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MS-CASPT2 Calculation of Excess Electron Transfer in Stacked DNA Nucleobases
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Calculations using the complete active space self-consistent field (CASSCF) and complete active space second-
order perturbation (CASPT2) methods, and the multistate formulation of CASPT2 (MS-CASPT2), are
performed for the ground and excited states of radical anions consisting of-stacked nucleobases. The
electronic couplings for excess electron transfer (EET) intstacks are estimated by using the generalized
Mulliken—Hush approach. We compare results obtained within the different methods with data derived using
Koopmans’ theorem approximation at the Hartré®ck level. The results suggest that although the one-
electron scheme cannot be applied to calculate electron affinities of nucleobases, it provides reasonable estimates
for EET energies. The electronic couplings calculated with KTA lie between the CASPT2 and the MS-
CASPT2 based values in almost all cases.

complexes have been intensively studied theoreti@&iff. The
guantum-mechanical treatment of radical anion states of nucleo-
bases and their complexes needed to model EET is more
complicated@ 34 than the calculations of radical cation states

Introduction

The last 15 years have been very important for understanding
mechanisms of charge transfer (CT) through DbAtackst
There are two types of charge transfer in DNA: (1) positive .
charge or electron hole transfer (HT) when a radical cation state the case of HT.
moves from one base pair to another and (2) excess electron N @ DNA z-stack, where donor and acceptor are separated
transfer (EET) when a radical anion state migrates through the Py one or more intervening base pairs, EET is expected to fall
n-stack. The majority of experimental and theoretical studies Well within the nonadiabatic regint€,and therefore, the rate
of charge transfer in DNA have been related to HT, that is, to of electron transfer is proportional to the square of electronic
the propagation of radical cation states of nucleobases alongCoupling Vaa between the donor and acceptor site¥. Thus,
the duplex. In the past, investigations of excess electron transporithe electronic coupling is a key characteristic which controls
were restricted to electron Spin resonaﬁmcenﬂy’ several the rate of Charge transfer and determines its SenSitiVity to the
photochemical and spectroscopic studies of EET have beenarrangement of the donor and acceptor. There are several
published =6 (see also references in ref 7). It has been shown computational studies of electronic couplings for hole transfer
that EET has a large potential for nanodevités particular, in DNA.16193%40 |n most studies, Koopmans’ theorem ap-
for DNA chip technology? Moreover, electron attachment to ~ proximation (KTA) has been used to calculate the HT cou-
DNA may induce strand breaks via dissociative electron Pplings!®38-4°While KTA has proven to be quite acceptable for
attachmerif1! as well as the splitting of pyrimidine photo- the treatment of radical cations, this approximation is more
dimers!21314Therefore, computational insight into the mecha- limited when modeling negatively charged systems. The reason
nistic and dynamic issues of EET in DNA is now of special for this limitation is well-known. By detaching an electron from
interest. Elementary steps for charge transfer in DNA and a neutral system, the electronic relaxation and changes in the
general aspects of charge-transfer modeling have been discussegprrelation energy are of opposite sign and partially cancel each
in the literature (see, for instance, refs-120 and references  other, while these terms are of the same sign when an excess
therein). electron is attached to the system.

The ability of DNA to mediate an excess electron is associated However, in EET, one is primarily interested in the energy
with the formation of radical anion states of nucleobases. Two difference between the states involved in the process rather than
types of radical anion states of nucleobases exist: (1) dipole-in the absolute energy of the electron attachment. When an
bound anions where the excess electron is located far outsideexcess electron moves in DNA from one nucleobase to another,
the moleculé"% and (2) valence (covalently bound) anionic the relevant states are of the same nature, and therefore, the
states where the electron is delocalized over the molecule. Inreorganization and correlation effects for these states should be
the gas phase, the nucleobase anions may be described asimilar and cancel out. Because of this, we expect that the one-
electron-dipole-bound staté%.28 However, it has been shown  electron approximation (i.e., KTA) may give reasonable esti-
that hydrogen bonds between an anion and its surroundingsmates for EET energetics in spite of its failure to predict the
stabilize the valence-bound stdfe?® The energetics and  electron affinity. Within the KTA scheme, the properties of
structure of radical anion states of nucleobases and theiradiabatic states of a radical anion can be approximately
estimated using the lowest unoccupied molecular orbitals
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(LUMOs) of the corresponding neutral system. Recently, an
efficient approach has been considered for calculating electronic
couplings for EET in DNAz-stacks®® The good agreement
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Figure 1. Representative structures of stacked base pairs. (a) TC. (b) TA.

between matrix elements obtained within the diabatic state (13,12), were used following the strategy outlined in our
method for radical anion systems with the corresponding previous paper on radical cations of similar systéhe
estimates derived from KTA allows one to conclude that energies of the ground and excited states are obtained from a
reasonable values of EET couplings can be obtained by usingsingle calculation, using state-averaged orbitals with equal
LUMOs of isolated neutral base stacks calculated without diffuse weights for each state. The dipole moments of each state and
functions. When, however, the diffuse functions are added to the transition dipole moments between the two states are derived
the basis set, the LUMOs exhibit the dipole-bound character from the same calculation. For a better estimation of the dimer
and cannot be employed for computing the coupling matrix properties (energies, dipoles, and transition dipole moments),
elements® However, the question about the role of electron these are recalculated with the program MOLCAS'5at the
correlation in the calculation of EET parameters still remains. CASPT2 and MS-CASPT2 levels (multistate formulation of
The purpose of this paper is to calculate the EET matrix CASPT2 which accounts for the nonorthogonality of the
elements beyond the one-electron approximation and to studyCASPT2 wave functiond® with a real level shift parameter of
how important the electron-correlation effects are on the 0.3. Using this parameter, the weights of the CASSCF reference
coupling in negatively charged DNA-stacks (see Figure 1 for  function in the CASPT2 functions of the ground and excited
examples of the stacked structures). Recently, we have carriedstates differed by 0.001 or less in all cases. For the transition
out calculations of the electronic couplings for hole transfer dipole moments, the values reported as MS-CASPT2 are the
using multireferential method$.The computational results of  gnes obtained from the PM-CASCI wave functin.
that study have.been used as benc.hmarks. for estimating the Thq values of the off-diagonal elements of the MS-CASPT2
accuracy of the time-dependent density functional theory (DFT) gtective Hamiltonian, which are indicative of the reliability of
approacf? and for assessment of semiempirical metHSdiere, the MS-CASPT2 result§, are presented in the Supporting

\(,:\i)engiz\t/:nltjzgljd thCeASéaSng:eF.rnct(a)tg%?:téc;gzsée;i:ézg\;ing)ri;: %rséeelIrnformaﬂon (Table SI1). The averages and differences of the

. ' o . - off-diagonal elements|ifl1, + H1|/2 and|H12 — Hz1l, respec-
perturbation, C.ASPTZ’ and rr_1u|t|stat¢ CASP.TZ' MS-CASPT2) tively) are smaller than 2 kcal mdl (0.09 eV) in all cases except
for the calculation of electronic coupling in single-strand DNA

tack isti f o leob Using th i dCT and TC, with a maximal value of 0.17 eV. In relative terms,

EAZ‘;CSS_C&TEE '(ngMoH) V;O r:ggce}? Slseesc.ou Slli?wgs ;regigféﬁlzg the value of [H12 + Hz1|/2) is smaller than 10% of the CASPT2
- PP ’ PiiNgs energy gap K> — Hij) in all cases except CT, TC, and AT.

from the excitation energies and the transition dipole moments. o )
Here, we use the CAS-PT2 or MS-CASPT2 excitation energies, | The ground-state charge d!strlbutlon on the d!mers presented
which include dynamic correlation. For the dipole moments, In Table 1 (x andqy) is obtained from the Mulliken charges
we use the CASSCF wave function, or the perturbatively except for the MS-CASPT2 values_, Whlch are obtained from
modified complete active space configuration interaction (PM- the dipole moments. Thus, for radical anion dimerx3-3"
CASCI) wave function derived from the MS-CASPT2 calcula- with z-orientation (the plane of each nucleobase is perpendicular
tions. The MS-CASPT2 based dipole moments are substantially {0 Z-axis), and the BX nucleobase lying in they plane:
different from the CASSCF ones, and the results could not be
converged. Thus, the calculated couplings cannot be considered - 1_ Uy -1 (1)
as benchmarks, but the present results determine their bound- O = 4.803x r O = v
aries, within the limitations of the 6-311G* basis set. In most
cases, the coupling eI_ements obtained with KTA lie inside _these whereqgx andgy are charges on fragments X and Y in atis
boundaries, suggesting the usefulness of KTA to estimate the distance (in A) between nucleobase plames 3.38 A in

electronic couplings for EET. the systems under study), amgs thez-component of the dipole
) ) moment in the stack (in Debye). To prove that both schemes
Computational Details provide almost identical values, we have recalculated the

CASSCF Calculations.The CASSCF calculations are carried CASSCF charge distribution using eq 1. The dipole-based
out for several one-strand DNA stacks consisting of two estimates deviate by 2% or less from the Mulliken charges.
nucleobases using the standard 6-311G* basis set and the The electron affinities of the nucleobases have been calculated
program Gaussian08.For the CASSCF calculations, active atthe CASSCF/6-311G* and CASPT2/6-311G* levels of theory
spaces of 13 electrons in 12 orbitals (six orbitals per nucleobase),(real level shift 0.3), with the purpose of estimating the relative
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TABLE 1: Excitation Energy ( AEy), Transition Dipole Moment (u1,), Electronic Coupling V, and Charge on Nucleobase X
(gx) and Y (qgy) in 5'-XY-3" in Dimers Calculated with CASSCF (in Short, CAS), CASPT2, MS-CASPT2 (in Short, MS-PT2),

and KTA
XY method AEi, eV Au, D |taz2l, D V|, eV Ox Qv
TT CAS 0.157 —15.846 0.370 0.367E-02 —0.981 —0.019
CASPT2 0.155 0.362E-02 —0.986 —0.014
MS-PT2 0.155 —15.804 0.686 0.670E-02 —0.980 —0.020
KTA 0.193 —15.466 1.141 0.141E-01 —-0.971 —0.029
T T CAS 0.011 32.444 0.017 0.576E-05 —0.001 —0.999
CASPT2 0.018 0.943E-06 +0.003 —1.003
MS-PT2 0.018 32.445 0.010 0.554E-05 —0.001 —0.999
KTA 0.022 32.474 0.011 0.745E-05 —0.000 —1.000
CT CAS 0.349 —14.381 3.247 0.718E-01 —0.929 —0.071
CASPT2 0.067 0.138E-01 —0.935 —0.065
MS-PT2 0.098 —5.117 7.463 0.464E-01 —0.643 —0.357
KTA 0.119 —3.637 7.630 0.578E-01 —0.620 0.380
TC CAS 0.178 —8.342 6.790 0.758E-01 —0.753 —0.247
CASPT2 0.299 0.127E00 —0.750 —0.250
MS-PT2 0.401 —15.239 2.328 0.586E-01 —0.966 —0.034
KTA 0.409 —13.941 3.780 0.975E-01 —0.936 0.064
TA CAS 0.382 —15.966 0.783 0.186E-01 —0.992 —0.008
CASPT2 0.435 0.212E-01 —0.983 —0.017
MS-PT2 0.435 —16.018 0.438 0.119E-01 —0.994 —0.006
KTA 0.668 —15.945 0.508 0.212E-01 —0.995 —0.005
AT CAS 0.372 14.962 2.561 0.602E-01 —0.040 —0.960
CASPT2 0.486 0.787E-01 —0.046 —0.954
MS-PT2 0.504 15.784 0.468 0.149E-01 —0.014 —0.986
KTA 0.660 15.461 1.039 0.440E-01 —0.028 —0.972
TG CAS 0.259 —15.579 2.061 0.331E-01 —0.998 —0.002
CASPT2 0.581 0.743E-01 —0.975 —0.025
MS-PT2 0.590 —16.066 0.620 0.227E-01 —1.013 +0.013
KTA 0.818 —16.044 0.923 0.468E-01 —0.995 —0.005
GT CAS 0.760 15.094 2.286 0.11680 —0.040 —0.960
CASPT2 1.043 0.151#E00 —0.042 —0.958
MS-PT2 1.054 15.581 1.223 0.817E-01 —0.025 —0.975
KTA 1.308 15.031 1.593 0.136ED0 —0.027 —0.973

diabatic energies of the donor and acceptor states with the twoprojections of the dipole moments along tkexis; the z

methods. The electron affinity is calculated as the energy

superscript has been dropped for simplicity. TWg listed in

difference between the neutral species and the radical anion,Table 1 is obtained as follows: CASSCF couplings from
using (6,6) and (7,6) active spaces, respectively. The resultsCASSCF energies and dipole moments, CASPT2 values from

are presented in Table SI2 (Supporting Information). Overall,
the electron affinity of thymine is underestimated with respect

CASPT2 energies and CASSCF dipole moments, MS-CASPT2
values from MS-CASPT2 energies and PM-CASCI dipole

to the remaining three bases at the CASSCF level, when moments, and KTA couplings from the energy differences and

compared with CASPT2.

KTA Calculations. The KTA values are based on Hartree
Fock (HF) calculations of neutral stacks performed using the
standard 6-31G* basis for consistency with the previous sttidy.

dipole moment matrix elements calculated with the relevant
orbitals of the neutral stacks.

Geometries.As in our previous study, experimental idealized
atomic coordinates of the nucleobases (adenine, cytosine,

For the systems considered, we have always used unoccupie@dyuanine, and thymine) taken from high-resolution X-ray and

molecular orbitals (MOs) corresponding tot™ and “—
combinations of donor and acceptor orbitaig (rbitals of
nucleobases). They correspond to LUMO and LUMD In
similar calculations (e.g., with another basis set or for other
geometries), LUMO or LUMG-1 may correspond tar*
orbitals. In such cases, other virtual states (LUMQ_.UMO +j)
should be employed.

Estimation of Electronic Couplings. The generalized
Mulliken—Hush (GMH) method introduced by Cave and
Newton was employed to calculate electronic couplitfgs.

Within the two-state GMH modéB“%the electronic coupling
can be expressed via the vertical excitation en&gy, = E;

— E,, the difference between the adiabatic dipole moments
Au = up — u1, and the transition dipole moment,:

V. = AEluy,l
da™
VAR + 4y

The details of calculation are considered in our previous
paper*! In particular, we have usedu? anduj;,, that is, the

)

neutron studies were used for generating the structésese
structural parameters are nearly always employed to generate
DNA models. As already noted, within the KTA scheme, ET
properties in radical anion systems are estimated using HF
calculations of neutral systems. For the sake of consistency when
comparing the calculation results, we employ the same geom-
etries also in the CASSCF and CASPT2 computations of radical
anion states.

The mutual positions of the nucleobases in the models studied
correspond to a regular B-DNA structure (see Figure 1). The
geometries of the systems were constructed with the program
SCHNArpP5?

Results and Discussion

General Remarks. CASSCF and Second-Order Perturbed
Results.The electronic characteristics of dimers calculated using
CASSCF, CASPT2, MS-CASPT2, and KTA are listed in Table
1. Our general approach is to include nondynamic correlation
at the CASSCEF level and dynamic correlation with second-order
perturbation. For the energy, this is achieved with the CASPT2
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method. The effect of dynamic correlation can be explained on \ 5/ ,es {11+ 12212 £ (1) /(Aﬂ)2+4(u12)2 and the same trace
the basis of the relative electron affinities of the isolated 11 + uz. Thus, the sum of Au)? + 4(u12)? evaluated with

nucleobases (see Table SI2, Supporting Information), (:alcul<';1ted[;ither set of wave functions (CASSCF or PM-CASCI) is the
at _th_e_ CASSCF and CASPT2 levels. AIt_hough_ the electron ¢5me. Because of the relative magnitudeA@fandus,, small
affinities themselves are not accurate, their relative values cang|ative changes irhu result in large relative changes in..
be used as estimates of the diabatic energies of do_nor gnd Excess Charge Distribution in Dimers.The excess (;harge
acceptor, In the frame of a two-state model fqr EET (in this distribution in the ground state predicted by the KTA and
case, neglecting ele(_:t_r(_)statlc effects of the nel_ghborlng base)'multireference approaches is in good agreement for all cases
Lﬂﬁs}g;e:é?r;go_lr_\ ngeé/ifs/;% IE:ar:/(llG ?L?ssmﬁﬁiging%f except for CT and TC. Thus, the localization of the charge is
P ) P the result of two effects, the difference in electron affinities of

-?-Iat,baotl: iigﬁ:gi';? 8; '3 r(l:e,lrﬁi[;dc(gr?erlz t'ig(r:]reizeg \évétrr:sreesupeerfctéonucleobases and the preference for charge localization on the
P y ; q ' 5" end (because of electrostatic interactions of the bases which

the excitation energies for TX and XT pairs (XA, C, or G), . . . .
: . in turn depend on the orientation of the nucleobases). Following
where T is the donor, are increased at the CASPT2 and Ms'the larger electron affinity of T, in the pairs with A or G the

CASPT2 level with respect to the CASSCF values. The only : : .
. . . ... 7 excess electron in the ground state is more than 95% localized
exception to this trend is CT. Here, the CASPT2 excitation on T, irrespective of its position (r 3 end). However, the

gﬂgrggsl’;g\t/:/g;tt:t?:gc])?\fgfr\r?asti((:) Eacl)neeﬁg(e;;::use Tis the acceptorpreference of the'Send for negative charge localizatfdris

The chanaes in the diabatic enerdies also affect the char ereflected in the fact that the amount of charge localized on the
_'nechang " . 9 charg purine is larger for the AT and GT than for the TA and TG
distribution and the transition dipole moments. Thus, within a

two-state model, the excess charge distribution, expressed agairs. For the same reason, in the TT pair, the ground-state
. X g » EXp charge is almost completely localized on thesd. Inthe T_T
the difference of charges on donor and acceptay € qy —

X . X . ) . case, however, the conformational effect is different and the
?ﬁg goﬂgte;rg:jnzi:gp%zz|ff_er6ence Zf ;th(zjli?\?etIZIeegtergiecs of charge is localized on the 8nd. Ideally, the calculated charges
— €y T €X

couplingV/ of the sites (see refs 37 and 52 for details): on each nucleobase should not be smaller than In a few
ping ’ cases, the values are smaller than that (with a net positive charge

Ae on the complementary base), but the effects are small (less than
AQ=—— ) 0.02 electron).
VAE® + 4V Let us now consider the charge delocalization in CT and TC.

In general, it is accepted that T has a larger electron affinity

Here, Ac can be approximated by the difference of electron than C, and one would expect charge localization on T to be

affinities of the X and Y nucleobases. Because the electronic . o
. i ) ; referred. However, for CT there is net charge localization on
coupling of neighboring nucleobases is rather weék<(0.1 b wev ' g zatl

: : o 5'-C because of the electrostatic interactions. In contrast to this,
eV), the differences im\e within the CASSCF and CASPT.Z the charge in TC is localized orl-%. Although all methods

tack. This h tivated s © te the dipol tepredict localization of the charges on the same base of each
stack. This has motivated us to recompute the dipole momen Spair, there are substantial quantitative differences between

Au anduiz with the PM-CASCI wave function obtained from
CASSCF and MS-CASPT2. Thus, the CASSCF(13,12) calcula-
the MS-CASPT2 treatment. However, the MS-CASPT2 results tions predict almost complete-90%) charge localization on

are only reliable when the multistate correction is small. This C for CT, with more significant delocalization (approximately
can be estimated on the basis of the off-diagonal elements °f25%) in ’TC The Mulliken charges for the CASPT2 wave
the .MS'CASPT? effective Hamiltonian (see Table .Sll’ Sup- function give similar values. In contrast to this, the KTA and
porting Information). It ha_s been suggested t_hat reliable MS- MS-CASPT2 based values predict only partial localization
CASPT2 results are obtained when the oif;dlagonal el_ements (approximately 60%) on C in CT and almost complete localiza-
are below a threshold of 2 kcal m81(0.09 eV)?#’ This condition tion (>90%) on T in TC. The changes are due to the small

is fulfilled for all the stacked pairs described here except for difference between the diabatic energies of the two pyrimidine

CT and TC, where the off-diagonal elements reach up to 5 kcal b :
o1 . S ases. Thus, small changesAa (eq 3) have a large effect on
mol~1(0.22 eV). Still, there are substantial differences between the charge distribution. In any case, one can expect that the

the transition dipole momenjs;, calculated at the CASSCF . :

effects of polar environment should essentially suppress the
level and the M.S'CASPTZ ba;ed values and also for the Cf"‘sesnegative charge delocalization in DNA leading to radical anion
where the coupling is small. This can be understood taking into states confined to single pyrimidine sites, in line with the
account that dynamic correlation induces a change in the chargeConclusion derived for the hole delocalizatﬁ,j‘n

istributi h hA¢€) which Its i h . A . ) o

?Asetrégﬂg rtllr(rt] erotlég SJZ&{)LC + TZZ:; Eratr?e %n'ggscﬂ = a; d The calculated ground- and excited-state charge distributions
PM-CASCI dipole moments is the same. Thus, the PM-CASCI are in agreement with the two-state model. According to this

wave functionsWy are linear combinations of the two lowest model, the charges_ on the donor and acceptor .ShOUId be
CASSCF eigenfunctiond; 46 exchanged when going from the ground to the excited state.

Thus, in the lowest excited state of the puritieymine dimers,
P = . ®. the negative charge is transferred from T to the purine base,
K : Z ki whereas in the excited state of TT, TC, and CT dimers the excess
charge is mainly localized on thé-8ide nucleobase. Overall,
The dipole moments are elements of the matrix obtained from in the two-state model the sum of the ground- and excited-state
the {®} or {W¥;} sets and the dipole moment operator (of charges on the same fragment should be equal to 1, and the
dimension 2x 2 in the present case). Since the transformation sum of the calculated MS-CASPT2 and CASSCF charges for
between the two sets is unitary (the coefficientsare the all cases differs by less than 0.04 electron from the ideal value.
eigenvectors of the symmetrized MS-CASPT2 Hamiltonian),  Excitation Energies. The dimers TT and T_T formed by
the matrices evaluated with either basis have the same eigenthymine bases differ in the arrangement of nucleobases. While

2
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in the TT stack the thymines are at the distance 3.38 A, the the MS-CASPT2 method cannot provide very accurate results
T_T complex was obtained by removing the bridging nucleobase for these systems. Enlarging the CASSCF active space until
B from a TBT trimer of the regular structure; the distance the CASSCF and MS-CASPT2 based values (@b are
between thymine bases is 6.76 A. The energy g&:4) in converged is required to obtain the benchmark values which
TT ranges from 0.15 to 0.20 eV depending on the calculation must lie between the CASPT2 and MS-CASPT2 based values
method. This gap is mainly due to the electrostatic interactions of Table 1.

between the bases. The contribution of covalent interaction We have compared results obtained within the accurate
(electronic coupling) to the splitting is essentially smaller. methods with data derived using KTA at the Hartré®ck
Increasing the separation between thymines (by going from TT level. The comparison suggests that although the one-electron
to T_T) leads to a remarkable decrease in the gap, which isscheme cannot be applied to calculate electron affinities of
0.01-0.02 eV. Because C and T have similar electron affinities, nucleobases, it provides reasonable estimates for EET energies.
one expects the gap in the dimers CT and TC to be as large asThe electronic couplings calculated with KTA lie between the
in TT. The CASPT2 and MS-CASPT2 calculations predict that CASPT2 and the MS-CASPT2 based values in almost all cases.
AE;2in CT is of ~0.1 eV while in TC it is of 0.3-0.4 eV, and Our results show that the excess electron in isolated dimers
the KTA values are in agreement with that. Thus, the energy is largely localized on a single base. Because embedding any
gap is quite sensitive to conformational changes in the dimers, system into a polar environment should confine the excess
as CT and TC differ from each other solely by the twist angle. charge, we expect that an excess electron in DNA will be
As expected from the larger electron affinity of T, the energy confined to single pyrimidines but not be delocalized over
gaps for the dimers of T and a purine are larger than 0.4 eV. In several nucleobases.

this context, by passing from TA to A\E;» does not change

much while the energy gap in TG is remarkably smaller than  Acknowledgment. This work has been supported Project
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transition dipole moments are particularly sensitive to changes diagonal elements of the MS-CASPT2 effective Hamiltonian)
in charge distribution. This explains the large differences and SI2 (relative CASSCF and CASPT2 electron affinities of
between the values obtained with different methods. Thus, theisolated nucleobases); complete ref 44 and 45; and Cartesian
MS-CASPT2 based values pf. differ by up to a factor of 5.4 coordlnates_ for the dimer stacks. This material is available free
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