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The incomplete cancellation of the electron self-interaction can be a serious shortcoming of density-functional
theory especially when treating odd-electron systems. In this work, several popular and potentially viable
correction schemes are applied in order to characterize the electronic structure of stacked molecular pairs,
consisting of a neutral molecule and adjacent radical cation, as a function of separation distance. The unphysical
sharing of the positive charge between adjacent molecules separatee?bd 8 corrected for by applying

a new empirical scheme proposed by VandeVondele and Sphiks] Chem. Chem. Phy&005 7, 1363]

with a unique choice of parameters. This method is subsequently applied to characterize the electronic structure
of two neighboring guanines excised from a canonical Arnott B-DNA structure and will be used in future
investigations of certain model DNA fibers.

1. Introduction either to employ hybrid functionder simply to correct standard

Systems with an odd number of electrons are of great interestz(sclzc)ﬂi?ﬂ'g nals by applying a self-interaction correction
in the chemical sciences and merit intense theoretical examina- . o .
tion. Yet, density-functional theory (DFT), one of the most In this quk, the DFT desprlptlon of the electrqnlc structure
powerful techniques for modeling electronic structure changes ©f Overlapping molecular pairs that have an unpaired eleetron
in systems containing-100 atoms, must be applied with great "€seémbling a (kind of) polyatomic radical catiefs shown to
care. The approximate description of the electron exchange (X) P& remarkably improved by the application of a new empirical
and correlation (C) in a DFT calculation is unable to correct SIC_scheme proposed by VandeVondele and Sfrika
for the spurious self-interaction of the electron included in the Particular, this method is applied to examine a biologically
Hartree (electrorelectron) repulsion energy, resulting in the relevant system, a positively charged guanine dimer that
well-known self-interaction error (SIE) of DFTImportantly, possesses the same geometry as two adjacgnt guanine nucle-
the SIE is not necessarily bad: It can successfully emulate Otides in a DNA helix. This sequence is very important due to
unspecified short- and long-range electron correlation effects itS relatively low ionization potential and, thus, pivotal role
that are missing from the approximate XC functioh@thereby played in DNA chqrgg transfer, which is belng.studlgd in order
improving the accuracy of the DFT description. As a conse- (0 assess the feasibility of DNA-based electronic devices as well
quence, uncorrected DFT is very successful in describing certain@S t0 understand repair mechanisms within damaged BNA.
molecular properties including standard covalent bonds and UPon application of the SIC, a physically reasonable localization
interacting closed shelfst However, the SIE is also responsible  Of the charge is observed that is consistent with other SIE-free
for some dramatic failures of DFTjncluding (the modeling ~ calculations. A similar result is obtained for a pair of stacked
of) certain atomic propertieisthe dissociation of odd-electron ~ adenine bases, which are more easily ionized than adjacent
systemg;3 the underestimation of reaction barriers, and charge thymine or cytosine nucleotides, thus providing a key step in
transfer processés. Prototypical problems that are difficult to ~ Improving the description of the hole wavefunction in DNA.
solve are the geometry of the quartz Al ceffiand the solvent AC_C(_)rdmeg, thg stage is set for future investigations of certain
shell structure of the OH radical in liquid waté¥!1Due to the ~ ©Xidized DNA fibers to complement previous studies by our
ambivalent role played by the SIE, a great deal of etfi3is laboratory of the guanine:cytosine dodecarte?.
being devoted to design new XC functionals including both ~ The organization of this article is as follows: In section 2,
exact or Hartree Fock exchange, thereby eliminating the SIE, the models and methods employed are introduced. In sections
as well as electron correlation effects mimicked by the SIE, 3and 4, the electronic structures of a stacked benzene radical
potentially leading to a general way to deal with all types of cation and benzene molecule as well as a guanine ion and
systems. However, in certain applications, such as the dissociaimolecule in eclipsed geometries are examined by performing
tion of radical cation dimers including or polyatomic radical reference calculations using computational methods that are not
cations where the SIE is detrimentdlit can be more practical ~ suffering from the SIE (such as HartreEock and post-
Hartree-Fock techniques) and comparing the results obtained
* Corresponding author. E-mail: ymantz@phys.chem.ethz.ch. to those from uncorrected DFT as well as from DFT calculations
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this method is tested further by calculating ionization potentials wherepi, = |1i,(r)|2 ando = a or 8. However, this correction

of isolated benzene and the DNA bases as well as probing theis both expensive and dependent on the nature ofjthg)’s,
electronic structure of the other nucleotide stacks. In addition, i.e., its magnitude is affected by a unitary transformation of the
the physical nature of the SIE in all of the systems studied is i4(r)’s, which is problematit¥* when attempting to minimize

briefly discussed. Conclusions are drawn in section 7.

2. Computational Methods

the resultant energyExs + Esic. Motivated by this fact and
the observation that the most relevant self-interaction is typically
that of the unpaired electron, the refined correctigff in eq

Following the geometry optimization of the neutral molecule 2: inspired by Perdew and Zungewas proposed by Mauri
and radical cation, selected molecular pairs were placed inand co-workerd# The ESf. is a functionalonly of m(r), a
eclipsed (sandwich) conformations in order to maximize the physical observable, and subtracts the self-interaction term
intermolecular interactions. Using the isolated (neutral and associated with the unpaired electron from bBtp(r)] and
radical cation) molecular geometries calculated at the appropriateExclpa(r), ps(r)]. A different SIC,E. in eq 3, also proposed
levels of theory, the electronic structure as a function of the by Mauri and co-worker; subtracts the unpaired electron self-
separation between molecular planes was calculated at thenteraction fromEn[p(r)] and replace&xc[pa(r), ps(r)] for the
following levels of theory using the Gaussian 03 software 2N +1 electron system with that for thl electron system

package® restricted open-shell Hartre¢&-ock (ROHF), DFT-

without the unpaired electron. These corrections are imple-

ROBLYP and DFT-ROB3LYP, unrestricted MP2 (UMP2), and mented using restricted orbitals in order to avoid an unphysical

SS

complete active space multiconfiguration SCF, termed CASSCF- solution tom(r).1# Last, Eg, in eq 4 is an empirical “scaled

(X)Y), involving X electrons within a subseY, of the ROHF

SIC” including the adjustable parametexsand b introduced

orbitals, as explained in refs 21 and 22. By restricting the by VandeVondele and Sprik, allowing great flexibility in
orbitals, mixing with higher spin states (spin contamination) is treating systems that are not well described by the other methods.

avoided??

Additionally, DFT-ROBLYP calculations with the SIE and

A systematic procedure was used to identify the most
appropriate SIC scheme for the systems investigated in this

with several different SICs were carried out as implemented in work. Initially, m(r) was calculated for the uncorrected DFT-
the Quickstep modufé of the CP2K package. In Quickstep, a BLYP geometries (with the SIE) of the neutral molecule and
SIC can be applied by adding to the (restricted open-shell) radical cation employing either tHei~ or E¥. corrections as

Kohn—Sham energy,

1
Exs =2 Wi V23,0 fdr p(r) o(r) +

1 p(r) p(r')
Sfarar e Exleal) (0]
Exs = Tl{¥i5}] + Eexlp(r)]

+ Eulo(n)] + Excloa(r), ps(M] (1)
a correction termEs,c, according to three schemes,
Esic = ~Eu[m(n)] — Exc[m(r), O] (2)

Eglc = —E,[m(r)] —
(Exclpa(r), ps(r)] — Excloa(r) — m(r), ps(1)]) (3)

Eqe = —aB,[m(r)] — bEx[m(r), 0] 4)

where the electronic spin density(r) = pa(r) — pp(r), while
pa(r) = SN Hia(r)|? is the a electron density angy(r) =
SNis(r)|? is the p electron density of the 2 +1 electron
system. Also,o(r) = pu(r) + ps(r). Note that the radical or

well as theESy. scheme. For the latter, the parameter space
was initially scanned by performing 64 single-point calcula-
tiong® and adjusting the parametemsandb from 0 to 1.4 in
increments of 0.2. For promising valuesa&ndb [i.e., those
yieldingm(r)’s consistent with benchmark calculations as shown
in the figures] as well as other selected values, the geometries
of the neutral molecule and radical cation were optimized using
the empirical SIC, and binding energies were calculated. Results
were tested for convergence with respect to basis set size; the
calculatedm(r)’s shown are essentially converged, as are the
binding energies obtained for the guanine system excised from
AB-DNA, which are presented for three basis sets of increasing
quality.

Additional technical details of this work are also important.
The Gaussian calculations were performed with a 6-31G* basis
set and checked for convergence with respect to both basis set
size and the density matrix convergence criterion. Notably,
converged Gaussian DFT results were obtained only after
increasing this criterion from 18 (“normal”) to 107% (“tight”),
requiring a different SCF procedur€DIIS with dynamic
damping, instead of the default metho facilitate conver-
gence. In the Quickstep calculations, the valence electrons were
described both with a doublevalence basis set with polariza-
tion functions, DZVP24 and an auxiliary plane-wave basis set

singly occupied molecular orbital (SOMO) is closely related to With a density cutoff of 350 Ry, while the core electrons and

m(r) in these (restricted) calculations, becaysgr) = yig(r).
All three SIC schemes in eqs—2 are a simplification of

nuclei were treated with GoedeckeFeter—Hutter pseudopo-
tentials?627 Energies were tested for convergence with respect

that proposed by Perdew and Zunger, who started with the factto the wavefunction gradient (standard 2@riterion) and cell
that the functionalEx[p(r)], contains a self-interaction term for ~ Size, which was required to be 20 A in a periodic image
every electron and provéthat the exact exchange-correlation decoupling schem®. As a consistency check, results obtained
functional, Exc[pa(r), ps(r)] would cancel these terms exactly — Using Quickstep with the choice of parametars: 0.0 andb

but is unknown. Accordingly, to correct for the practical use of = 0.0 were observed to be very similar to the Gaussian
any approximat&xc[pq(r), ps(r)], the electron self-repulsion, ROBLYP results; small discrepancies are due to the slightly
and its incomplete cancellation, can be subtracted ouicgf ~ different basis sets and use of pseudopotentials.

on an orbital-by-orbital basfs, ) )
3. Results: Neutral Benzene and Benzene Radical Cation

Esic= z = Eulpio(r)] — Exclpis(r), 0] (5) In this section, several different SICs are applied to the DFT
Lo description of a polyatomic radical cation dimer consisting of
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ROHF (Figure 2). Note that the projection obtained at a separation of

(o

§

&

P88 %

3 A at the ROHF level of theory is generally consistent with
e < that at the UMP2 level, although the preference of the electron
OF for either the ion or neutral molecule is unclear, at least partly
due to spin contamination affecting the UMP2 results. Also,
' the m profiles obtained using the BLYP functional are not
shown), with a refined exchange term including some exact
ROBLYP exchange.

On the other hand, the DFT electronic structure description
is significantly improved by the application of the “scaled SIC”
method with the choice of empirical parametars 0.8 andb
= 0.5 (section 2), labeled “ROBLYP-SIC” in Figure 1, bottom

w on one of the molecular species at a separation of 7 A, while
; the already satisfactory “ROBLYP” results 2 A are, more or
less, unaffected. (Apparently, the correction is unable to
z ROBLYP-SIC overcome the tendency of DFT-ROBLYP to favor the isolated
A neutral geometry.) By integrating theprojections ofm, the
ﬂ : fractional electron populations on the preferred species (with
the benzene cation geometry for ROHF but the benzene neutral
geometry for ROBLYP-SIC) are obtained: for ROHF, they are
> 5
a) 0.58 (3 A) and 0.77 (7 A). However, this desirable outcome is
sensitive to the values @ andb: A complete localization of
30A 20A the unpaired electron at a separatidri7oA can be achieved
i ) ) with the valuesa = 0.8 andb = 0.4 (Figure 2). Also, neither
Figure 1. Isosurface contours of(r) (=0.002) for separations of either M .
3.0 or 7.0 A between a benzene radical cation and molecule calculatedt® Esic method nor the parameter choiee= 0.2 andb = 0,
at different levels of theory. The “ROBLYP-SIC” results were obtained Of ref 15 is able to capture the correct behavior, yielding either
possesses the smaltecoordinate. (at large gaps), respectively. TES[= method (equivalent ta
a stacked benzene molecule, the prototypical conjugated mol-= 1-0 andb = 1.0) is, also, predicting a more delocalized
ecule, and its radical cation. The electronic structure as a electron relative to othera(b) values. For certain other choices
function of separation distance is compared to that predicted atOf @ @ndb, the isosurfaces obtained are unphysical, e.g., they
the HF level of theory, which is sufficient to yield a qualitatively ~ &€ nNot symmetric and confined to three atoms (or one half) of
not quantitatively correct due to the absence of electron difficult to_obtain and_ are a!so highly sensitive to the initial
correlation. For this system, the most appropriate SIC is slightly Wavefunction guess, indicating that the method is not able to
different than that for stacked radical cation DNA base pairs locate the global minimum. These problems, and the fact that
(sections 4 and 5), underscoring the sensitivity of the results to the optimal correction is slightly different for the benzene
the magnitude of the correction and the limitations of the SYStem, might be explained by the observation that the
empirical SIC approach, i.e., the fact that a single correction is 9¢0metries of the molecular components are quite similar. In a
The electronic structure of a stacked benzene molecule andStates ranging from covalent to ionic is predictedhus,
ion is calculated at the ROHF level of theory in order to have ‘COrrecting” the approximate DFT-BLYP functional might
results without the SIE. Calculations were performed by placing €liminate useful nondynamic correlation effects that are needed
a neutral benzend)g, symmetry, above the benzene radical 0 describe the ground state of the system. Incidentally, the
cation, Do, symmetry2® and varying the separation distance. Projections ofm are two-dimensional and a less sensitive
At a separation of 3 A, the molecule with the isolated cation Measure than the isosurfacesmwfemselves, and consequently
the size of the isosurface lobesmf(Figure 1, top row). This ~ Well the unpaired electron at both small and large separations
is consistent with physical intuition. As the aromatic rings are (Figure 2).
pulled apart to 7 A, the unpaired electron is completely localized ~ As a quantitative assessment of the empirical SIC scheme,
on this species, which is the expected outcome (Figure 1, topselected binding energies as a function of separation distance
row). Furthermore, the radical “orbital” possesses a single nodal between the benzene cation and molecule are given in Table 1.
plane and resembles one of the degenerate HOMOs of anAt the uncorrected DFT-BLYP level, the charged pair is
tion of the unpaired electron is obtained at this level of theory. steric repulsion combined with a slowly decaying ‘edipole
In marked contrast, at the ROBLYP level of theory, this electrostatic coupling yields a larger binding energy, 21.4 kcal/
a-electron is unrealistically shared between both aromatic rings mol, at 7 A. The empirical SIC scheme with the choice of
at a separationf@ A and, in fact, somewhat favors the molecule parametersa = 0.8 andb = 0.5 affects these values signifi-
with the isolatedneutral geometry (Figure 1, middle row). A cantly: It yields—5.4 and—5.9 kcal/mol, respectively, which
graphical depiction is obtained by comparing the projections is a consequence of the nature of the correction. Other values

improved significantly by employing the B3LYP functional (not

row. In fact, the unpaired electron is now much more localized

either 0.72 (3 A) or 1.00 (7 A), while foa = 0.8 andb = 0.5,
by settinga = 0.8 andb = 0.5. In all figures, the radical cation  a highly localized electron (at small gaps) or delocalized electron
accurate picture of the SOMO, although binding energies are the neutral molecule. In these cases, converged results are
not appropriate for all stacked systems. diatomic radical cation such as;H a continuum of ground
geometry is slightly favored by the unpaired electron, based on @ “window” of parameters is obtained describing reasonably
isolated benzene molecule. Thus, a corrpdlitative descrip- attractive, 11.0 kcal/mol, at a separation of 3 A. The lack of
of m along thez-axis for the radical ion and neutral molecule of the binding energy calculated for pertinent choices ahd
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Figure 2. Projection ofm(r) for separations of 3.0 and 7.0 A between a benzene cation (sreaiterdinate) and molecule (0.08 A bin).
b are also tabulated. Because correlation effects are crucial in ROHF

describing dispersion interactions, a repulsion is predicted
betweenneutral benzene molecules for methods such as HF
and B3LYP using a 6-3H+G(d,p) basis se¥ whereas
accurate potential energy profiles are given by MP2 calcula-
tions3!

4. Results: Neutral Guanine and Guanine Radical Cation

In order to test the empirical SIC scheme further, a very
different molecule containing heteroatoms, and its radical cation,
are examined. Guanine is the most easily oxidized nucleobase
and is intimately involved in the mechanism of charge transport
in oxidized DNA fibers. Because the conclusions drawn are
particularly important in regard to future (biological) applica-
tions, first, results obtained at the ROHF level of theory are
validated by comparison both to UMP2 and CASSCF results,
after noting satisfactory agreement of the isolated neutral and
radical cation geometries obtained to previous calculafiéns.
Subsequently, both uncorrected and SIE-free DFT results are
compared to these calculations.

For the separation distances tested, the agreement between
the ROHF and CASSCEF results is excellent (Figure 3, first and
second rows). In particular, the isosurfacebbtained at the
ROHF level of theory for a gap of 2.5 A is very similar in
appearance to the isosurface of the radical SOMO obtained by
performing a CASSCF(7,8) calculation, initiated by interchang-
ing molecular orbitals 82 and 83 or 82 and 84. This is not
surprising, as the ground state is assigned a high weight of
0.9514 = 91% in the CASSCF CI matrix, although significant

TABLE 1: Binding Energies (kcal/mol) for Different
Charged Pairs at the ROBLYP Level of Theory

SIC for selected values afb

Mantz et al.

charged pafr(gap) noSIC 0.2,0 08,04 0.8,05 1.0,1.0 25A 6.0 A
guanine (AB-DNA) 76 4.3 3.7 3% 47 Figure 3. Isosurface contours af(r) (=0.002, purple lobes) or of
guanine (2.5 A) -90.7 -94.1 -109.8 —101.8 —98.0 . ) = . . .
adenine (2.5 A) —814 -843 -795 -915 -86.9 the radical _o_rbltal (/0._00 = +0.045, whe(e ice blu_e/plnk orbitals
cytosine (2.5 A) _541 -785 —1484 —141.9 —70.9 have a p05|t|ve/_r1egat|\{e S|gn)_ for separations of either 2.5 or_6.0 A
thymine (2.5 A —126.2 —133.6 —1452 —146.2 —143.8 between a guanine radical cation and molecule calcul_ated at dn‘f(_erent
benzene (3.0 A) 11.0 51 —16.6 —5.4 —53 levels of theory. The “ROBLYP-SIC” results were obtained by setting

_ A a= 0.8 andb = 0.5.
gﬁgﬂ}ﬂg Eg:g Ag ﬁ,:‘é 1%'.‘(1, _4.2'7 2.(7)'7 62'8 stabilization is realized due to correlation effe@ROHF)=
cytosine (6.0 A) 18.7 0.5 0.4 0.3 0.1 —1078.3686601 au versi§CASSCF» —1078.4370199 au.
thymine (6.0 A 14.4 5.7 0.3 01 -0.1 The active space is chosen in order to include the most relevant
benzene (7.0 A) 214 126 —-67 —59 3.4 st orbitals of both the cation and neutral species, and the total

aNot corrected for basis set superposition erPdralues using a
TZV2P and a QZV3P basis set are 1.9 and 1.4 kcal/mol, respectively. space [to either (7,9) or (9,8)], but a calculation including the

energy is converged with respect to a unit increase of the active
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Figure 4. Projection ofm(r) for separations of 2.5 and 6.0 A between a guanine cation and molecule (0.08 A bin).

9 10 11 12 13

remaining eightr electrons would be prohibitive. Upon increas- 0.5, yielding—101.8 kcal/mol and 0.7 kcal/mol, respectively.
ing the gap to 6 A, the isosurface of obtained at the ROHF ~ The magnitude of the difference is less for the chaice 0.2
level is nearly identical to the SOMO of an isolated guanine andb = 0.0 and, surprisingly, foa = 1.0 andb = 1.0 as well,
radical cation obtained at the CASSCF(7,5) level upon inter- neither of which is able, however, to reproduce the comect
changing the ROHF orbitals 35 and 36 (Figure 3, first and

second rows). Again, this result is expected, given a ground 5. Results: Two Guanine Molecules in the Arnott B-DNA
state weight of 0.9899= 98% in the CASSCF Cl matrix; the ~ Geometry

energies ar&(ROHF)= —539.1481472 au versi&§CASSCF)

= —539.1675688 au. Last, the projectionsmofpredicted at

the ROHF level of theory are very similar to the UMP2 results
(Figure 4). Thus, ROHF calculations are able to describe well
the electronic structure of stacked guanines. Although dispersion
effects originating in the electron correlation are very important
in describing the minimum energy structures obtained with
respect to the parameters (such as twist, slide, shift, and roll)
defining the orientation of theeutralmonomers3-36 they are
less important here, where the predominant electrostatic (e.g.
ion—dipole) contributions andr—s interactions are captured
at the ROHF level of theory.

A dramatic failure of DFT-ROBLYP, but spectacular recovery
upon applying a SIC, is also observed for this stacked pair. In
particular, the electron is highly delocalized at a separation of
6 A as predicted at the ROBLYP level of theory, which is
physically unreasonable (Figure 3, third row). However, upon
applying the empirical SIC method with the choiae= 0.8
andb = 0.5, the electron is now localized exclusively on the
molecule with the isolated cation geometry, as shown by the
results labeled “ROBLYP-SIC” in Figure 3, fourth row, in

. ) - well as finite-temperature (entropic) effects.
excellent agreement with the reference calculations. By integrat- B both di ion int i d hvd bondi
ing the z-projections ofm, the fractional electron populations ecause both dispersion interactions and nydrogen bonading

on the guanine cation are, for ROHF, 0.71 (3 A) and 1.00 (7 _b(_atv_veen bases are ess_ential to preserve the .D.NA double helix,
A), while for a = 0.8 andb _ 0.5, they a{re 0.68 (3 A) and 0.99 itis important to ascertain the eﬁgct of the empirical SIC_ scheme
7 ,A). This result is dependent,on the choiceadindb, e.g. on the calculated blnd_lng energies between the guanine cation
the structure predicted usirg= 0.8 andb = 0.4 is too Ioc'alize;j and molecule. A binding energy of 7.6 _kcal/mol IS c_:alculated
at a gap of 2.5 A (Figure 4). ThE§|ZC and Ehsﬂlc schemes are at the uncorrected DFT-BLYP level, while that obtained upon

suffering from the same problems as described above, while aapplylng the SIC with the empirical parameteasz: 0.8 andb

“window” of parameter values is once again able to reproduce = 0.5, is approximately halved. Interestingly, this result is
them projections of the ROHF or UMP2 calculations, although independent of the choice afandb for the values shown in

. . Table 1. Thus, the SIC is not influencing the qualitative
?EGF?;JIrrgazl values of andb are somewhat different from those prediction of a binding interaction between the charged pair,

To continue the evaluation of the method, the binding energies although the behavior of the DNA in solution during a dynamics

. . 2~ run could be significantly altered. In this case, a dispersion
for the stacked guanine cation and neutral molecule are given . e ction term mav be applidd
in Table 1. At the very short separation distance of 2.5 A, the y PPIEE.
charged pair is repulsive;90.7 kcal/mol, but it is attractive,
12.4 kcal/mol, for a gap of 6.0 A at the uncorrected DFT-BLYP
level. These values are significantly altered by the empirical
SIC scheme with the choice of parametars- 0.8 andb =

The excellent agreement described in section 4 is also
observed upon examining a pair of guanine bases separated by
3.4 A and twisted by 3brelative to one another, i.e., neighbors
excised from a poly(dG)-poly(dC) strand in the Arnott B-DNA
canonical structure. Calculations at both the ROHF and ROBLYP-
SIC levels of theory (witta = 0.8 andb = 0.5) are predicting
a high localization of the unpaired electron on the guanine
radical cation (Figures 5 and 6), consistent with earlier studies
of charged sequenc®s® as well as studies examining the
'sensitivity of the HOMO to a change in twist angle between
neutral guanines334 In contrast, it is shared among both
guanine bases at the uncorrected ROBLYP level. However, these
results must be carefully interpreted in regard to the electronic
structure of adjacent guanines in a DNA helix. If a “random”
configuration is examined at finite temperature in which the
helical geometry is distorted from the average X-ray structure,
the positive charge may be delocalized among two or three
bases, but solvent effects can act to modulate the spatial extent
of the chargé?3%41 Thus, the most accurate results can only
be obtained by inclusion of explicit solvent and counterions, as

6. Additional Results and Implications for Modeling DNA

In this section, the feasibility of using the empirical SIC
scheme to model the hole wavefunction in DNA base sequences
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ROHF

Z
Figure 5. Isosurface contours afi(r) (=0.002) for a separation of
3.4 A between a guanine cation and molecule in the canonical Arnott

B-DNA geometry calculated at different levels of theory. The “ROBLYP-
SIC” results were obtained by settimg= 0.8 andb = 0.5.

5 T T T T 1 T T 1 T 1 T
: r guanine (AB-DNA) ROHF ——
a=0,b=0 ——
a=0.8b=04 ——

10 a=0.8,b=0.5 —— 1

electron/A

5 6 7 8 9 10 11 12 13
Z(A)

Figure 6. Projection ofm(r) between a guanine cation and molecule
in the canonical Arnott B-DNA geometry (0.08 A bin).
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2

3
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TABLE 2: Vertical lonization Potentials (eV) for Benzene
and the DNA Bases at the ROBLYP Level of Theory
Compared to Currently Accepted Values

SIC for selected values afb

molecule no SIC 0.8,0.4 0.8,0.5 0.8,0.6 ref
guanine 7.56 6.84 7.64 8.37 824
adenine 7.94 7.27 8.04 8.73 8244
cytosine 8.33 5.70 7.00 8.29 8380
thymine 8.48 7.51 8.29 9.05 ~9.17
benzene 8.97 7.57 8.34 9.08 9.448

aExperimental values quoted from refs 43 and ¥€CSD(T)/cc-
pVoZ value from ref 45,

compete with guanine (7.64 eV) for the positive charge (electron
hole) in model DNA fibers. By employing the ROBLYP
geometry of the radical cation and calculating (with the empirical
SIC ofa = 0.8 andb = 0.5) the adiabatic ionization potentials
(AIPs) of guanine (7.51 eV) and cytosine (7.26 eV), this
difference, however, is reduced from 0.64 eV to 0.25 eV. The
method could be further evaluated by calculating the VIPs of
selected base sequences. For example, the ionization potential
of a sequence, such as GGG, is known to be less than that of
a single nucleotid® and might compete favorably with a
cytosine base. Alternatively, this empirical SIC can be applied
to a DNA double helix if certain base pairs, i.e., A-T, are treated
guantum mechanically, whereas others, i.e., G-C, are modeled
with a molecular mechanical force field in a mixed QM/MM
computational scheme. (This setup would ensure the integrity
of the hydrogen bonds forming the double helix; it may be
difficult to capture these interactions in a QM/MM calculation
employing a fully QM helix but a molecular-mechanical sister
helix.) In Table 2, neither the parameter choi&e 0.8 andb

= 0.4 nora= 0.8 andb = 0.6 is able to yield the correct relative
values of the guanine and cytosine VIPs.

Importantly, the isosurfaces of obtained for the neutral
adenine molecule and adenine radical cation can be fixed by
applying the empirical SIC scheme (Figure 7, top panel). With
the choice of parametees= 0.8 andb = 0.5, the description
of the adenine charged pair is consistent with ROHF calcula-
tions, whereas the uncorrected ROBLYP calculation is predict-
ing a shared (delocalized) state at a separation of 6 A. The
situation is similar for the thymine catiermolecule pair (Figure
7, middle panel), although an exceptional localizationmois
predicted for a separatiorf 6 A upon applying the empirical
SIC scheme. The cytosine catiomolecule is poorly described
by the empirical SIC (Figure 7, bottom panel). The excessive
localization for a separation of 2.5 A, as well as some of the
anomalies (i.e., spikes) for the adenine and thymine stacked
pairs, is a consequence of the uncorrected ROBLYP geometries
employed; the correct projections are obtained for thymine and

is discussed. First, the accuracy of this scheme in reproducingcytosine systems using the actual optimized geometries for
the ionization potentials of benzene and the isolated nucleotidesvalues ofa = 0.8 andb = 0.5. Last, binding energies for these

is evaluated, followed by SIE-free DFT results obtained for the
remaining stacked DNA bases. Although the calculated IP of
cytosine is anomalously low, the method, with= 0.8 andb
= 0.5, can still be applied to selected DNA fibers.

An important test of the “scaled SIC” scheme is the
calculation of the vertical ionization potential (VIP) for benzene
and the DNA nucleotides. The VIP is defined as the difference

systems are presented in Table 1.

In hindsight, the success of the set of parameters 0.8
andb = 0.5 is not entirely surprising. In these systems, the SIE
is manifested at long range, where a slowly decaying effect such
as the Coulomb self-repulsion is expected to dominate, requiring
a large correction to the Hartree energy in order to compensate,
i.e.,a~ 1. By contrast, within the first solvation shell, a different

in energy between the neutral molecule and the radical cationset of parametersy = 0.2 andb = 0.0, is preferred to correct

with the geometry of the neutral molecule. With one exception,
the relative VIPs obtained with the SIC af= 0.8 andb = 0.5

for the SIE® However, the difference betwearandb in both
of these cases is about the same, either 0.2 or 0.3. Thus,

are in reasonable agreement with both the uncorrected resultsaapparently the total “repulsion” experienced by the unpaired

and the literature valués 5 (Table 2). Unfortunately, the VIP
of cytosine (7.00 eV) is substantially underestimated and might

electron, including the self-interaction, exchange with electrons
of like spin, and correlation effects, needs to be corrected by
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Figure 7. Projection ofm(r) for separations of 2.5 and 6.0 A between
(top panel) an adenine cation and molecule, (middle panel) thymine
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of selected molecular pairs at both small and large separation
distances. Although a truly optimal set of parameters forrall
systems discussed above is not available, a reasonable com-
promise can be made with the selectionaof= 0.8 andb =

0.5. For the benzene, guanine, and adenine stacked pairs, this
choice is compensating for the shortcomings of uncorrected
DFT-BLYP calculations and is correctly predictindcealized
unpaired electron on the radical cation at large distances ranging
from 6 to 7 A, consistent with expectations. At shorter
separations (253 A), the positive charge (electron hole) is
shared between eclipsed molecules. However, it is localized for
the case of two guanine molecules in vacuo arranged in the
“ideal” (0 K) geometry of the Arnott B-DNA, in agreement with
earlier studies. This method will facilitate future studies of model
DNA fibers and is currently being applied to the investigation

of poly(dA)-poly(dT) using hybrid simulation techniques.
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