HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICS 123, 034903 (2005)
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Electronic coupling V,, is one of the key parameters that determine the rate of charge transfer
through DNA. While there have been several computational studies of V,, for hole transfer,
estimates of electronic couplings for excess electron transfer (ET) in DNA remain unavailable. In
the paper, an efficient strategy is established for calculating the ET matrix elements between base
pairs in a 7 stack. Two approaches are considered. First, we employ the diabatic-state (DS) method
in which donor and acceptor are represented with radical anions of the canonical base pairs
adenine-thymine (AT) and guanine-cytosine (GC). In this approach, similar values of V,, are
obtained with the standard 6-31G™ and extended 6-31++G™" basis sets. Second, the electronic
couplings are derived from lowest unoccupied molecular orbitals (LUMOs) of neutral systems by
using the generalized Mulliken-Hush or fragment charge methods. Because the radical-anion states
of AT and GC are well reproduced by LUMOs of the neutral base pairs calculated without diffuse
functions, the estimated values of V,, are in good agreement with the couplings obtained for
radical-anion states using the DS method. However, when the calculation of a neutral stack is
carried out with diffuse functions, LUMOs of the system exhibit the dipole-bound character and
cannot be used for estimating electronic couplings. Our calculations suggest that the ET matrix
elements V,, for models containing intrastrand thymine and cytosine bases are essentially larger
than the couplings in complexes with interstrand pyrimidine bases. The matrix elements for excess
electron transfer are found to be considerably smaller than the corresponding values for hole transfer
and to be very responsive to structural changes in a DNA stack. © 2005 American Institute of
Physics. [DOI: 10.1063/1.1961400]

I. INTRODUCTION and analysis of electronic couplings for hole transfer in

DNA.'1?2 Quantum-chemical schemes to compute the elec-

There are two types of charge transfer in DNA: (1) posi-
tive charge or electron-hole transfer (HT) when a radical-
cation state moves from one base pair to another and (2)
excess electron transfer (ET) when a radical-anion state mi-
grates through the 7 stack. The majority of experimental and
theoretical studies of charge transfer in DNA have been re-
lated to electron-hole migration, i.e., to the propagation of
radical-cation states of nucleobases along the duplex. Re-
cently it has been shown that excess electron transfer has a
large potential for nanodevices,' in particular, for DNA chip
technology.2 In the past, investigations of excess electron
transport were restricted to electron-spin resonance.” How-
ever, several photochemical and spectroscopic studies have
been published recently“f7 (see also references in a review®).
Therefore, computational insight into the mechanistic and
dynamic issues of excess electron transport in DNA is now
of special interest. Elementary steps for charge transfer in
DNA were considered by Berlin et al.’ General aspects of
charge-transfer modeling in DNA have recently been consid-
ered in an excellent review.'’

The electronic coupling of donor and acceptor V,, is a
key characteristic which controls the rate of charge transfer
and mainly determines its sensitivity to the arrangement of
donor and acceptor. There are several studies on estimation
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tronic matrix element in DNA and their applications have
been recently considered."

The ability of DNA to mediate an excess electron is
associated with the formation of radical-anion states of
nucleobases. There exist two types of radical-anion states of
nucleobases: (i) dipole-bound anions where the excess elec-
tron is located far outside the molecule and (ii) valence (co-
valently bound) anionic state the electron is delocalized over
the molecule. The existence of dipole-bound anions was first
predicted theoretically by Adamowicz and co-workers'*"
and subsequently detected in the gas-phase experiments by
Desfrangois et al. '8 and Hendricks et al.'”"® In the gas phase,
the nucleobase anions may be described as electron-dipole-
bound states.'”' However, it has been shown that hydrogen
bonds between an anion and its surroundings stabilize the
valence-bound state.'” ! For instance, a computational study
of the adenine-thymine (AT) Watson-Crick pair predicted the
formation of the covalent anion with the positive vertical
electron detachment energy.19 The energetics and structure of
radical-anion states of nucleobases and their complexes have
been intensively studied theoretically.zz’27 Unlike positively
charged systems considered for HT, the quantum-mechanical
treatment of negatively charged models employed for explor-
ing ET is more complicated,ﬂ_27 in particular, a considerable
influence of the basis set on calculation results is expected.

Thus far, no estimates of electronic couplings are avail-
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able for excess electron transfer in DNA. In this work, we
establish an efficient strategy for calculating these matrix el-
ements.

Il. COMPUTATIONAL DETAILS
A. Electronic coupling

We estimated electronic couplings using two approaches.
First, we invoked a technique for the direct estimation of V,,
from the predetermined diabatic states (DSs).2® In this
scheme, the electronic coupling between diabatic states ¥,
and ¢, of the donor and acceptor is defined as

Hy, = Sq(Hyg+ H,,)/2
1-52, '

Vda =

The wave functions ¢; and ¢, are calculated for sepa-
rated donor and acceptor. In one-electron approximation,
these states are represented by Hartree-Fock orbitals. For ET
through DNA stack, ¢, and ¢, may be approximated with
highest occupied molecular orbital (HOMO) of radical-anion
base pairs. The quantities H,,;, H,;, and H,, as well as the
overlap integrals S, are calculated using the corresponding
matrix elements computed in atomic-orbital (AO) basis for
the whole system.

Second, the generalized Mulliken-Hush (GMH)
scheme®® and the fragment charge method®® (FCM) were ap-
plied to derive ET coupling matrix elements from the results
of Hartree-Fock calculations of neutral DNA stacks. All elec-
tronic structure calculations were carried out with the stan-
dard 6-31G” and extended 6-31++G"" basis sets using the
GAUSSIAN 03 program.31 For open-shell systems, the unre-
stricted Hartree-Fock method was used. Molecular-orbital
plots were generated with the help of the program MOLDEN. >

B. Geometry of dimers

The following scheme used previously12 was applied to
construct dimers consisting of two Watson-Crick pairs. Ge-
ometries of the systems were produced using the program
SCHNARP.> The relative positions of the nucleobases in these
duplexes correspond to the regular DNA structure; the dis-
tance between the stacks and the twist between consecutive
pairs were assumed to be 3.38 A and 36°, respectively. The
experimental geometries of nucleobases were employed.34
While the structure of nucleobases deforms upon trapping of
an excess electron,zsf27 this effect was not accounted for in
the present calculations.

lll. RESULTS AND DISCUSSION

A. Diabatic states

In a stack consisting of two base pairs, the diabatic do-
nor and acceptor states for excess electron transfer can be
approximated by radical-anion states of the separated base
pairs. In one-electron approximation, the wave function of an
excess electron may be described by HOMO of the radical
anion. Figure 1 compares HOMOs of an AT radical anion
calculated with the standard and extended basis sets. As seen,
both calculations provide very similar results; the excess
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FIG. 1. (A) HOMO of the AT radical anion and (B) LUMO of the neutral
AT base pair. The Hartree-Fock calculations were performed with the stan-
dard 6-31G” (in the left) and extended 6-31++G"" (in the right) basis sets.

electron is completely localized on thymine and the wave
functions describe a covalently bound anion. A state of the
excess electron in the AT anion can also be approximated by
lowest unoccupied molecular orbital (LUMO) of the neutral
AT base pair. As shown in Fig. 1(B), the LUMO wave func-
tion depends dramatically on the basis set employed in the
calculation. When diffuse functions are explicitly excluded
(6-31G”™ basis), LUMO of the neutral pair closely resembles
HOMO of the AT anion [Fig. 1(A)]. Therefore, this LUMO
can be used to describe the state of an excess electron. By
contrast, the LUMO calculated with diffuse functions (6-31
++G™ basis) predicts a dipole-bound state for the excess
electron and substantially differs from HOMO of the radical
anion. This qualitative analysis suggests that the diabatic
states for electron transfer may be represented by LUMOs of
the neutral 7 stack only when the diffuse functions are ex-
plicitly excluded from the basis set used in the calculation.

Similar results were also obtained for a guanine-cytosine
(GC) base pair, which forms a covalently bound anion with
the excess electron localized on cytosine. Our Hartree-Fock
data on the charge distribution in AT and GC anions are in
good agreement with the DFT study of Richardson et al. %
It was found that the AT and GC radical anions form co-
valently bound states in which the excess charge is localized
on pyrimidine bases.”>*°

Recently, Li and Sevilla have shown that DFT calcula-
tions employing basis sets without diffuse functions produce
reasonable estimates of the relative valence -electron
affinities.”> Furthermore they found that inclusion of diffuse
functions in the basis sets may lead to contamination of the
valence state with the dipole-bound state and thereby dete-
riorate the estimates.” It is well known that extended basis
sets supplemented with diffuse functions are required to
properly describe molecular anions. However, the calculation
with the standard basis sets can be served as a useful “prac-
tical” tool for dealing with radical-anion states of
nucleobases.” Therefore, it appears to be interesting to test
how reliable are electronic coupling calculated with the stan-
dard basis sets.

Analysis of molecular orbitals (Fig. 1) supports this ap-
proach. Indeed, using the standard and extended basis set we
obtain very similar wave functions of an excess electron in
AT and GC radical anions; moreover, LUMO and LUMO
+1 of the stack [(AT), (AT)] calculated with the standard
basis sets [Fig. 2(A)] describe covalently bound anion states
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FIG. 2. LUMO and LUMO+1 of the neutral AT base pair calculated with
different basis sets: (A) HF/6-31G" calculation and (B) HF/6-31++G™"
calculation.

delocalized over thymine bases. These MOs can be presented
as linear combinations of the orbitals of an excess electron in
the AT pair (Fig. 1). However, employing the extended basis
set we find LUMOs which represent the dipole-bound states
with a diffuse charge distribution [see Fig. 2(B)] around
thymines (LUMO) and adenines (LUMO+1). It is apparent
that these wave functions cannot be employed to derive the
coupling of valence anionic states. Calculations with diffuse
functions (HF/6-31++G"™") predict that in DNA stacks an
excess electron forms covalently bound radical anions with
the charge almost completely confined to pyrimidine bases.
Thus, even in isolated 7 stacks, the diabatic states for excess
electron transfer are covalently bound. Obviously, account-
ing for the polar environment of DNA will further stabilize
valence anion states and suppress the formation of diffuse
electron-dipole states. Therefore, we can infer that the diaba-
tic states for excess electron transfer in DNA are well de-
scribed without diffuse functions. In Sec. III B, we justify
this assumption by comparing ET couplings estimated using
different computational schemes.

B. Calculation of electronic couplings

First, we calculate the matrix element V,, for several
complexes of base pairs employing the DS method. This
scheme has been already used to compute electronic cou-
plings for hole transfer in DNA.*>?® As discussed above, the
electron donor and acceptor states can be described by
HOMO wave functions calculated for the AT and GC radical
anions.

In systems [(AT), (AT)], [(GC), (AT)], and [(GC), (GC)],
the donor and acceptor sites for the excess electron, pyrimi-
dine bases T and C, are on the same strand. In Table I, we
compare the V,, values calculated with the standard
6-31G" and extended 6-31++G™" basis sets. The matrix el-
ement in [(AT), (AT)] is remarkably smaller, ~0.03 eV, than
that found in [(GC), (AT)] and [(GC), (GC)], ~0.10 eV. The
coupling values depend on the basis sets employed in the
calculation; exclusion of diffuse functions leads to some de-
crease of the coupling in [(AT), (AT)], while the matrix ele-
ments become larger in [(GC), (AT)] and [(GC), (GC)]. As
we will see later, small conformational fluctuations in a
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TABLE I. Electronic couplings of AT and GC base pairs for excess electron
transfer as calculated by the DS method for anion-radical states and by
GMH and FCM for neutral systems (in eV).

DS method GMH FCM
Complex 6-31++G™ 6-31G” 6-31G*

[(AT), (AT)] 0.034 0.025 0.029 0.030
[(GC), (AT)] 0.066 0.113 0.107 0.107
[(GC), (GO)] 0.078 0.1092 0.119 0.119
[(AT), (TA)] 0.022 0.018 0.023 0.023
[(GC), (TA)] 0.019 0.017 0.019 0.018
[(GC), (CG)] 0.016 0.017 0.019 0.019

stack may cause changes in V,, which are considerably
larger than the difference in the matrix elements calculated
with the standard and extended basis sets.

In the stacks [(AT), (TA)][(GC), (TA)] [(GC), (CG)], the
T and C bases are on opposite strands. In these systems, the
couplings of interstrand pyrimidine bases are essentially
smaller than intrastrand matrix elements just considered. The
interstrand couplings are about 0.02 eV while the intrastrand
matrix elements fall in the range of 0.03-0.1 eV. Because
the diabatic states for ET in 7 stacks appear to be well ap-
proximated by radical-anion states of AT and GC, the cou-
plings estimated by the DS method may be used as reference
values.

The matrix elements V,, were also obtained with the
GMH and FCM schemes (Table I). For these calculations we
employed LUMO and LUMO+1 orbitals calculated for neu-
tral stacks with HF/6-31G". As seen from Table I, the GMH
and FCM results are in good agreement with the DS values.
Thus, the GMH and FCM diabatization schemes provide
very similar V,, estimates when applied to virtual electronic
states of donor and acceptor calculated without diffuse func-
tions. We explicitly note that including diffuse functions
leads to completely wrong V,, estimates based on virtual
states for neutral complexes.

It has been shown that HT couplings are very sensitive
to conformational changes in DNA stacks.”7 One expects
that also ET couplings should be responsive to the structural
variations. As an example, let us consider a complex [(AT),
(AT)]. The dependence of V,, on the system geometry is
demonstrated by the data collected in Table II. We chose the
increments of the base-step parameters (Fig. 3) in line with
their standard deviations extracted from x-ray data.”® More
details on the generation of distorted structures can be found
elsewhere.’” The V,, matrix element between the AT pairs is
very responsive to conformational changes; its values range
from 0.003 to about 0.06 eV (Table II). The coupling rises
significantly as the distance between donor and acceptor de-
creases, from 0.003 eV at rise=3.88 A t0 0.058 eV at rise
=2.88 A. Variation of the twist angle (rotation around the
DNA axis) from 31° to 41° leads to the decrease of the
matrix element by a factor of 2. Thus, ET matrix elements
are very responsive to structural fluctuations as are HT
couplings,35’37 and this effect has to be accounted for by
modeling of excess charge migration in DNA. The average
value of ET couplings presented in Table II is about

Downloaded 02 Dec 2010 to 84.88.138.106. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



034903-4 A. A. Voityuk

TABLE II. Electronic coupling matrix element |V,,| for excess electron
transfer in different conformations of [(AT), (AT)] as calculated by GMH
and FCM (in eV).

Conformation GMH FCM
Reference” 0.022 0.023

Rise (A) 2.88 0.057 0.058
3.88 0.003 0.003

Shift (A) 0.5 0.017 0.016
-0.5 0.047 0.047

Slide (A) 1 0.054 0.054
-1 0.029 0.028

Roll 5° 0.026 0.027
-5 0.021 0.021

Tilt 2° 0.027 0.028
—20 0.018 0.019

Twist 31° 0.024 0.024
41° 0.013 0.013

“In the reference conformation, rise=3.38 A, twist=36°, and other base-step
parameters are zero.

0.027 eV. It is essentially smaller than the corresponding av-
erage value calculated for the HT coupling in [(AT), (AT)],
0.078 eV.*” ET electronic couplings are expected to be
smaller than the corresponding HT matrix elements because
for any system the LUMO has one node more than the
HOMO. Respectively, the overlap of diabatic states for ET
should be smaller than for HT, and therefore, |V, (ET)]
<|V4(HT)|. In some special stack conformations, one may
find the opposite relation between couplings, |V, (ET)|
>[V4(HT)].

IV. CONCLUSIONS

Electronic couplings V,, have been estimated for excess
electron transfer in DNA 7 stacks consisting of two base
pairs. Complexes with intra- and interstrand donor and ac-
ceptor sites have been considered. Two different methods
were employed. The direct calculations were performed us-
ing diabatic states of donor and acceptor represented by
radical-anion states of separated base pairs. Electronic struc-
ture calculations of the AT and GC base pairs and their com-
plexes were carried out using the Hartree-Fock method with
the standard 6-31G" and extended 6-31++G"" basis sets.
The matrix elements V,, calculated with the small and ex-
tended basis sets are found to be in good agreement. We also
showed that electronic couplings for excess electron transfer
can be reasonably well estimated using LUMO and LUMO

FIG. 3. The six base-step parameters that define the relative position of two
nearest base pairs in a DNA stack.
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+1 of neutral DNA 7 stacks. Within this approach, however,
calculations have to be performed without diffuse functions,
for instance, using the standard 6-31G" basis. If so the excess
electron is confined to the molecular framework and the di-
abatic states represented by LUMOs of neutral base pairs
closely resemble the radical-anion states calculated with ex-
tended basis sets. The generalized Mulliken-Hush and frag-
ment charge methods produce very similar estimates of V,
which are in good agreement with values found with the
diabatic-state approach. Thus, the HF/6-31G™ calculations of
neutral 7 stacks of base pairs allow for reasonable estimates
of electronic coupling for excess electron transfer. However,
physically unreasonable values of the couplings will be de-
rived from the calculations of neutral stacks with basis sets
augmented by diffuse functions. On average, the ET cou-
plings are found to be essentially smaller than the corre-
sponding HT matrix elements. Similar to V,, for hole trans-
fer, the ET matrix elements are shown to be very sensitive to
conformational changes of 7 stacks.

This study demonstrated that the electronic couplings for
excess electron transfer in DNA can be reasonably estimated
in a similar manner that is used for calculating the hole
transfer-matrix elements. Because relative energetics for ET
can also be derived from -calculations without diffuse
functions,” we conclude that modeling of negative charge
migration in DNA can be performed using efficient compu-
tational procedures that employ small basis sets.
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