult to extract the intrinsic base-base interactions from
condensed phase and/or crystal data.13 In the absence of a
sufficient amount of gas phase experimental data, the basic tool
to study interactions of nucleic acid bases is the ab initio
quantum-chemical method. Inclusion of electron correlation is
necessary to achieve reasonable accuracy.1,10 The base pairing
should be studied by standard variational supermolecular post-
Hartree-Fock method. The perturbation method in the form of
symmetry-adapted perturbation theory (SAPT),14awhich is very
successful for studies of interactions of small rigid systems,14b

is not well suited for base pairs requiring to optimize all inter-
and intramolecular coordinates. Local methods of inclusion of
electron correlation effetcs14c are still far from routine applica-
tions. We advice considerable caution and a careful verification
when applying existing codes to molecular clusters since actual
MP2 correlation interaction energy might be underestimated by
the local MP2 method substantially.14dDensity functional theory
(DFT) presently does not capture the intersystem electron
correlation effects properly15 and brings no advantage over the
HF approximation for base stacking2b and related interactions,15

although work is in progress to improve the applicability of
DFT for studies of molecular clusters.15c-f

Our presently available reference values for H-bonding1a and
stacking interactions1b,c of nucleobases were evaluated using
second-order Møller-Plesset (MP2) perturbational theory with
medium-sized basis sets of atomic orbitals having a set of diffuse
d-polarization functions on all second-row elements. The
structures of the H-bonded base pairs were obtained using
gradient optimization carried out within the Hartree-Fock (HF)
approximation. While the interaction energies were corrected
for an artifact known as the basis set superposition error (BSSE),
the optimization procedure did not include this correction. Thus,
the available reference values for H-bonding of bases can be
spoiled by several inaccuracies: (i) The optimized geometries
can be inaccurate due to the neglect of electron correlation,
BSSE, and small size of the basis sets used for the optimizations.
(ii) The subsequent evaluation of interaction energies is affected
by the use of still rather small basis sets.

Recently, several attempts have been made to improve the
quality of calculations of DNA base pairs and to estimate quality
of the older data.

Several base pairs have been reoptimized at the MP2 level
using medium-sized basis sets of atomic orbitals.1a,7 The
calculations indicate that optimizations carried out at the HF
level introduce no significant error into the evaluation of the
stability of the base pairs. Further, the MP2-optimized geom-
etries are not necessarily more accurate than the Hartree-Fock
ones, since at the MP2 level the basis set superposition error
increases substantially. With current computer resources, coun-
terpoise (CP)-corrected gradient optimization techniques16 can-
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not be carried out for base pairs with inclusion of electron
correlation effects and with large basis sets. Nevertheless, CP-
corrected gradient optimization has been reported for AT, TC,
and GA base pairs at the HF/6-31G** level.10eThe CP-corrected
structures provided almost identical stabilization energies as
obtained after the standard optimization. Also, the geometries
of base pairs were not substantially affected, except of the GA
base pair. This base pair is intrinsically nonplanar and the
interbase plane angle was moderately changed by the CP
procedure.10e

The importance of higher-order electron correlation effects
was investigated. It was shown that the MP2 procedure provides
almost identical results as coupled cluster method with inclusion
of noniterative triple electron excitations [CCSD(T)] for cy-
tosine-cytosine and uracil-uracil H-bonded base pairs.8 Similar
results were obtained for other H-bonded systems.8,17-19 It is
due to compensation of errors and there is no guarantee that
one can rely on the compensation over the whole spectrum of
H-bonds. Nevertheless, it is reasonable to expect that the MP2
procedure is sufficiently accurate for H-bonded base pairs.
Interestingly, for aromatic stacking clusters the MP2 method
overestimates the stabilization.8,20

Finally, the influence of the size of basis set on the
stabilization energies was considered. Local MP2 (LMP2)
method was applied with the cc-pVTZ(-f) basis set (the notation
-f means that f functions were omitted).9 The calculations have
shown for several base pairs an agreement (within 1 kcal/mol)
with the previous data. However, several recent studies on small
H-bonded complexes revealed that inclusion of higher-order
polarization functions leads to a substantial improvement of the
correlation part of the interaction energies.8,19 In addition, it still
remains to prove the accuracy of the LMP2 method compared
to the standard MP2 procedure.14d

In this paper we present a new reevaluation of interaction
energies of selected DNA base pairs, using correlation consistent
cc-pVTZ basis set and several other large basis sets. For model
systems, systematic calculations are performed up to the MP2/
aug-cc-pVQZ and MP2/cc-V5Z levels. The calculations reveal
that the previous reference studies underestimated (in absolute
values) the interaction energies of base pairs while even the
cc-pVTZ basis set is not sufficient to reach complete conver-
gence. We estimate that medium-sized basis sets underestimate
the interaction energies of base pairs in absolute value by 2.0-
2.5 kcal/mol. The effect appears to be systematic and relative
stability of base pairs reported before should not be affected.
Size of the basis set used in the single-point interaction energy
evaluations is the most important factor influencing the accuracy
of calculations of gas phase dimerization of H-bonded base pairs.

Method

All calculations were done using the Gaussian94 code.21 The
structures were optimized at HF or MP2 levels of theory, as
indicated below. The interaction energies were evaluated using
the MP2 method and frozen core approximation. A variety of
Pople’s21 and Dunning’s correlation22 consistent basis sets were
used (Table 1).

The interaction energyin this paper is defined as the energy
difference between the total electronic energy of the dimer and
the electronic energies of the monomers separated into infinity
without allowing their geometries to relax (i.e., assuming the
same intramolecular geometries of the monomers as within the
complex). All interaction energies were a posteriori corrected
for the basis set superposition error using the full counterpoise
procedure. We have separately calculated thedeformation

energiesof the monomers upon the formation of the complex,
∆EDEF. The deformation energy is the difference between
electronic energies of the two monomers assuming they have
the same geometry as within the dimer and electronic energies
of fully relaxed isolated monomers.∆EDEF is repulsive contribu-
tion and should be added to the interaction energy in order to
obtain thecomplexation energyof the dimer. Let us note that
some authors include the deformation energy as a part of the
interaction energy; the interaction energies are then equivalent
to complexation energies in the present paper. The reader should
always check whether in a paper the interaction energies include
the deformation energies or not.

The following systems have been studied (Figure 1): adenine-
uracil Watson-Crick base pair (AU), isocytosine-cytosine

TABLE 1: Basis Set of Atomic Orbitals Used in the Present
Papera

basis set
second-row
elements

hydrogen
atoms

HF
energy

MP2
energy

6-31G*(0.25) 3s2p1d 2s -168.877 558 -0.377 016
6-31G** 3s2p1d 2s1p -168.937 361 -0.483 611
6-311G(2d,p) 4s3p2d 2s1p -168.982 524 -0.547 127
6-311G(2df,p) 4s3p2d1f 2s1p -168.988 713 -0.591 936
6-311+G(2df,pd) 5s4p3d1f 3s1p1d -168.995 588 -0.601 557
6-311++G(3df,dp) 5s4p3d1f 3s1p1d -168.998 216 -0.608 336
aug-cc-pVDZ 4s3p2d 3s2p -168.962 103 -0.512 153
cc-pVTZ 4s3p2d1f 3s2p1d -168.999 146 -0.605 891
aug-cc-pVTZ 5s4p3d2f 4s3p2d -169.002 773 -0.617 703
cc-pVQZ 5s4p3d2f1g 4s3p2d1f -169.012 434 -0.649 713
aug-cc-pVQZ 6s5p4d3f2g 5s4p3d2f -169.013 560 -0.655 312
cc-pV5Z 6s5p4d3f2g1h 5s4p3d2f1g-169.015 815 -0.667 298

a The first two columns show the number of contracted basis
functions. the last two columns show total HF and MP2 electronic
energies (au) of formamide evaluated with these basis sets of atomic
orbitals.

Figure 1. (1) FaFa dimer, (2) FiFi dimer, (3) CC base pair, (4) iCC
WC base pair, (5) AU WC base pair, (6) UU1 base pair, (7) UU4 base
pair, (8) UU7 base pair, (9) UU C base pair, (10) thUthU base pair.
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Watson-Crick base pair (iCC), cytosine-cytosine base pair
(CC), four uracil-uracil base pairs (UU1, UU4, UU7, UU C),
thiouracil-thiouracil base pair (thUthU), formamide dimer
(FaFa), and formamidine dimer (FiFi). The iCC base pair is a
smaller model complex for the standard guanine-cytosine base
pair. The four uracil dimers show a wide variety of hydrogen
bonds including two cases with a CsH‚‚‚O bond pattern. The
designation of the uracil base pairs is taken from our previous
molecular dynamics study.4b The thiouracil dimer was included
for a comparison since it has larger dispersion contribution.
Formamide and formamidine dimers have been studied in the
past and represent important model complexes having many
features similar to base pairs.16,23 The following systems were
studied assumingCi symmetry: CC, UU4, FaFa, and FiFi.
Calculations for UU7, UU C, AU, and CC are based on MP2/
6-31G** optimized geometries; FaFa and FiFi were optimized
at the MP2/DZ(d,p) level. iCC base pair has been optimized at
the MP2/6-31G** and HF/6-31G** levels. The remaining
structures were optimized at the HF/6-31G** level. The effect
of the size of basis set on the interaction energy is very similar
for HF- and MP2-optimized geometries. Geometries of all
systems can be obtained from the authors upon request.

Results

We first compared interaction energies obtained using
medium-sized 6-31G** and 6-31G*(0.25) basis sets (Table 2).
The 6-31G*(0.25) basis set has momentum-optimized exponents
of the d-functions.24 We have used the 6-31G*(0.25) basis set
in our older studies in order to improve the inclusion of the
dispersion attraction.1 Further studies have revealed that while
the use of the 6-31G*(0.25) basis set is essential for base
stacking studies the diffuse polarization functions do not provide
a significant improvement for the H-bonding. For H-bonded
base pairs both basis sets provide similar results, as confirmed
also in Table 2.

Then, we have considered the larger 6-311G(2d,p) basis set
(Table 2). This basis set could be still applied for routine
evaluations of base pair interaction energies. This improvement
of the flexibility of the basis set has no influence on the
stabilization energies. However, closer inspection of the data
shows that there has been a considerable improvement of the
electron correlation interaction energy. However, it has been
canceled by a substantial opposing change in the HF interaction
energy. In the next column of Table 2 we present data evaluated
with 6-311G(2df,p) basis set. These are the first calculations
on base pairs including f-polarization functions. Adding the f
functions has already no marked effect on the HF interaction
energy and in all cases the MP2 interaction energy is improved

(i.e., larger in absolute value). Further considerable improvement
of the correlation interaction energy is achieved using the aug-
cc-pVDZ basis set. Although this basis set does not contain
f-functions, it possesses two sets of d-polarization functions on
second row elements and two sets of p-polarization functions
on hydrogens. The basis set is very diffuse and has a large
number of primitive functions; both factors improve the
interaction energies.

In the next round of calculations we have increased the size
of the basis set to the cc-pVTZ one (Table 3). This basis set
contains one set of f- and two sets of d-functions on the second
row elements similar to the 6-311G(2df,p) one, but it has a larger
number of primitive functions. Further, d-polarization functions
and a second set of p-polarization functions are augmented on
the hydrogen atoms. This improvement has only marginal effect
on the HF interaction energy, which appears to be basically
converged. Because of a pronounced increase in the electron
correlation stabilization the total interaction energy has improved
compared to the MP2/6-311G(2d,p) level by 0.6-1.1 kcal/mol.
The smallest improvement has been found for the two base pairs
having CsH‚‚‚O contact.

We have evaluated the interaction energy of the UU4 base
pair with the aug-cc-pVTZ basis set, and this calculation
demonstrated a further increase of the stabilization by ca. 0.6
kcal/mol, in line with the trend observed for FaFa and FiFi
dimers. We have also tested two extended Pople’s type basis
sets [6-311+G(2df,pd) and 6-311++G(3df,pd)] for selected
systems, and both basis sets show a good performance.

Then we have extended the calculations for the formamidine
and formamide dimers by systematically applying larger and
larger correlation-consistent basis sets up to the cc-pV5Z one.
The calculations show further improvements in the interaction
energies. It is interesting to note that MP2/aug-cc-pVTZ and
MP2/cc-pVQZ results differ only marginally. However, the
subsequent extension to the diffuse aug-cc-pVQZ basis set
brings additional 0.3 kcal/mol of stabilization (Table 3). It is a
clear indication that diffuse functions contribute to the dispersion
energy in the case of H-bonded systems. The MP2/aug-cc-pVQZ
calculations improved the interaction energy in the dimers by
ca. 2.4 (FaFa) and 2.2 (FiFi) kcal/mol compared to calculations
with 6-311G(2d,p) basis set. The largest cc-pV5Z basis set
provided the same interaction energy as the aug-cc-pVQZ one.
On the basis of literature data published recently for formic acid
dimer18 showing similar trends, we can assume that the MP2
basis set limit for the FaFa and FiFi dimers is by about 0.5 and
0.2 kcal/mol above (in absolute value) the MP2/cc-pVQZ and
MP2/cc-pV5Z interaction energies, respectively.18,25We expect
that underestimation (in absolute value) of the interaction
energies with respect to the basis set limit would be 1.4-1.6

TABLE 2: Interaction Energies (kcal/mol) of Selected H-Bonded Dimers (See Figure 1)a

6-31G*(0.25) 6-31G** 6-311G(2d,p) 6-311G(2df,p) aug-cc-pVDZ ∆EDEF

FaFab -12.63/-12.81 -12.98/-12.67 -13.32/-11.93 -13.72/-11.89 -14.09/-12.16 1.73b

FiFib -12.30/-9.82 -14.32/-11.93 -14.05/-10.12 -14.62/-10.25 -14.56/-10.17 1.33b

CCc -19.69/-16.31 -20.22/-17.67 -20.36/-16.17 -20.84/-16.20 -20.82/-16.06 2.54c

iCCd -25.74/-24.21 -26.22/-25.17 -26.00/-23.36 -26.46/-23.42 -26.70/-23.24 2.31d

AUc -13.39/-10.43 -13.77/-11.26 -14.19/-10.06 -14.65/-10.13 -15.03/-10.27 1.69c

UU1d -10.46/-9.22 -10.17/-9.09 -10.18/-8.20 -10.45/-8.30 -11.03/-8.49 0.62d

UU4d -15.87/-15.75 -15.97/-15.72 -15.99/-14.78 -16.28/-14.87 -16.85/-15.00 1.09d

UU 7c -11.25/-11.03 -11.30/-11.45 -11.65/-10.49 -11.93/-10.50 -12.49/-10.65 0.77c

UU Cc -8.12/-6.97 -8.13/-7.15 -8.30/-6.41 -8.54/-6.41 -9.11/-6.61 0.56c

thUthUd -9.27/-6.85 -8.49/-6.81 -8.75/-5.99 -9.00/-6.03 -9.80/-6.28 0.53d

a The first value in each column is the MP2 interaction energy, the second number is the HF component of the interaction energy. The last
column (∆EDEF) provides deformation energies of the monomers based on the gradiently optimized structures (see Method).b MP2/DZ(d,p) optimized
geometry.c MP2/6-31G** optimized geometry.d HF/6-31G** optimized geometry.
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kcal/mol and 2.4-2.7 kcal/mol for the cc-pVTZ and 6-311G-
(2d,p) basis sets, respectively. Concerning the base pairs it seems
that the basis set effects are slightly less pronounced compared
with the two model systems. Therefore, we predict that older
calculations on H-bonded base pairs underestimated the interac-
tion energies in absolute values by about 2.0-2.5 kcal/mol. To
make this estimate we utilize the observation that the 6-311G-
(2d,p) basis set gives very similar results for base pairs as the
6-31G*(0.25) and 6-31G** basis sets typically used in earlier
studies of base pairing.

We have also carried out some calculations with the smallest
correlation consistent cc-pVDZ basis set; however, this basis
set is apparently too small to show the proper systematic trends.
For example, for the FaFa dimer it clearly gives the smallest
stabilization among all basis sets used, interaction energy of
-11.7 kcal/mol, while for the FiFi dimer a rather reasonable
estimate of-13.1 kcal/mol was obtained. The cc-pVDZ basis
set was shown to strongly exaggerate pyramidalization of amino
groups of isolated nucleobases.26 The aug-cc-pVDZ basis set
(Table 2), second in the series of correlation consistent basis
sets, is known to provide very good estimates of dispersion
attraction for stacked clusters (mainly when applying the CCSD-
(T) method). Also for H-bonded dimers, this basis set provides
reliable stabilization energies mostly comparable with the cc-
pVTZ basis set (cf. the Tables 2 and 3).

The last column of Tables 2 and 3 shows the deformation
energies of the monomers upon formation of the dimers,
calculated using the respective gradiently optimized structures
(see method). This repulsive contribution should be added to
the interaction energies reported in Tables 2 and 3 in order to
obtain the complexation energies. Note that the deformation
energies increase with the strength of the base pairing. The
deformation energies for CC, iCC, and AU base pairs are
calculated with respect to fully optimized (nonplanar) monomers
having nonplanar amino groups.

All values presented in Tables 2 and 3 are corrected for the
basis set superposition error. We do not present the uncorrected
data in the tables since the uncorrected interaction energies have
no physical meaning. Basis set superposition error is a purely
mathematical artifact caused by the finite size of the basis set.

Let us nevertheless provide a few values proving that the
counterpoise procedure has to be applied even for large basis
sets of atomic orbitals. The magnitude of the BSSE for the UU4
base pair using 6-31G*(0.25), aug-cc-pVDZ, cc-pVTZ, and aug-
cc-pVTZ basis set is 6.28, 2.81, 1.91, and 1.65 kcal/mol. The
BSSE remains as large as 0.46 kcal/mol for the MP2/cc-V5Z
calculations carried out for FaFa and FiFi dimers. The effect of
the basis set size on the interaction energies would be clearly
reversed if BSSE is not eliminated. The magnitude of the BSSE
is significant even for large basis sets of atomic orbitals, and
especially for smaller basis sets the CP-corrected results are
considerably closer to the actual values than the CP-uncorrected
ones.

Let us make a few comments on the HF interaction energies.
As shown above, 6-31G** and 6-31G*(0.25) basis sets some-
what exaggerate the HF stabilization, compared with say the
6-311G(2d,f) basis set. Interestingly, the use of the largest basis
sets introduces an additional small correction in the opposite
direction, i.e., somewhat back toward the HF/6-31G** values.
Nevertheless, the HF interaction energies are much less sensitive
to the size of the basis set than the correlation interaction
energies. Another interesting point concerns the FiFi dimer. For
this complex, the 6-31G** basis set provides substantially better
interaction energy than the 6-31G*(0.25) basis set, in contrast
to all other complexes. Further, in contrast to other H-bonded
systems, FiFi shows a considerable difference between MP2
and CCSD(T) interaction energies.17 It on the one hand indicates
that FiFi is a less realistic model for base pairs than FaFa. On
the other hand, it shows that caution is still necessary when
extrapolating from one system to another unless a very high
quality of calculations is reached.

We have repeated the calculations for formamide dimer using
the Becke3LYP density functional method. These calculations
show no apparent improvement of the interaction energy with
increasing the size of the basis set (-14.26 and-14.38 kcal/
mol for cc-pVTZ and cc-pVQZ basis sets, respectively). Thus,
this method cannot be used for reference calculations even for
H-bonded systems, for reasons well documented in the litera-
ture.15

TABLE 3: Interaction Energies (kcal/mol) of Selected H-Bonded Dimers (See Figure 1)a

6-311G(2d,p) 6-311+G(2df,pd) cc-pVTZ 6-311++G(3df,pd) aug-cc-pVTZ cc-pVQZ aug-cc-pVQZ cc-pV5Z∆EDEF

FaFab -13.32
-11.93

-14.18
-12.01

-14.41
-12.16

-14.68
-12.20

-15.25
-12.29

-15.42
-12.33

-15.75
-12.34

-15.77
-12.35

1.73b

FiFib -14.10
-10.17

-15.17
-10.39

-15.88
-10.43

-15.97
-10.43

-16.32
-10.46

-16.32
-10.46

1.33b

CCc -20.36
-16.17

-21.18
-16.20

-21.36
-16.35

-21.40
-16.08

2.59c

iCCd -26.00
-23.36

-26.94
-23.46

2.31d

iCCc -28.47
-25.12

4.34c

AUc -14.19
-10.06

-15.19
-10.22

-15.59
-10.29

1.69c

UU1d -10.18
-8.20

-10.79
-8.37

0.62d

UU4d -15.99
-14.78

-16.77
-14.95

-16.79
-14.99

-17.18
-15.04

-17.61
-15.07

1.09d

UU7c -11.65
-10.49

-12.36
-10.57

0.77c

UU Cc -8.30
-6.41

-8.93
-6.47

0.56c

thUthUd -9.00
-6.03

-9.58
-6.27

-10.06
-6.23

0.53d

aThe first value in each column is the MP2 interaction energy, and the second number is the HF component of the interaction energy.b MP2/
DZ(d,p) optimized geometry.c MP2/6-31G** optimized geometry.d HF/6-31G** optimized geometry.
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Concluding Remarks

We have carried out new reference calculations of the
interaction energies of selected base pairs, formamide dimer,
and formamidine dimer. In the study we addressed primarily
the accuracy of the single-point interaction energy evaluations,
leaving the question of the accuracy of the geometries to future
studies. Nevertheless, the dependence of the interaction energy
on the size of the basis is the major factor influencing the
accuracy of the predictions.

The calculations show that improving the previous data
obtained with basis sets such as 6-31G** or 6-31G*(0.25) by
basis sets with two d-polarization functions on each non-
hydrogen atom does not change the results. It reflects a certain
compensation of errors between HF and correlation interaction
energies. With a further increase of the basis set the HF
interaction energy becomes saturated and a fast improvement
of the interaction energy appears, being driven by the electron
correlation component. It amounts to ca. 1 kcal/mol (in absolute
value) with the cc-pVTZ basis set for all base pairs and the
model complexes and reaches a value above 2 kcal/mol when
MP2/aug-cc-pVQZ and MP2/cc-pV5Z calculations are applied
for the model complexes. The aug-cc-pVQZ and cc-pV5Z basis
sets are close to the basis set limit. Therefore, the previously
published reference values for interaction energies of H-bonded
DNA base pairs are underestimated in absolute value by ca.
2.5 kcal/mol. Relative differences in stabilities of various base
pairs are properly predicted with the medium-sized basis sets.

With the present computer facilities we could not investigate
in detail the influence of the quality of the optimized geometries
of the dimers on their stabilization energies. It is expected,
however, that this contribution is considerably smaller compared
to the primary basis set effects evaluated in this study. We have
nevertheless estimated the influence of the inclusion of electron
correlation effects during the optimization. The data for iCC
base pair (Table 3) show that the single-point calculations carried
out using the MP2/6-31G** optimized geometry provide
significantly better interaction energy compared to the data
evaluated for the HF-optimized geometry. However, in contrast
to the basis set dependence of the interaction energy discussed
in detail above, this improvement of interaction energy concerns
mainly the HF component of the interaction energy (see Table
3). Further, the improvement of the interaction energy achieved
by using the MP2-optimized geometry is basically canceled
when the deformation energies of monomers are considered to
calculate the complexation energies.1a,7 This can be explained
in the following way. The inclusion of electron correlation
effects increases the deformability of the monomers. Thus, the
monomers show larger adjustments of their geometries (such
as prolongation of the X-H bonds participating in the
XsH‚‚‚Y hydrogen bonds) upon dimerization at the MP2 level.
This obviously leads to better HF interaction energies, however,
at the expense of larger deformation energies of the monomers.

Let us finally comment on the other type of nucleobase
interactions, namely the base stacking. Current reference values
of base stacking energies are based on MP2 data with medium-
sized basis sets of atomic orbitals with diffuse (momentum-
optimized) exponents of the d-polarization functions.1a,c,7Use
of the diffuse polarization functions is required to obtain
meaningful values of the dispersion energy stabilizing the
stacked clusters. Although stacking energies converge faster with
the size of the basis set than H-bonding energies,8 one should
assume that the basis sets used in previous studies are still rather
small. With current computer resources we would be able to
apply much larger basis sets. Nevertheless, we did not attempt

any such reinvestigation for the following reason: Reference
calculations on model complexes clearly demonstrated that the
MP2 procedure overestimates (in absolute values) the aromatic
stacking energies compared to CCSD(T) values.8 This imbalance
of the MP2 procedure compensates for the size of the basis set,
and MP2 base stacking energies obtained with diffuse medium-
sized basis sets are likely to be close to the actual (unknown)
values. In contrast to H-bonding, to further reduce the uncer-
tainty in the stacking evaluations would require a simultaneous
substantial increase in the quality of the basis set and electron
correlation method. This has not been feasible with the current
computer facilities while MP2 calculations with large basis sets
or CCSD(T) calculations with medium-sized basis sets are likely
to provide less accurate values than those currently available.
We will address the accuracy of the base stacking calculations
in the near future.
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