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We extend an approximate density functional thd@lT) method for the description of long-range
dispersive interactions which are normally neglected by construction, irrespective of the correlation
function applied. An empirical formula, consisting of @i ° term is introduced, which is
appropriately damped for short distances; the correspor@lirapefficient, which is calculated from
experimental atomic polarizabilities, can be consistently added to the total energy expression of the
method. We apply this approximate DFT plus dispersion energy method to describe the hydrogen
bonding and stacking interactions of nucleic acid base pairs. Comparison to MP2/§332%5

results shows that the method is capable of reproducing hydrogen bonding as well as the vertical and
twist dependence of the interaction energy very accurately2081 American Institute of Physics.

[DOI: 10.1063/1.1329889

I. INTRODUCTION sary. Recentlyab initio methods were intensely applied to
study hydrogen bonded and stacked nucleic acid ditfiers
The interaction between closed shell molecules plays arfor a review, see 7 and)8H bonding can already be de-
important role in physics, chemistry, and especially in biol-scribed to a reasonable accuracy at the Hartree—HRaEk
ogy. Molecular interactions affect many biophysical and bio-level of theory using medium-sized basis sets. This is due to
chemical processes such as, for example, molecular recogriancellation of errors concerning the basis set incomplete-
tion. Interaction between nucleic acid bases, responsible fq’ﬁess error, the basis set Superposition error, and the neg|ect
the structure of DNA, which is of key importance for its of correlation(this has been described in great detail, e.g., for
function, is another typical and important example. the water dimeh. Description of dispersion interactions re-
Much of our knowledge of the DNA structure has beengsponsible for the stabilization of the stacked pairs requires
obtained from oligonucleoctide crystal structure studis. inclusion of the effects of correlation. Unfortunately, the
Other sources of information are nuclear magnetic resonanG®nvergence of the interaction energies with the basis set
studies of DNA in solutior’:* In recent years experimental sjze and the order in perturbation theory is rather siw.
techniques have been increasingly supplemented by compyrery |arge basis sets and treatment of correlation at least at
tational and theoretical studies. This concerns application ofhe fourth-order Mgller—Plesset or even coupled-cluster
quantum chemical as well as statistical methods. The maigjngle double triple level of theory restricts the systems to be
goal of quantum chemical calculations is to complement eXgonsidered to the size of a few atoms. However, a careful
periments and provide information and predictions which ar&nalysis of the concurring effects allows the choice of a
not easily accessible by experimental techniques, in order tgheaper computational method, since the influence of basis
elucidate the nature of the processes studied. set effects and higher orders of correlation on the stabiliza-
DNA is a challenging system for quantum chemicaljo, energy have opposite sign. Therefore, the
studies begause an a.ccurate.description of weqk intermolecmp2/6_31@(o_25) level has been proposgito describe the
lar interactions, manifested in hydrogen bondiity bond-  g¢acking interactions of DNA bases with good accuracy.
ing) and stacking interactions of DNA base pairs, is necesgyj|| this method is limited to systems not larger than base
trimers or tetramers due to its computational cost.
aElectronic mail: m.elstner@dkiz.de Semiempirical methods like the AMiand PM32 mod-
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els are widely used for electronic structure calculations, sinceystems. While LDA overbinds rare gas diatomic molecules,
they are several orders of magnitude faster thaninito  some GGA functionals result in repulsive interactiéhs.
methods. They are suitable methods for systems containin§imilar results have been described for the interaction of
up to 1000 atoms which would allow treatment of largerbenzene with organic dimef8.For the systems considered
fractions of DNA. Formally, these methods are an approxi-in these studies, LDA seems to overbind, BEEKESS” ex-
mation to HF theory, but correlation effects are incorporatecchange leads to repulsive interacticfig®21:22:26-28yhijje
into the methods by the fitting procedure applied to deterother exchange correlation functionals like the P\A7%ind
mine the values of the parameters, which in principle wouldPBE® lead in some cases to good agreement with post-HF
allow an application to DNA oligomers. However, while H results. Using the HF exchange functional, Perez-Jetds.
bonding of base pairs is reasonably described using a speciasted the performance of several correlation functionals for
parametrization for H-bonded systerfmodified neglect of the binding of rare gas dimef$.Except for one case, all
differential overlapMNDO)/M*3), these methods fail in the other tested functionals lead to significant overbinding or
stacking problem, predicting repulsive instead of attractiveunderbinding. Attempts to improve the long-range behavior
interactions between the base péirs. of the exchange functionals by modifying existing function-
In contrast, several empirical force fields have beerals could improve the performance significarfily’? Kafafi*2
shown to describe H bonding and stacking very accurétely.suggested a modification and combination of existing func-
Therefore, recent force fields represent a considerable stdnals, the K2-BVWN methodology, where the gradient cor-
forward toward an accurate description of nonbonding interrections to LDA are eliminated and an approximate ex-
actions and allow realistic simulations of larger DNA frag- change term is combined with exact exchange. The
ments. There has been enormous improvement of the qualifyjnportant point is that the resulting correlation functional has
of empirical force fields which formerly yielded unrealistic the right distance dependenceRf"(n=4,6,8), that is, the
results for hydrated oligonucleotides in terms of structureLondon dispersion interaction is recovered. The new func-
and energy* Additional improvements seem to be necessantional is able to describe qualitative trends in binding ener-
in order to describe, e.g., the pyramidalization of aminogies of rare gas pairs, however, quantitatively the functional
groups, which allows for an additional flexibility in H bond- still underestimates or overestimates the energies depending
ing. Moreover, polarization is not covered in recent forceon the basis set used. For the application of a DFT approach
fields, which is important to describe, e.g., protonated basto larger scale calculations on DNA oligomers, several ob-
pairs, polarization of the bases due to interaction with metastacles seem to be relevant. First, despite some success in
cations, or the nonadditivity of base pair stacking along theseveral cases, the description of vdW complexes is still
double helix(for a review, see Ref.)8 qualitative, and there is no clear picture to which extent the
All the aforementioned effects can be captured by quanédispersion is covered by the particular exchange—correlation
tum mechanical methods and, although there are attempts fonctional employed. Further, the convergence of the inter-
include polarization in empirical force fields, it would be action energies with basis set size is rather slow. Fairly large
desirable to have a quantum mechanical method suitable fdrasis sets are needed which in turn limit the system size
applications to larger systems. Density functional theorysignificantly.
(DFT) has become popular in the last decade due to its lower In order to apply density functional theory to study DNA
computational cost compared #b initio methods. Since oligomers, we decided to follow an alternative approach. We
correlation is included from the very beginning, it provides augment an approximate DFT method with an empirical dis-
highly accurate results for many molecular properties. Whilepersion term for the description of vdW complexes. A simi-
the inclusion of gradient corrected approximati@@GA) lar approach has been followed by Lewis and Safkieythe
terms into the exchange—correlation functiofg} signifi-  framework of an approximate DFT-LDA method, and Meijer
cantly improves the description of H bonding over the localand Sprik tested the performance of an additional empirical
density approximationLDA) formalism, the situation is dispersion contribution for the interaction of two benzene
very different for application to complexes stabilized by dis-molecules using both LDA and GGA functiondfsGiant-
persion interactions. Although the exa€}. must also in- urcoet al. have added dispersion forces from results of per-
clude dispersion, currently available LDA and GGA func- turbation theory to DFT and suggested a procedure to scale
tionals do not cover the correlation between distant dipolathese contributions for small distancgs.
density fluctuations, i.e., they do not reproduce the well- The approximate DFT method has been described in de-
known R™® behavior of two separate neutraionoverlap- tail elsewheré® |t is comparable in computational speed
ping) fragments=> Therefore, novel approaches try to incor- to the AM1 and PM3 methods and is derived from DFT by
porate dispersion into DFT by developing new an expansion of the DFT total energy up to second order in
functionalst®~1° An alternative approach for the calculation the charge density fluctuations around a reference density.
of the corresponding dispersion coeffici€y is provided by  The subsequent approximations lead to a generalized eigen-
determining the frequency dependent polarizabilities withvalue problem, which has to be solved self-consistently for
time-dependent DF° atomic charges. The method can be seen as a general exten-
Although the dispersion interaction arises from the cor-sion of so-called tight bindingTB) methods to charge self-
relation energy, Zhang and Yattgshowed that the behavior consistency. All parameters of this model are calculated from
of the exchange functional for small densities and large denDFT, and the method is therefore called a self-consistent-
sity gradients is crucial for binding in van der Wa&lslW) charge, density-functional tight-binding metho@SCC-
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DFTB)_. The results for rea_ction energies, geometries and fre- H2V=<¢M|?+Veff[n2+ n%]| b)), pea,veB,
guencies for small organic molecules have been presented
e|sewheré_6v37 The mean average deviations from experi_WhiCh are tabulated together with the Overlap matrix ele-
mental values are comparable to DFT calculations. ThénentsS,, with respect to the interatomic distanRgs. Vs
method has also been benchmarked for biologically relevarig the effective Kohn—Sham potential anf} are the densi-
molecules, H-bonded complexes, small peptides, and DNAies of the neutral atoms; T is the kinetic energy operator.
H-bonding interaction3®° The benchmarks performed so  (b) The charge density fluctuationsh are written as a
far have been quite satisfactory, showing that the SCCsuperposition of atomic contribution®,,,
DFTB method is able to give a reliable description of several
biological molecules. In this work, we describe an extension  sn=, n,,,
of the SCC-DFTB method by augmenting the model with a @
London dispersion term and show the results for H-bondegyhich are approximated by the charge fluctuations at the
and stacked DNA base pairs. atomsa, Agq,=q,—q°. q° is the number of electrons of
The paper is organized as follows: In Sec. Il we describghe neutral atomy and theq,, are determined from a Mul-
briefly the SCC-DFTB model only to the extent necessary tqiken population analysis. The second order termiinof the
denve_ the extension for the dispersion term. In Sec_. 1 Weenergy in Eq(1) is then approximated b¥ ,5¥.sA0,A0 .
describe the choice of the parameters entering the dispersigtpr o g, Yap IS determined analytically from the Coulomb
energy and the damping of tHe™° term for small inter- interaction of two spherical charge distributions, located at
atomic distances, while in Sec. IV we present results for HR  and Rs. The onsite contributiony,,, are calculated as
bonded and stacked base pairs. We conclude in Sec. V. pE2/52q, .
(c) The double counting terms and the core—core repul-
sion energy are represented in the tefpy,, which is ap-
Il. METHOD proximated as a sum over all pairs of a two-body interaction
potentialU(r):
The SCC-DFTB model is derived from density func-
tional theory(DFT) by a second-order expansion of the DFT Erep— > U[Rys].
total energy functional with respect to the charge density a#f

fluctuationsén around a given reference density: With these definitions and approximations, the SCC-

occ 1 1 S°E DFTB total energy finally reads:
_ N0 XC
E_Ei (wilH |wi>+§j f (|r—r’|+5n(r)5n(r’) ) i g0 o L
" Bo= 2 CulHL Y 52 ephladdpt By (2
y72% «a,
1 1ng(r)ng(r’ At AN ;
X sn(r)sn(r’)dr dr’ — _f f o(r)No( )drdr’ In the determination of the Hamiltonian matrix element_s we
2 [r—r’] use the Perdew—Burke—Ernzerflofexchange—correlation
functional, which does not show excessive repulsion for
1
+ f [Exe No]—Vid NolIno(r)dr +E; () VAW complexes® |
Applying the variational principle, one obtains a set of

approximate Kohn-—Sham equations, which have to be
ated at the reference density and t#te are Kohn—Sham solved iteratively for the wave function expansion coeffi-
) P Lo .
orbitals. E,, and V, are the exchange—correlation energy ©/€NsC,., since the Hamiltonian matrix elements depend on
and potential, respectively, aifig is the core—core repulsion thec,, dug to the_ Mulliken charges. Anqu‘up first derivatives
energy. are readily obtained, and second derivatives of the energy
To derive the total energy of the SCC-DFTB method thewith respect to atomic positions are calculated numerically.

energy contributions in Eq(1) are further subjected to the '€ two-body interaction potentidl(r) is calculated by
following approximations. subtracting the DFT total energy from the SCC-DFTB elec-
(@) The Hamiltonian matrix element$¢/fi|l:|°| W) are tronic energy as a function of the bond distaneeR,, ; for a

. . ; . .Ssuitable reference system.
represented in a minimal basis of confined, pseudoatomic

orbitals ¢, ,

HO=H[n,] is the effective Kohn—Sham Hamiltonian evalu-

lﬂiZE C'quﬂ. Il. DISPERSION ENERGY

a To discuss the extension of the method, we consider for
To determine the basis functions,, we solve the DFT simplicity the case of vanishing charge fluctuatioas,
atomic problem by adding an additional harmonic potefftial =0 and assume for the momey, to be the true exchange-
to confine the basis functions. The Hamiltonian matrix ele-correlation functional, where the dispersion interaction
ments in this basiH® , are then calculated as follows: The would be included. In this case the total energy is given by

1#]/1
diagonal elementsl® | are taken to be the atomic eigenval- oce
ues and the nondiagonal elemeh{%V are calculated in a E, — i A 40 _

e =2, ¢c,cH, tE.,=2 €&+E 3
two-center approximation, ot % WCoH Gt Brp= 20 &+ By &
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with TABLE I. Static atomic polarizabilitiegin A3) from Miller (Ref. 43 and

Kang and Jhor(Ref. 44, and ionization potentials, (eV). The types of
1 No(rng(r’ atoms follow the definitions of Ref. 43.
Efepz_if f—drdr’+f [Exd Nol
[r—r’] H CTR CTE NTR2 NP2 @©=C
=V NolIng(r)dr+Ej;, Reference 43 0.387 1.352 1.061 1.030 1.090 0.569

Reference 44 0.386 1.382 1.064 1.030 1.090 0.46

the ¢ are the eigenvalues of the approximate Kohn—Sham, 13.61 1122 1457 1451 1225 17.25

equations. Inspection of Eq3) shows that the asymptotic
R~ 8 behavior in the case of nonoverlapping densities of the
atomic fragments for the true exchange—correlation func-

tional comes fronE,J ny]. In the SCC-DFTB model, this is Ior c th Netatoms,FWhe(jrp,Jt s the nufrpb_er :J;:\;%Ie:cle elec-
contained inE,, sinceX;e; decays exponentially with in- rons for atoma. o1 diatomic: coetlicientsg ~ Haigren

creasing interatomic distance and is zero in the case of vau?—bt"’“m—:‘d the best results using the Slater—Kirkwood combi-

ishing overlap. As described previousk,, is determined hation rule:
from DFT calculations by taking the difference of the SCC- anp

- ) ) 8 2C5CePPs
DFTB and DFT binding curves. In practicg,, is assumed Cg = el 2.5
to be short ranged and purely repulsive, it approaches zero PaCe+PsCe
for distances between first and second nearest neighbor dis- Molecular polarizabilities can be represented with good

tances of the considered atom pairs, which is about 2.5-3.8ccuracy as a sum of atomic contributions, when the hybrid
A for atoms of the first row of the Periodic Table. On the states of atoms are taken into acco(gge, e.g., Refs. 43 and
other hand E, containing the trueE,. functional should 44). For the atom types of interest here, the atomic polariz-
have anR™® behavior for nonoverlapping atomic densities, apilities from Mille*® and Kang and Jhdfare comparable,
that is, the case of atoms of the first row Re4-5 A. as shown in Table I. Table Il shows tkx values calculated
Practically, it is not possible to obtain &, containing  from Eq. (4) using the data from Kang and J{émnd from
the R™® interaction with the procedure described previously,Egs. (5) and (6) using the polarizabilities given by Millé¥
since DFT does not cover dispersion properly. Therefore, wehe latter are slightly larger, which should be in better ac-
decided to add a London-type dispersion energy for largeord with experimental values as mentioned bef6rEur-
distances, and include a damping of this term with the onseher, the latter scheme has the advantage of being easily ex-
of overlap of the charge density. Similar arguments can bgended to other types of atoms, since only the atomic
applied for an extension of DFT methods using current LDApolarizabilities are needed and similar prescriptions as Eq.

or GGA functionals wheré, vanishes for zero overlap of (6) are given for elements in the second and third rows of the
the two atomic or molecular fragmerh%. Periodic Table.

The Londord* dispersion energy is given by

)

: —6 _
3 1 lgPaPg B. Damping of the R™" function

Eos=5 ————5 (4)
2 (Ia+1pRG

The London dispersion formula, i.e., tie ¢ depen-
dence of the interaction energy, has been derived for the case

yvhe;el « 1S the ionization prc])t%ntlal anﬁ_a is the pqlarlz?bl]- of the interaction of two systems with nonoverlapping den-
ity of atom a. Kang and Jhoft determined atomic polariz- sities and is, therefore, strictly valid only in this regime. Fur-

abilities for several elements and showed that they can dgpe the current LDA and GGA correlation functionals give
scribe molecular polarizabilities very accurately assuming,q . contribution to the binding energy in this case of van-

add|t|(\j/|tyh Howelvelr, V%W _cr?efflments arel sllghltly l/;?ngerstl- ishing electron density overlap, while the effects of correla-
mated when calculated with E(d). Recently Halgreft has 4o are covered for smaller interatomic distances, i.e., in the

reviewed the treatment of vdW interactions in the frameworkbinding region. Concerning the SCC-DFTB method, the lat-

of empirical potentials and has suggested a scheme to CaICHa'r effects are included i,., [Eq. (3)], while the long-range
late vdW coefficients Cg) from atomic polarizabilities. The R~6 dependence is clearlypmissing. Therefore. Ré term

advantage of this scheme is that only the atomic polarlzabll—shomd be damped for small distances, where the electronic

ities are needed, which makes it easily applicable t0 systeMgysities start to overlap. An appropriate damping function is
containing any type of atoms. given by

A. Calculation of Cg coefficients

Given the atomic polarizabilities, thég coefficients are  TABLE II. g coefficients(eV/A®): SLKI: C6 calculated from atomic po-

calculated by larizabilities (Ref. 43 using the Slater—Kirkwood formula. LOND: C6 cal-
culated from London dispersion formula using values from Kang and Jhon
C?E;“:O.?S\/Napa3 (5) (Ref. 44 for the ionization potentials and polarizabilities. The types of

atoms follow the definitions of Ref. 43.

with N, the Slater—Kirkwood effective number of electrons.
Halgrerf? proposes an algorithm for calculating, with ~ Conf. H CTR  CTE  NTR2 NP2 eC

N,=0.8 for hydrogen and SLKI 161 1856 1293 1316 1433 571
LOND 153 1607 12.37 1155 1092  4.15
N,=1.17+0.3h? (6)
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FIG. 1. Damping functiorf(r) as described in the text.

f(R)=[1—exp—d* (R/Re)™M) M.

A similar damping function has been used in earlier HFaverage errors of 0.9-2.4 kcal/mol, the sgmiempirical meth-
plus dispersion calculationdor a review see Ref. 42, and 0ds AM1 and PM3 show much larger deviations. The mean

references therejrand recently for the development of inter- @verage errors are 7.3 and 6.3 kcal/mol for the AM1 and

molecular potential®® Figure 1 shows the functioh( R)R™®
andR ™% with the valuesd=3.0, N=7, M=4, andR,=3.8

A. It can be seen, thdt(R)R© starts deviating fronR~© at
Ry and approaches zero f&~3 A, the desired behavior as
discussed previously. We use Ef) with the same valued,

N, andM for all types of atomsR, is defined by the range of
the overlap of two atoms. We us®,=3.8 A for first row
elements an@R,=4.8 A for second row elements. Combina-

tions of Ry are given by the cubic mean rulg,

RGP =

(R§)%+(RE)?
(R§)2+(RE)?
With Egs. (7) and (8), the total energy of the SCC-DFTB

model augmented with a damp&d © finally becomes

S 1
Etot:iE C;LCIVH?LJI'EEB 'YaBAquqﬁ+Erep+ Eis»
% a

Egis= — EB f(Rap) CEA(R,p) ~C.

TABLE Il

55

)

9
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With this formulation, the calculation of energy derivatives
with respect to atomic positions, which give the forces acting
on the atoms, is straightforward.

IV. RESULTS
A. H-bonded DNA base pairs

In a previous publication we presented the interaction
energies for 26 H-bonded base p#irand compared them
with the results from Hobzat al,® who optimized the ge-
ometries of all complexes at the HF level of theory, while
the interaction energies were calculated at the
MP2/6-31G(0.25 level of theory with subsequent correc-
tion for the basis set superposition er&SSB.° In Ref. 6,

a set of empirical force fields have been tested as well as the
semi-empirical AM1 and PM3 methods. While most of the
force field methods show a very small average error com-
pared to the second-order Mgller—Ples@dP?2) reference
interaction energies of the 26 base pairs, leading to mean

PM3 methods, respectively. However, the MNDO/M is in
good agreement with the MP2 results with a mean average
error of only 2.5 kcal/mol. The SCC-DFTB interaction ener-
gies evaluated with Eq2) are slightly underestimated, but
the relative stabilities are reproduced well, leading to a mean
average error of 2.8 kcal/mol. Introduction of the additional
dispersion energy according to H§) increases the interac-
tion energies. The SCC-DFTB, MP2, and SCC-DFIBy;g
results are presented in Table Ill. The mean average error
with respect to the MP2 values decreases to 1.1 kcal/mol.
The geometries of the H-bonded pairs were determined by
means of unconstrained geometry optimizations. All intra- as
well as intermolecular degrees of freedom have been opti-
mized.

B. Stacked DNA base pairs

To calculate interaction energies for the stacked pairs,
we followed the procedure of Ref. 6. We consider undis-
placed dimers, i.e., the centers of both monomers are stacked
one above the other with coplanar bases. The subsystem ge-

Interaction energies(kcal/mo) of H-bonding base pairs at the SCC-DFTB, MP2, and

SCC-DFTB+ E levels of theory, as described in the text.

SCC-DFTB MP2  SCC-DFTB Eg; SCC-DFTB MP2  SCC-DFTB E;
gewe 21.0 25.4 23.9 atwc 9.7 12.4 11.8
9ol 225 24.0 24.7 atrwe 9.5 12.4 11.7
cc 13.6 18.8 15.8 aal 8.7 115 10.9
093 12.5 17.1 15.2 gas 8.4 111 10.8
gal 12.3 15.7 14.8 tc2 9.1 11.8 11.3
gtl 14.4 14.7 16.3 tcl 8.8 11.6 10.9
ot2 13.9 14.3 15.7 aa2 7.7 11.0 10.3
acl 105 14.3 12.7 tt2 10.4 10.6 115
gcl 10.3 13.9 12.9 tt1 10.3 10.6 12.0
ac2 9.5 14.1 12.4 tt3 10.2 10.5 11.8
ath 9.5 13.3 11.9 ga2 75 10.4 10.3
ga3 10.4 15.2 13.2 gg4 6.9 10.3 9.7
atrh 9.5 13.2 11.8 aa3 6.8 10.0 9.7
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ometries were frozen from MP2/6'3IGthimizati0n- We FG. 3. Dependence of the interaction enexgy kcal/mo) on the twist

investigated the dependence of stacking energy on the vertangle(in deg for the different base pairs. The upper solid litiegher in

cal distance and on the twist angle. The twist between tw@nergy corresponds to the SCC-DFTB, the lower one to the

bases is defined in the following way: The two bases arégﬁézﬁlﬁfizxr?odel, and the crosses relate to the MP2 energies as de-

initialized in such a way that their centers of mass coincide '

and the glycosidic bond vectors are parallel. Then a twist is a

counter-rotation of the two bases around the axis passing. CONCLUSION

through the centers of mass of the bases and perpendicular to .

their plane. A twist of 0° corresponds to a parallel, a twist of We have _augme_nte_d th_e approxmate DFT method

180° corresponds to an antiparallel arrangement of the base(sS.CC'DFTB W'_th a pairwise d|s_%er5|on_ term to account for

The twist dependence was investigated for a vertical distancé®" der Waals interactions. TIRe ® function is truncated for

of 3.4 A. Stacking energies have been evaluated at tmg_,mr?lllldustances with an appropriate damping fungtlon which

MP2/6-31G (0.25 level of theory with aposteriori correc- IS similar to_the HFFEdi_s a_lpproach. Fgr the cglculatmn of t_he

tion for BSSE at geometries resulting from MP2/6-31Gp- 9°"eSP°”d'“g?6 coefflments we _u,t',l'ze a S|r_npl_e prescrip-

timization of the respective monomérs. tion using static atomic polgr|zab|l|t|es. In pr|nC|pIe', a simi-
The dependence of the stacking energies on the verticé\"flr p.roced.ure can pe applied to fuII DFT calcqlatlons. We

distance for a fixed twist angle of 180antiparallel arrange- 2PPlied this extension to H bonding and stacking of DNA

ment of the bas@ss given in Fig. 2. Without the dispersion base pairs. In the case of H-bonding energies, we found a

correction, SCC-DFTB interactions are sometimes com-

pletely repulsive, while th& j correction lowers the ener-

s

gies leading to very good agreement with the MP2 results 2 o 2\/\/%'

(Fig. 3. The main difference appears in the curvature of the | Z

total energy: the SCC-DFTBE,; total-energy curves are | ++t- ] 4 +

slightly flatter than the MP2 ones and the equilibrium dis- :5W T NG o+

tances are about 0.1-0.15 A shorter. The overall agreemer_,g y _12 lep—

with the MP2 data1 hOWEVEI’, is Surprisingly gOOd' 20 50 100 1e0 200 20 s00 350 20 50 100 1s0 200 250 300 50
Figures 3 and 4 show the dependence of the base stact .

ing energies of all ten stacked dimers with respect to the 4 e 0

twist angle. All three curves(SCC-DFTB, SCC-DFTB : i

+ Egis, MP2) exhibit a similar twist dependence. This is not - * NG 4

surprising since the twist dependence is mainly governed by & s ’
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about 1.5 kcal/mol but the overall agreement with the MP2 +Egi model, and the points relate to the MP2 energies as described in the

data is again very good. text.
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