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We report calculations of solvent reorganization energies and the energy gap analysis for charge transfer in
synthetic DNA hairpins consisting of two complementary strands linked by a stilbene chromophore.
Reorganization energies are calculated for the processes of photoinduced hole injection from the linker to a
neighboring guanine (G) through variable numbers of adenine/thymine (AT) pairs and for the hole transfer
between adjacent G sites connected by AT bridges of different length. Twelve molecules with varying donor
acceptor separation have been analyzed. The solute structure is taken from crystallographic data with atomic
resolution, and the polarization response of water is modeled in terms of polarization structure factors accounting
for the molecular nature of the polarization fluctuations of the solvent. Both the magnitudes of reorganization
energies and the parameter of the rate constant falloff with the d@waeptor separation turn out to be
much higher than those obtained from the Marcus-Levich-Jortner analysis of the experimental kinetic data.
The discrepancy is resolved by applying a new model (Q-model) of charge-transfer accounting for different

reorganization energies for charge separation and charge recombination reactions.

I. Introduction between G bases occurs mainly due to quantum-mechanical

The ability of deoxyribonucleic acid (DNA) to transport an tu_nneling, wr_lereas transitiqns_of positive charge over longer
excess charge over large distances has become the subject &ndges feq%*'fe_ thermal gctlvatlon._ o )
intensive research since the key studies of Barton and The application of this mechanistic picture to theoretical
collaboratord=3 Apart from vivid interest in gaining insight ~ @nalysis of steady-state experiments on DNA strand cleav-
into the mechanism of charge migration in one of the basic ag¢>*’**has led to the formulation of a phenomenological
biopolymers, current investigations are also driven by the modef®™S of variable range hopping (VRH) in DNA. An
implication of this phenomenon for the pathways of DNA ©Obvious advantage of the VRH model is accurate predictions
oxidation damagé® mutations$=8 in the development of of both sequence and distance dependencies for the efficiency

electrochemical biosensdtst! and nanoelectronic devicé%:19 of hole transfer through stacks with various combinations of
With several exceptior’-26 most experimental and theoreti- ~ Watson-Crick base pair& This, in turn, provides areasonable
cal studies have concentrated on understanding one-dimensionavaluation of the distance scale for the propagation of a positive
transport of a positive charge (the so-called electronic “hole”) charge in duplexes, which is needed to specify initiation of
along the array ofr-stacked WatsonCrick pairs in the interior ~ ‘Chemistry at a large distancé®.According to estimates;>?
of the double helix (for review see refs 237). According to the njaX|maI_d|s¢ance traveled by holes in the course of their
the current consensus, the mechanism of charge motion isNOPping motion in DNA can reach several hundred angstroms
determined by the constraints imposed by different energeticsin accord with observations?47.54
of individual nucleobases, i.e., guanine (G), adenine (A), Itshould be noted that information needed to predict sequence
thymine (T), and cytosine (C). For instance, the hierarchy of and distance dependencies for charge transport in DNA involves
oxidation potentials of the individual nucleobases in soldfiéh only the experimental data***8on relative rates for hopping
and of the ionization potentials of nucleobases in dupfxes steps of different lengths. The significancerefative, but not
(G < A < C, T) allows the positive charge to be located absolute rates for theoretical analysis of steady-state experi-
essentially on G. Therefore hole motion in duplexes that are ments is a direct consequence of two competitive decay channels
constructed of GC base pairs connected by AT bridges can beexisting for a positive charge at each step of transport process,
viewed as a series of hops between neighboring G sites servinghamely hole transfer between nearest-neighbor G sites through
as “resting states” for moving charge carrigrs’® Both the AT bridge and irreversible side reaction of the cation G
experimertt* and theor§®“6show that the mechanism governing  with water.
discrete steps of this motion crucially depends on the length of  Knowledge of relative hopping rates, however, is insufficient
the AT bridge. For short bridges (up to 3 AT pairs), hole transfer to describe dynamics of holes generated in DNA and to decide
how fast a positive charge can be transferred over a certain
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Figure 1. Schematic illustration of model systems and main rate processes with the participation of “electronic holes”. Holes are generated due
to electron transfer from proximal G base to photoexcited néltfal’6%526%r positively charged donof§3°6163D, incorporated in the stack.

Thereafter the primary radical cationGs able to lose its positive charge in several competitive processes. These include hole transfer to the
nearest-neighbor neutral G base through the AT bridge (depicted by a black block arrow), recombination due to the positive charge transition from
G* to D and a side reactions with water. The later process is too slow to be observed in time-resolved experiments and is not shown in the figure.
The propagation of a positive charge via series of hops between neighboring G bases continues until a hole has reached a trap, which represents
an acceptor molecular unit (A) built in the stack or multiple G sites (usually GG doublet or triple GGG unit) with G bases located on the same
strand. Charge transfer between distal G and A can be reversible or can lead to the irreversible disappearance of a hole depending on the nature of
the A unit.

challenge for experimentalists, it has been demonstrated thatby Tavernier and Fayer the reorganization energy is estimated
for certain elementary steps, the absolute rate values can beas a sum of longitudinal contributions from dielectric shells of
deduced from the results of transient absorption or fluorescentvarying dielectric constant around the DNA core. Tong €tal.
lifetime experiment®%4 with relatively short duplex DNA  and, more recently, Siriwong et &reported the electrostatic
oligomers. The model systems investigated and main rate energy of nuclear reorganization of the transferred charge in a
processes involving holes are schematically depicted in Figure heterogeneous dielectric environment by solving the Poisson
1. Using various oligomeric systems, hole generation, recom- equation. In all reported cases, the solvent reorganization energy
bination, trapping, and release from the trap were studied within is predicted to increase smoothly with the donacceptor
time intervals ranging from femtoseconds to microseconds by distance in general accord with the Marcus madéel.
probing either the excited-state behavior of the hole-injecting  All calculations reported so far predict a very substantial
chromophore (as, for example, in ref 56) or an excited dependence ofs on the donoracceptor distance. This depen-
nucleobase analogue (for instance 2-aminop8titfeinterca- dence should be included into the overall observed falloff of
lated at a basic site, or by observation of the charge-transferthe rate constant with the doneacceptor separatioRpa
intermediate state (as in capped DNA hairpi8:63.

Similarly to steady-state strand-cleavage experiments, the ker O e PoaRon (2)
results of time-resolved studies are usually discussed in terms
of nonadiabatic electron-transfer the§hf®assuming that each ~ where the falloff parameter
elementary hopping step can be treated as electron transfer in
the direction opposite to the direction of positive charge Boa = Bo+ Bs ©)
propagatior?’ Then, the probability of nonadiabatic charge

. - . )
transfer (CT) is a product of the electronic coupling matrix is the sum Off the Cr?nggl;&'gﬁf arsing IrorT'HDAA ang the
elementHpa and the FranckCondon weighted density of states componengs from the - In case of charge hops between

ECWD equivalent sitesAG = 0), the falloff parametefs originates
from the distance dependence of the reorganization energy

2 ) From the classical Marcus equation for the activation energy
ker = % IHoal FCWD(AG,A) 1) of charge transfer
In eq 1,AG is the free energy difference between products and Gl (As+ AG)? 4
reactants and is the reorganization energy for charge transfer. - 47
Equation 1 can be used for comparison of calculated and

experimental hopping rates if the values of paramet&sHpa, one getsls = 5, at AG = 0, where

andZ are known. For elementary steps of hole transph@,

= 0 because CT occurs between equivalent §ftéfishowever, B, = (LA T)(0A40Ry,) (5)

these sites differ, as in the case of hole generation, recombina-
tion, trapping, and hole release from the trapping unit A (see Here kg is Boltzmann’s constant aridis the temperature. When
Figure 1), the free energy difference can be evaluated at theclassical vibrations of the solute are coupled to CT, the
guantum chemical levéP.72 Recent calculations of electron  corresponding classical internal reorganization enéﬁbadds
coupling, its distance, and conformational depend&eé°.7° to Asin eq 4. When solute’s vibrations are quantum, one has to
also enable one to estimate tga values for different duplexes.  consider the complete FCWD factor in eq 1. The latter is a sum
Unlike the free energy difference and the electronic coupling of individual vibronic excitations each broadened by the
matrix element, theoretical evaluations of reorganization energy inhomogeneous distribution of classical nuclear modes. How-
A for DNA oligomers are rather rare. Generally, the valud of  ever, the effect of quantum vibronic excitations is small for CT
is determined by changes in molecular geometry (the inner in the normal region withs + /15' < |AG] (see below), and eq
contribution,A,) and by variations in nuclear coordinates of the 5 gives an accurate estimate &fat AG = 0.
surrounding medium (the solvent contributicig). For DNA, The previous calculations ofs’+7 at varying distance
the A, value was estimated using different quantum chemical between equivalent G sites leadfg= 1.0 A~ at Rpa < 15
methods’! whereasis was calculated classically using dielectric  A. Combined with the theoretical calculationsff~= 0.7—1.7
continuum models of the aqueous environniént® In the study A-1 this placesBpa in the range 1.72.7 A-1. This number is
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Hole Donor when the confinement length is comparable with the correlation
Hole Acceptor , length of solvent nuclear _fluctuations activating CT. FL_JII
] e k-dependent response functions should account for such situa-
.. tions.
A. Formalism. Solvation of permanent charges in dense polar
Y solvents is well described within the linear response approxima-
s tion (LRA).8% In application to the activation of charge-transfer
” reactions this implies that the doresicceptor energy gap is a
Gaussian stochastic variable leading to the Marcus picture of
intersecting parabol#8.7682 The width of the energy gap
fluctuations is independent of the charge state of the denor
acceptor complex in the LRA; i.e., it is the same in the initial
and final CT states. This property is used here to definéhe
reorganization energy is obtained through the variance of the
donor-acceptor energy gapV calculated from the configura-
H.O . o tions of the soIvenF in equilibrium with a fictitious solu_te which
has all the properties of the real solute but does not include the
solute-solvent electrostatic coupling:

-

Figure 2. Crystal structure of stilbene diether-linked hairpin with the
GC pair located next to the linkéf Dashed arrows indicate the centers 1
of electron Io_caliza_tion on_the Iinker_and N1 nitrogen of G. Also shown A= —l;ﬂéAV)zlg (6)

are magnesium ions with coordinated water molecules that are 2kgT

considered as bound water in the reorganization energy calculations.

Here, the subscript “0” ifil..[d indicates that the only influence
much higher than the experimental falloff paraméigt = 0.7 of the solute on the solvent is to expel it from solute’s volume.
A-1 reported by Lewis et al. for hole injection from stilbene Physically, this situation corresponds to the initial state of the
linkers to GC pairs in DNA hairpirfé 77 if one assumes th#i CS reaction.
values for hole generation and hole hopping are close to each The solute-solvent electrostatic interaction is modeled by
other. On the other han@pa > 2.0 A~ was found for acridine the charge-dipole potential
derivatives used as hole donors intercalated in DNA dupl&xes. N

In the present study, we report calculations of the solvent _
reorganization energies for CT in synthetic DNA hairpins AV = _ij'AEo(rj) (1)
studied by Lewis et a-.57:60.62.7¢Figure 2). In contrast to earlier =
calculation$* "> based on dielectric solvent models, we employ whereAEq(r)) is the difference of vacuum electric fields of the
a molecular-based, nonlocal model of solvent response, and aslectron localized on the donor and acceptor. The sum runs over
such this is the first step toward modeling the activation barrier the N solvent molecules with dipole moments located at the
of CT in DNA using microscopic models of solvent reorganiza- pointsr;. For large solutes of the size of the DNA, the interaction
tion. The microscopic theory is compared to dielectric continuum of gradients of the solute field with higher solvent multipoles
calculations. We also reanalyze the kinetic CT datdthin a is negligible3384 However, higher multipoles, particularly
new model of electron-transfer activati#hwhich accom-  quadrupoles, affect very significantly the solvent response
modates different solvent reorganization energies for chargefunction (see below).
separation (CS) and charge recombination (CR) reactions. The Equation 6 is written for the interaction of the solute with a
new model predicts a much weaker dependence of the FCWDnonpolarizable solvent. Solvent polarizability can be included
on the solvent reorganization energy than what follows from by renormalizing the solvent dipole moment from its gas-phase
eq 5 so thaps < ;. The combination offo from the energy  valuemto a condensed-phase value85-87 This renormaliza-
gap analysis with calculateti leads tqBpa values in reasonable  tion is usually effectively achieved within self-consistent liquid

agreement with experiment. theories®® and we are using the Wertheim 1-RPT formula-
tion8%%%in the calculations below. The solutsolvent interaction

Il. Calculation Procedure potential has then the same form as in eq 7 with the replacement
of m; with my.

The present calculation of the solvent reorganization energy  grom eqs 6 and 7s can be obtained through the average
extends the formalism of response functions used in dielectric 4or the orientations of the solvent dipoles. This yi&l83

solvation theories to incorporate the molecular correlation length
between orientations of permanent dipoles in water into the 3y, » dk I

calculation of solvation energetics. This is achieved by including As= @f 3|AEo(k)| SL(k) (8)
the complete dependence of the response function on the (27)

inverse-space wave-vectoinstead of using thi& = 0 limit of

the dielectric continuum models. This approach aims at two
goals. On one hand, we want to achieve a reduced description _ 2

projecting the many-body manifold of solvent configurations Yp = (47/9KgT)p() )
on a few collective modes coupled to the transferred electron.
On the other hand, the formalism preserves the molecular length
scale of the response. The latter goal is dictated by the desire
to accurately include the response of the solvent in confined
space encountered in minor and major grooves of DNA

molecules. The complete dielectric response may not yet develop

where

is the density of permanent dipoles in a polar solvert, N/Q
is the solvent number density, at(k) is defined below. In

eq 8,

AEg(k) = k- [ AE(r)e" dr (10)
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is the longitudinal projection of the Fourier transform of the
difference electric field taken over the volur@eof the solvent. @
The solvent volume is obtained by excluding the volugg »
which includes all the hard cores of the atoms of the solute and

an additional volume obtained by adding the radi(fsto solute

atoms exposed to the solvent {s the diameter of solvent

molecules).
The longitudinal component of the field, obtained as a scalar Q
product of the field Fourier transform with the unit wave-vector
k = k/k, enters the equation fdg. This means that our present . ) N . .
N ds P Figure 3. Solvent regionsQs, ..., 2,1 with different dielectric

calculations are Iimjted to long-distance CT, Whe.n th'e transversepro'Oerties around the solute occupying the regig Bulk water
component of the field and the transverse polarization responsecqresponds to regiof,.
are insignificanf? Because only the longitudinal component is
included in the difference field, the polar solvent response is is the Fourier transform obtained by integration over itte
defined by the longitudinal structure fact®p* solvent regionQ;. The additive scheme in eq 16 neglects
3 polarization correlations across the heterogeneous boundaries.
_ A O DA KT This approximation is adopted because no information on
S—(k) - N EE(ei~k)(k-q)e 'O (11) structure factors and relative effects of cross-correlations in
"J heterogeneous polar media is currently available. Note, that for
dielectric models the additive scheme leads to deviations within
15% of the full calculatiorf® It is not clear if the same extent
of error should apply to our calculations because the dielectric
limit in our scheme gives values fdis substantially smaller
than the fullk integration (see section 3 below).

B. Solvent Parametrization. The representation of the
solute-solvent interaction by the charge-dipole potential is
based on the assumption of smallness of the tafiys of the

_ distance between the partial charges on the solvent molecules
S—(O) col3yp (12) Iss and the characteristic distan&®s between the centers of
charge localization on the solute and the solvent molecules. The
effective radius of the solute can be estimated from the solute
volume Qo as (41/3)Ros = Q. For the DNA hairpins
considered here the assumptibgRys < 1 is usually well
justified (ss= 0.38 A andRos = 13 A).% The distancdRs also
defines the range of decay of the integrand inkhetegral in
eq 8: k = 27/Rys Again, the large size of the solute limits the
range ofk values significant for the reorganization energy
calculations to smalk values corresponding to long-range
polarization fluctuations of the solvent. From the viewpoint of
the calculation ofis, this implies that a real solvent can be

N g dk el replaped_ by a mo_del solvent that reproduces the long-range
&o=8m) " [SIAE(K)] (14) polarization behavior of the real solvent.
(27) In polar solvents, fluctuations of dipolar polarization have

the longest correlation length. One could therefore consider a
liquid of point dipoles as a first approximation to calculate the
structure factoB8-(k). The replacement of the charge distribution
of a real solvent molecule by a point dipole relies, however, on
a much weaker assumption than the use of the charge-dipole
potential for the solutesolvent coupling. For the point dipoles
to reproduce the solvent polarization, the rdtigo must be
small. This rarely happens in dense molecular solvents, and the
inclusion of higher point multipoles is necessary for an accurate
modeling of the polarization structure factor.

The main problem arising with the use of the model of point
dipoles for the calculation 08-(k) is that solvent molecular
quadrupoles strongly affect the solvent dielectric con&t&ht
and therefore&-(0) (see eq 12). When this effect is incorporated
into the parametrization of the structure factor, polar solvents

¥ & =L 1\ (2 dk can be successfully described by models developed for purel
hs=— Z JIAE RIS (9 — (15) Y y pec or burey

=

Here,§ is the unit vector of the solvent dipote; (§ = m;/m)
andll..[ktands for the statistical average over the configurations
of the pure solvent. The structure fact@(k) describes
correlations of longitudinal (parallel to an external field)
fluctuations of the nuclear solvent polarizati®h?* In the
continuum limit ofk = 0 the structure factor is related to the
solvent Pekar factogy = €., — ¢, " as

When the solute size, or the characteristic length of the volume
restricting the solvent fluctuations, is much larger than the
correlation length\ of longitudinal polarization fluctuations,
the difference fieIdAEB(k) changes much faster witk than
doesS-(k). In this case one can p&(k) = S-(0) in eq 8 with

the continuum result

Ae=Cy s (13)

The longitudinal electrostatic energy in eq 13

leads to the standard Marcus expression Agf when the
longitudinal field of two charged spheres is usedz&ﬁt(k) in
eq 14%°

Equation 8 can be generalized to situations when the solvent
structure around the solute is inhomogeneous. This includes
regions of bound water for aqueous solutions of DNA, the
dielectric properties of which may be different from those of
the bulk water. We will consider regions of solvent around the
solute with volume®2y, ..., Q, with Q standing for the bulk
solvent (Figure 3). Each solvent region is characterized by its
own polarization structure facto&*(k). When polarization
fluctuations in each regiof®; are uncorrelated, the expression
for the reorganization energy generalizes to

dipolar solvents. This approach was utilized in parametrized

polarization structure factors (PPSE)The PPSF parametriza-
Here, tion uses the fact that the mean-spherical approximation (MSA)

solution for a dipolar hard-sphere (HS) solV&mives S-(ko)

AEr(K) = k- [, AE|(r)e"" dr (16) S (ko) = |Q(ko)| 2 17)
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defined by two parameteral and AL, as follows : Ty E 77
Y U
) \ v
Q(ko) =1 — 12a" [ [(t? — 1)2— A"t — )] dt (18) A IV s
Q ; \\ \\\ //2// )
The parameteral and A" are related t&-(0): i AN G0 -7 A ;
v 7
AG=G_-G : SNy
F 71 .
2a"(2 — 3AY) = 1/S(0) - 1 (19) LN 0
Here,Al is the correlation length of the longitudinal polarization x'=0 X

fluctuations of the solvent. It can by found within the MSA by
solving the following equation for the polarity paramef&?’

(L1—28)
(1+ 48

Figure 4. Free energy surfacdqX) for CT from the initial state | to

the final state F. 0, 1, 2 indicate vibrational excitations of the solute in
its final CT state. The free energy gap is defined as the difference in
equilibrium free energies in the final and initial states. The reaction
(0) (20) coordinateX refers to the doneracceptor energy gap witk* = 0
corresponding to the activated state.

The paramete€kl is then used in the MSA definition of the

longitudinal correlation leng¥ whereG(X) is a Gaussian distribution of the energy gap variable

X

A" = 30E /(1 + 485 (21) .
G(X) = [AnkgTA] V2 *H¥eTh (25)
With the parametergt and AL defined by eqs 1921 the
structure factorS-(cko) given by egs 17 and 18 was used in _ . .
the calculations, where = 0.9 is an empirical shift used to In eq 24,5 = Aoy is the Huang Rhys factor andy, is the

bring the PPSF in agreement with Monte Carlo computer average frequency of solute’s normal T“ije Y|br§t|ons. .
simulations of pure dipolar solverfa. The appearance of the Gaussian distribution in eq 24 is a

The Wertheim self-consistent scheme has been used toPartof the MarcusHush picture of CT based on the assumption
calculate the effective dipole moment and the effective  that the donoracceptor energy gap is a Gaussian stochastic
dipolar densityy, (eq 9) of water. This procedure iteratively vangb!e. Several physical reasons may account for non-Gaussian
solves the equation for the dipole moment in the condensed Statistics of the energy gap: nonlinear solvati@h’°>confor-

phase renormalized from its gas-phase vatudy the self- ~ Mational flexibility 1% polarizability change®*"1%®and
consistent field of liquid induced dipoles: transfer from unrelaxed excited states have been considered in
the literature. Independently of a physical reason of non-
m'-[1 — a(m)a] =m (22) Gaussian statistics, one needs a consistent extension of eqs 24

and 25 to take these effects into account. This is achieved by
wherea is the tensor of the solvent molecular polarizability. the Q-model of CT0:107.108 which provides a consistent,
The response functioa(n) in eq 22 is defined through the  nonphenomenological approach to calculate the free energy
average energy of interaction between renormalized dipoles insurfaces of CT in cases of nonequal reorganization energies for
the pure solventi,(m') as follows the initial and final CT states. The energy gap distributions are
given in terms of non-Gaussian functions

1 u,(m')
a(m) = —=— (23) .
P(X) = /1||0.|| 1 —(oulX|+0y24,)/ke T %
The energyup(m) in egs 22 and 23 is taken in the Pddem IX] keT(L — e—osz/kBT)
proposed by Stell et 4100
The longitudinal polarization structure factor is parametrized L2/ 2|0y ’IX|/ksT) (26)

in our calculations by six solvent properties: two dielectric
constantse. and e, the solvent number density, the gas-

phase dipole momenmn = 1.87 D, molecular polarizability. the subscript “I" refers to the initial state of the particular CT

— 3 ; — ; ;
= 1.47 &, and molecular diameter = 2.87 A. The first five processes under consideration. The equation for the energy gap
properties are experimentally determined; the solvent d|ameter|aW then becomes

is tabulated from fitting the experimental compressibility of

wherel4(x) is the first-order modified Bessel functitfi and

water to the equation of state for the fluid of dipolar HS 2
molecules®! The Wertheim procedufused in our calculations 21 e g o

givesm = 2.43 D, which agrees well with the valug = 2.35- ker=—IHoal"p € " PLAG =4 —+ o, | (27)
2.65 D from computer simulations and ab initio calculatiéis. n= ' O

C. Energy Gap Law. The calculations of the reorganization ) ) o o
for the kinetic data reported by Lewis et’The analysis of reaction proceeds from the initial state (I) with the classical
the dependence of the rate constant on the free energs@ap  feorganization energy, to the final state (F) with the reorga-

(energy gap law) is usually performed using the Mareus Nization energyle. For CS reactions, + CS, 4 = Acs, and/r
Levich—Jortner (MLJ) equatidh-103 = Acr. For the backward CR transition= CR, 4| = Acgr, and

Ar = Acs In each case, the free energy gap is the difference in
2 o g final and initial free energies (Figure 4). The two reorganization
Ker = —1 HDA|220e7S —G(AG + A+ nhw,) (24) energies are defined in terms of the curvatures of the free energy
h n= n! surfaces evaluated at their corresponding minima
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1

Fesicn= g 70X sicr (28) b
G e C
Equations 26 and 27 fully define the energy gap law in term of $ __________ 2
three parameters: driving foreeG and two solvent reorganiza- — A
tion energies}cs andicg. The nonparabolicity parametets,cr L A
quantifies the distinction between the curvatures of the CS and T eeees A

CR free energy surfaces at their minima: 1G:C

oes= Cicdiecr— 1)" 29
(O] ( Cd CR ) ( ) ’_ L _‘
and L A
[ A
ocg =1+ 0cg (30) G - C
 — A
Whenlcs — Acr, Ocsicr— © and eq 27 transforms to eq 24 L A
with lcs = Acr = As. T oo A
Figure 4 also shows the vibrationally excited states of the 3G:C 1,6G:C

solute in its final CT state. When the temperature is small Figure 5. Examples of SE-linked DNA hairpins (& SE) and their
compared to the spacing between the vibronic free energy nomenclature.

surfacesiw,, the CT reaction proceeds from the vibrationally . .

ground state (one surface for state I, Figure 4). Vibronic states TABLE 1: Solvent Parameters Used in the Calculation$

labeledn = 0, 1, 2, ... to which the transition can occur region calculation e €w mD oA n°

correspond to summation over separate vibronic channels ineqs 1 I 178 178 0 287 0413
24 and 27. In the normal CT region, states with> 0 have 1 Il 78.3 1.78 1.83 287 0413
higher activation energy, and onty= 0 effectively contributes 2 I+ 78.3 178 183 287 0413

to the rate. Therefore, the use of the complete FCWD factor 2 regions 1 and 2 correspond to bound and bulk water, respectively.

for the calculation of CT rates in the CT normal region turns by = (7/6)p0°.

out to be numerically equivalent to using just classical expres-

sions for the activation barrier along the reaction coorditxate the second G with variable position in the strand serves as the

(see section 4 below). donor. For hole injection the center of the electronic charge
D. Numerical Procedure. The calculations of the solvent  distribution was placed on the carbecarbon double bond

reorganization energy were carried out for two types of CT between two rings of stilbene diether linker (Figure 2). The

transitions studied experimentally: hole ejection from a pho- Fourier transform of the difference field outside the DNA

toexcited stilbene linker and hole hopping between two G sites molecule was calculated by fast Fourier transform (FFBnd

connected by (ATybridges of different length. The SE-linked then used for the integration with the polarization structure factor

SE(G:C)(T:A} hairpin (SE= stilbene diether, Figure 2) with  in eq 8.

the known structur@ was used as the basis for generating eleven  The calculation of the solvent component of the classical

hairpins. In the first set of six hairpins denoted @:C (n = reorganization energy presents a significant challenge due to
1, ..., 6, Figure 5) the position of the only GC pair is dielectric heterogeneity of water close to the DNA surfdéél®
systematically increased froMpa = 3.4 up to 20.1 A. By To account for partial immobilization of water, the dielectric
contrast, the second set of five hairpins denotech}6¢%5:C f constants 20 and 55 have been assigned in the literature to the

= 2, ..., 6) contain duplexes with two GC pairs. One of these minor and major grooves of the DNA, respectivély.The
pairs is always at the end of the stack (position 6), whereas thespatial extent of these regions is not well-defined, and the present
location of the other can be shifted from the position adjacent calculations are based solely on the experimental structural data.
to the SE linker to the position adjacent to the first GC pair. They indicate regions of bound water coordinated to magnesium
New DNA molecules were created from the initial structural ions fixed in the structural data close to phosphate groups of
file”™ by using the Insightll molecular modeling systét. the DNA backbone (Figure 2). Dielectric properties of coordi-
Hydrogens were added using the Biopolymer module, and the nated water are unknown, and we performed calculations for
potential of each atom was assigned by DISCOVER module. two limiting sets of dielectric constants: in set | the bound water
The nucleotide-replace feature of the Biopolymer module was (region 1) was completely immobilizeds(= €. = 1.78, Table
utilized to mutate the 1G:C hairpin to each of the corresponding 1) and in set Il the bound water was considered a part of the
molecules. After this mutation, the geometry of each molecule bulk solvent (region 2¢s = 78.3, Table 1). We assume that
was minimized using the steepest descent algorithm. restrictions on orientational mobility of water molecules imposed
The molecular cores of the hairpins were obtained by by coordination to magnesium ions affect only the dielectric
assigning van der Waals atomic radii according to the param- constant (through the Kirkwood factdf) and do not affect the
etrization by Banavali and Rou#*! To form the volume density (computer simulations show that this may not bé-tfue
excluded by the solute from the solvent, the radil&sof water The calculations indicate a very small effect of coordinated water
(0 = 2.87 A% was added to each atom. The sum of the atomic on s (see below), and approximations adopted for the dielectric
and solvent radii constitutes the closest distance a point dipoleproperties of this region should not be critical for our analysis.
of the solvent can approach the solute. The hole was localizedNo mobile counterions (Ng have been included in the
at N1 nitrogen of G involved in deprotonation in aqueous reorganization energy calculations. The static electric field of
solution!12-114 The difference electric fieldAEo(r) (see eq 7)  the counterions does not contribute to the solvent reorganization
was created by placing a positive charge on the hole acceptorenergy built on the difference of electric fields in the final and
(G) and a negative charge on the hole donor. For hole hopping,initial CT states (eq 8). Thermal fluctuations of the self-
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Figure 6. Asfor CS in the 1G:C-6G:C hairpins vs the distance between
the linker and GRpa. Calculations are performed according to eq 15

with bound water assigned properties of the bulk (open circles, set of

parameters | in Table 1) and with completely immobilized bound water
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obtained on synthetic hairpins by Lewis ef aFigure 6 shows
the dependence df on Rpa for charge injection from the SE
linker to G innG:C hairpins. The reorganization energy is about
0.7 eV for 1G:C when no bound water is present in the solvent.
It drops to 0.58 eV (Table 2) when water coordinated to
magnesium ions is excluded from the solvent nuclear polariza-
tion response. Overall, the effect of coordinated watef s
relatively small. This may be explained by the fact that regions
of magnesium-coordinated water are relatively distant from the
centers of charge localization (Figure 2) accounting for only a
small fraction of the total electrostatic energy.

The results of calculations with nonlocal polarization response
(eq 15) were compared to dielectric continuum calculations
using the Poisson equation solver DelPiTwo approaches
were used to define the dielectric cavity. First, we used van der
Waals atomic radit! to form the van der Waals surface

(closed circles, set of parameters Il in Table 1). Squares refer to to the followed by the DelPhi smoothing procedure producing the

continuum limit of eq 15 when the structure factor is replace &)
(egs 12 and 13). Diamonds are Delghicalculations in sets of

molecular surfacé?! This procedure, usually employed in
dielectric calculationg?”® gives the highest values foig

parameters | and Il when the dielectric cavity is defined through the optained in this study (crosses in Figures 6 and 7). We also

solvent-accessible surface. The two Delphi calculations (diamonds)
almost coincide on the plot scale. Crosses refer to DelPhi calculations

with the standard definition of the dielectric cavity through the van
der Waals surface.

consistent DebyeHuckel field may have a contribution to the
solvent reorganization energy in the limit of slow €?P but
are unlikely to have any significant effect of fast CT wiiar
=~ 10° s~ considered here.

In the production calculations we used a cubic grid of 512
512 x 512 points with the distance between the grid points of
0.37 A (6G:C hairpin). This size choice is dictated by the

used the solvent-accessible surface, which is obtained by adding
the solvent radius to the van der Waals radii. The reorganization
energies are then substantially smaller (diamonds in Figures 6
and 7). In fact, the results of explicit-solvent calculations (circles
in Figures 6 and 7) fall between the two types of dielectric
calculations. On the qualitative side, the DelPhi calculations
support the very low sensitivity of the reorganization energy to
the presence of coordinated water (the results of calculations
with and without coordinated water coincide on the scale of
Figure 6). The results for hole transfer between G's,86G:C
hairpins (Figure 7) are qualitatively similar to the results on

balance between the necessity to minimize the errors of the Nole injection. In this later casg; values from the nonlocal

numerical FFT procedure arising from induced periodicity when
FFT is performed on a finite bd% and to produce a sufficient
density of points in the invertekl space for the calculation of
the integral in eq 8. The details of the calculation algorithm are
presented elsewhef@.

I1l. Calculation Results

We report here the calculation of tlselventreorganization

formalism are closer to DelPhi results with the solvent-accessible

definition of the cavity (cf. circles and diamonds in Figure 7),

and again, there is only a minor effect of coordinated water on
-

The slope of the dependence afon Rpa does not change
much between different sets of calculations reflecting the
fundamental electrostatic nature of this variation. The falloff
parameteps; (eq 5) calculated from the polarization structure
factor is about 1.0 Al in going from 1G:C to 3G:C imG:C

energy only and do not consider nuclear reorganization arising haijrpins and is equal to 0.6 A in going from 5,6G:C to 3,-

from classical motions of the DNA backbone. Dielectric
constants of<5 and=30 are usually assigned to the base and
phosphate regions, respectivélyto account for high confor-
mational mobility of molecular groups within DNA molecules.
The dielectric continuum calculations then include nuclear
reorganization arising from thermal librations of polar molecular
groups within DNA in terms of their continuum polarization.

6G:C in n,6G:C hairpins (Table 2). The standard DelPhi
calculations (set Plin Table 2) gives; = 1.0 A1 for 1G:C—
3G:Cands;, =1.2 A-1for 5,6G:C-3,6G:C. The latter value

is twice as high as what follows from our molecular-response
calculations. Despite this disagreement, the present results
essentially reinforce the conclusions of previous dielectric
calculations concerning the magnitude of the reorganization

It is not Currently clear how accurate these estimates may beenergy falloff parametgﬁy75 The magnitudes of the solvent
because direct calculations of the reorganization energy arisingreorganization energies obtained here are, however, much

from phosphate groups give negligible contributidhs.
All dielectric continuum calculations performed on DNA

smaller than those in standard dielectric continuum calculations.
A substantial portion ol calculated according to eq 15 comes

duplexes so far report quite significant reorganization energies from the nonlocal nature of the solvent response given in terms

of the order of 1.6-2.0 eV for CT between G sitéd-7> In
addition, all calculations give a significant falloff paramefer
of the order of 1.0 A at Roa < 15 A5 On the other hand,

of the k-dependent structure fact8k(k). Squares in Figures 6
and 7 refer to the continuum limit of eq 15 when the structure
factor in thek integral is replaced by itk = 0 value, 3-(0).

solvent reorganization energies of the order of 0.2 eV with no This is the limit employed in the calculations by Tavernier and
significant distance dependence were inferred from the MLJ Fayer’3 The gap between circles and squares in Figures 6 and

energy gap analysis by Lewis et7al.

7 accounts for the nonlocal part of the solvent response not

The previous calculations of the reorganization energy were included in dielectric calculations.

performed on DNA duplexes that do not include intercalated

Our values for reorganization energies are more than twice

or hairpin-bound chromophores used in experiment for hole as high as the values obtained from the MLJ energy gap analysis
generation. Our present calculations explicitly consider solutes (eq 24).4s from the MLJ analysis is also much smaller than

with stilbene linkers, and therefore directly apply to kinetic data

one normally observes for CT complexes dissolved in water.
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TABLE 2: Solvent Reorganization Energy for Hole Injection from SE Linker into the nG:C Hairpins and for Hole Hopping
between Neighboring GC Pairs in then,6G:C Hairpins

}-s, eVv 15, eV

hairpin Roa | It 112 I hairpin Roa | 112 1o Il

1G:.C 3.35 0.58 0.29 1.37 0.71 5,6G:C 3.6 0.27 0.23 0.75 0.30
2G:.C 6.96 1.07 0.63 1.79 1.10 4,6G.C 6.9 0.59 0.50 1.32 0.61
3G.C 10.1 1.31 0.85 2.06 1.35 3,6G:C 10.1 0.78 0.71 1.58 0.77
4G:C 13.2 1.51 1.03 2.29 1.56 2,6G:C 13.2 0.94 0.89 1.84 0.98
5G.C 16.6 1.71 1.18 2.43 1.80 1,6G:.C 16.8 1.21 1.07 2.02 1.26
6G:C 20.1 1.90 1.46 3.06 2.18

a DelPhi calculation with the solvent-accessible surface used as the dielectric éddhi calculation with the van der Waals surface used
as the dielectric cavity.

T T T T -1
> T T ’I”*__
- +”/* B |
1.5 _-- -
T _2% ] .
< E L oz T 1
- ==
0.5 ,f:ﬁ:’ — i
i Gg,’ __E____._-EI i
ol E———B~ 7" . | s n
5 10 15
Ry A

] ) . Figure 8. Dependence of CT rate constant for CS (closed points) and
Figure 7. 1s for hole hopping between two G bases in 1,665 CR (open points) on the free energy gAf for 1G:C (circles) and
6G:C hairpins. Note theRoa corresponds to the distance between two  3G:C (up-triangles) hairpins. Lines are global fits of the experimental
Gs. For other notation, see caption to Figure 6. Open diamonds referated” for 1G:C (solid lines) and 3G:C (dashed lines) to the Q model
to the set of parameters | with solvent-accessible cavity. energy gap law (eq 27). The distinction between each of pairs of solid

or dashed lines reflects the difference in reorganization energies for
An explanation of this result may be sought in unusual dielectric CS and CR reactions.
properties of water on the surface of DNA molecules. Structur- TABLE 3- Electron-Transfer Parameters from the Global

ing of water on the surface of DNA1??is the basis of applying  Fit of Experimental CS and CR Rate Constant& to Eq 27
multizone models for dielectric electrostatic calculations. In the
absence of direct experimental evidence on the polarization
properties of surface water, significant uncertainties remain 1G:C  MLJ 0.23 0.23 0.99 347
concerning the construction of multizone dielectric layers. The %gg SAL'\\/]IlOdeI 00-2574 00-217 11-0134 52158 1.33
present calculations are based on the experimental structural 552 O-Model 0.85 013 117 58 115
information that provides only the regions of magnesium-

coordinated water. No change in the polarization response of ~°Results from ref 77.

interfacial water is thus includgd. Recgnt measurements by Bergtechniqué“’) of CS and CR rate constants to eq 27 with four
and co-worker®? for coumarin-102 intercalated in a DNA fitting parameters:ics, Acr, Av, andHpa (hay = 1500 cnrd).

duplex have shown Stokes shifts close to values measured intne results are compared to the MLJ analysis in Table 3.
the aqueous solution of coumarin-102. The dielectric environ- e intramolecular reorganization energy from the fit as listed
ment of an intercalated chromophore_ is thus only slightly Ie_ss in Table 3 is higher than what is usually encountered for
polar than that of a chromophore in the bulk water. This jhramolecular CT in organic donemcceptor complexes. The
experimental observation gives some support to our calculations’ reorganization energi, can be split into two components: the
neglecting possible changes in water polarization responseanergy of removing one electron from &', and the energy
arising from DNA grooves and allows us to suggest that the for adding one electron to the linket;. The first component
solvent reorganization energy must be much higher than whatis known from experimentl* = 0.47 eV’ The energy of
follows from the MLJ analysis. placing an extra electron on a stilbene linker is unknown, but
To reconcile the calculations of the solvent reorganization based on quantum-mechanical calculations of this quantity for
energy with the experimentally measured rate constants, we havesimpler molecule$?* one can expect that is in the same range
performed an energy gap analysis of the CS and CR rateasA™. In this case the total reorganization energy becomes close
constants reported by Lewis et’dffor SA-linked hairpins (SA  to the values reported in Table’3.
= stilbenedicarboxamide). The analysis is carried out in the  The fitting parameters listed in Table 3 indicate the possibility
framework of the Q-model allowing more flexibility of choosing  of a significant anisotropy between the CS and CR reorganiza-
the activation paramete?8.The main difference compared to  tion energies. The clear distinction between each of two solid
the MLJ analysis is the recognition of the possibility of different (1G:C) and dashed (3G:C) lines is a manifestation of the fact
solvent reorganization energies for CS and CR reactions. As athat the energy gap laws are not equivalent for CS and CR
result, the free energy surfaces are significantly asymmetric evenreactions in the Q-model. In the case when polarizability change
without the inclusion of the vibrational intramolecular excita- is responsible for deviations from the MLJ picture, the difference
tions. Figure 8 shows the results of the global fit (using both betweemcsandicris caused by the polarization of the doror
CS and CR data for one set of fitted values, simulated annealingacceptor complex by the reaction field of the solvent in response

system method Acs, €V Acr, €V Ay, €V Hpa,cml  ocs
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to a large dipole in the final charge-transfer state. When the
solute field is represented by point dipoles, the reorganization
energy of polarized donetracceptor complex beconié€s

Ao,
Acsicr™ /15[1 — 2AF, csier 02] (31)
: Am

where Aoy and Amy are polarizability and dipole moment
change, respectively, amiiF, csicris the shift of the vertical
CT transition energy induced by the nuclear polarization of the
solvent. For the initial neutral state this term is insignificant
andAcs = As. The fitted CS reorganization energies indeed agree
well with the calculations: 0.54 from the second row in Table
3vs 0.58 and 0.71 eV from the first row in Table 2. [No perfect

different linkers, SA and SE, respectivéRf] The charge-

separated state creates a large dipole moment resulting in a re

shift, AF,cr < 0. The reorganization energitr may then
become smaller thaics if the charge transition leads to a
reduction in the polarizability of the hairpin moleculkg, <

0.

Equations 24 and 27 apply to nonadiabatic CT when the
electronic couplindpa is significantly smaller than the vertical
energy gap for the transitionAG + nhw, + A< in the MLJ
formalism andAG + nhw, + oydi/og in the Q-model. The
relatively large values ofipa for 1G:C from the fit (Table 3)

J. Phys. Chem. B, Vol. 107, No. 51, 200B4517

1
ks, eV

Figure 9. Dependence of the activation energy of CTAgmaccording
: et ! to the Marcus equation (dashed lines, eq 4) and from the Q model
match is expected as the kinetic data and calculations refer to(solid lines, eq 32). The upper and lower lines refe’@ = 0 and

AG = —0.2 eV, respectivelypy = 1.0 in the Q model calculations.

q’ABLE 4: Calculated Values of the Fall-off Parameter ¢

ﬂs.a A1 ﬂs.b A1
system AG, eV I 1d e If 19 [h
1G:C-3G:C —-0.2 090 0.26 099 0.89 0.32 0.99
5,6G:C-3,6G:C 0.0 0.56 1.16 0.60 1.17

a Calculated from the activation energy along the solvent reaction
coordinate, egs 4 and 32Calculated from the FCWD from eqs 24
and 27;w, = 1500 cm'%, 1, = 0.97 eV.¢ s from set Il in Table Il in
combination with the Marcus equation, eq?4s from set Il in Table

make points on top of the bell-shaped curve a suspect. For thesel with the Q model expression for the activation barrier along the

points, the activation barrier should be reducedpy,*2¢ and

the downward deviation for both CS and CR rates in the region
near the top is not surprising. Note also that the closed circle in
the right corner of Figure 8 is not known with sufficient
accuracy’ and was excluded from the fit.

IV. Discussion

Recent computational and experimental studies of CT in DNA
present a puzzling problem for the interpretation of kinetic
measurements for the distance falloff of hole-transfer rate
constants. For transitions in the normal region with |AG|
the MLJ formalism predicts that the falloff parametey is
mostly a result of the distance dependencA&fandA, which
reduces tofs = B, (eq 5) for hops between G sites. Both
previous dielectric calculations on DNA duplexes and our
present results on DNA hairpins plage in the range<1.0
A1 for Roa < 10.1 A. The resultanBpa = 1.7-2.7 A1 is
then much higher than the valuefga = 0.7-0.9 A-lin Lewis
et al3L77 experiments. The calculated solvent reorganization
energy also turned out to be inconsistent with the MLJ analysis
of the energy gap law. We found, however, that the calculations
can be reasonably well reconciled with experiment when the
energy gap law is analyzed within the Q-mo8€This success

solvent reaction coordinate, eq 32 from DelPhi calculations in set
Il'in Table Il in combination with the Marcus equation, eqf 4s from
set Il in Table Il in combination with the MLJ formula, eq 2%
from set Il in Table Il with the Q model form for the FCWD, eq 27.
h As from DelPhi calculations in set llb in Table 1l in combination with
the MLJ formula, eq 24.

distance may occur in DNA moleculé®.Independently of the
underlying physical mechanism, the bilinear sotuselvent
coupling causes a significant asymmetry of the charge-transfer
free energy surfaces, superimposed with asymmetry that may
arise from intramolecular vibrational excitations. Asymmetry
of the charge-transfer free energy surfaces along the solvent
reaction coordinate is controlled by the nonparabolicity param-
eterocs/cr This parameter also controls the sensitivity of the
activation barrieG2°tto changes in the driving force and solvent
reorganization energy. The Q-model activation barrier along the
classical reaction coordinadis given by the expressiéh

G*'= |oy|(WIAG — Lo o] — /loyl4,)

At oy — o the above equation transforms into the Marcus
formula (eq 4), as can be demonstrated by the series expansion
of the first square root in eq 32 indy/+ and using the connection

(32)

poses the question whether the apparent inconsistencies between eq 30 betweentcs and ocr.

measured and calculat@g, may be attributed to a failure of

The Marcus equation (eq 4) predicts i@t changes with

the MLJ scheme. In particular, a too strong dependence of thes with the slope 0.25 aAG = 0 (dashed lines in Figure 9).

Franck-Condon factor orls may be responsible for too high
values of calculateds.

Both large-amplitude conformational motions altering the
donor-acceptor distance and variations in the dipolar polariz-
ability result in bilinear dependencglP, + aP,?) of the donor

The slope extracted from eq 32 is, however, much smaller (solid
lines in Figure 9) aioics = 1, resulting from the analysis of
experimental kinetic data (Table 3). The results of calculations
of the parametefs within different sets of data and using the
MLJ and Q-model formalisms are summarized in Table 4. To

and acceptor electronic energies on the nuclear polarization ofhave a clear comparison between the molecular-based and

the solventP,.80127.12820n the contrary, the MLJ formalism
assumes a linear couplinglP,) of the donor and acceptor
energy levels tdP,, leading to the Gaussian statistics of the

continuum calculations ofs, calculation set Il from Table 2
was used. As mentioned above, the use of either the equations
for the activation barrier (egs 4 and 32) or the complete FCWD

donor—acceptor energy gap. It is reasonable to expect that both(eqs 24 and 27) does not significantly affét for charge-

the polarizability change and alterations of the derexceptor

transfer reactions in the normal region. Despite close magnitudes
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of 3, in all sets of calculations, the resultghtis strongly model- regions of immobilized water coordinated to magnesium ions
dependent: the MLJ formalism predicts much higher magni- in the solution. Our calculations, however, show a very minor
tudes forfs compared to the Q-model. Specifically, @ts = effect of these regions on the solvent reorganization energy.
1.33 andAG = —0.2 eV’ the change ins from 0.7 eV for Water located in minor and major grooves of DNA molecules
1G:C to 1.35 eV for 3G:C results ifis = 0.32 AL, much may have polarization responses different from those of the bulk

smaller thangs = 1 A-1 following from the MLJ analysis  solvent’3-75117.118|n the absence of direct experimental evi-
(following ref 77, we assume th&G does not change between dence on the dielectric properties and spacial extent of these
1G:C and 3G:C). Withfy = 0.66 Al from the fitting regions in molecules under study, we have resolved not to
parameters in Table 3, this estimate yiefigs = 0.98 A, in change dielectric properties of water in DNA grooves compared
a reasonable agreement with experimefisal= 0.7—0.9 A-1.77 to the bulk solvent. This approximation may account for slightly
A possibility of proton transfer across the GC pair may affect higher values of the calculated.reorganiz'atio.n energies compared
the result of reorganization energy calculations. The multistep t0 those extracted from experimental kinetic data (cf. Tables 2
processes of deprotonation of Gccurs on the time scale of ~ and 3).
microsecond$!4 This is much slower than the time of hole An interesting observation following from the present cal-
injection =109 s for hairpins considered heféHowever, the culations is a substantial effect of the nonlocal character of the
elementary step of proton transfer along the hydrogen bond solvent response on the magnitude /ef The value of the
connecting N1 of G and N3 of C may be very fast. One therefore reorganization energy obtained by full integration of the
needs to assume a possibility of changing the hole location. Polarization structure factor with the difference electric field
The equilibrium constant for proton transferKgy = 2.5, |AEo(k)|* (eq 8) is substantially higher than the continuum
suggests that the hole is predominantly localized on G. estimate obtained by assuming tfi(k) ~ S-(0) does not
Nevertheless, a partial delocalization of the positive charge maychange withk (cf. circles and squares in Figures 6 and 7).
affect the calculation ofls. Changing the hole location from ~ Complex geometry of the double helix may be partially
N1 of G to N3 of C predominantly affects for hairpins with responsible for this effect. The minor and major grooves of the
the GC pair close to stilbene. For instance, moving the hole double helix have length scales much smaller than the charac-
from N1 of G to N3 of C changeRpa from 3.35 to 4.7 A for teristic size of the whole rpolecule. These length scales create
1G:C, from 6.96 to 7.8 A for 2G:C, and from 10.1 to 10.7 A @ nonzero component ¢AEq(k)|> at relatively largek values
for 3G:C. A partial shift of the hole to C is thus expected to for which the polarization structure factor starts to rise as a
weaken the dependence #f on Rpa, bringing the falloff reflection of nonlocal polarization correlations in water. The
parameter in closer agreement with experiment. total kint_egral is th_en much higher than its value obtained with
The solvent reorganization energies calculated here can bethe continuum estimat8-(k) ~ S-(0). Note, however, that the

used to determine the absolute rate of hole transfer between Gregion O.fk ir!tegration significant for the reorganization energy
sites. Lewis et a7 report rate constants5 x 107 and~6 x calculation is still much smaller than the values of the wave

1P s71, respectively, for the forward and backward hole transfer vector at which th_e _mult_ipolar expansion becomgs invalid and
between G and GG across a single A base. The electronic&ccounts for the finite distance between the partial charges on
coupling through a single A is given by Olofsson and Larsson the solvent molecules become neces3#ty.

asHpa(G-A—G*") = 1.2 x 102eV andBy = 1.30 AL (DFT

calculations) for the GA,—G* strand’? The ratio of the V- Summary

forward and backward rates yields = —0.054 eV. The 5G This study presents a consistent analysis of the experimental
in the GG site is more readily oxidizé*3'and one can resuits on the hole injection from stilbene linkers to DNA
assume that the hole transfers to the closest G in the GG pair.najrpins. We report the first calculation of the solvent reorga-
The reorganization energy can then be estimated as that for 4,mjzation energy of charge transfer in DNA fragments based on
6G:C from column 1 in Table 24¢ = 0.59 eV). Quantum  the nonlocal, molecular-based description of the solvent re-
intramolecular vibrations, which are assumed to be the only sponse. The calculated reorganization energies, although dif-
source of intramolecular reorganization in this paper, do not ferent in magnitude from dielectric calculations, give a similar
affect the charge-transfer rate in the normal region of CT (Figure fa|off parameter with the doneracceptor distance. Combined
4). Therefore, the direct application of eq 1 with the activation jth theoretical and experimental estimates of the falloff of the
energy in the form of eq 4 (assuming no asymmetry in electronic coupling, these results give too strong, compared to
reorganization parameters between charges on G and GG) givegxperiment, overall decay of the charge-transfer rate constant
for the forward rate 2x 10'°s™%. In case when the GG site i when either the Marcus or, more generally, the MLJ formalism

flanked by two A bases, as is in 3@airpin of Lewis et ap’ is applied. The controversy is resolved by the application of
the hole charge is equally distributed between two G bases inthe new model (Q-model), which predicts a much lower
the GG site!3! With the above value of, this givesHpa = sensitivity of the overall rate constant to changes in the solvent

1.3 x 1073 eV. The reorganization energy for this configuration reorganization energy than traditional theories. When the
can be estimated by taking the mean of reorganization energiesQ-model is applied to experimental kinetic data, the calculated
for 4,6G:C and 3,6G:C in column 1 in Table 2. This estimate and fitted values of the solvent reorganization energy are in
yields 4s = 0.69 eV, leading to the forward rate constank7  good agreement. The study highlights possible limitations of
10" s7%, which compares well with the experimental value the MLJ formalism in application to CT in asymmetric charge-
reported by Lewis et &l transfer systems and stresses the necessity of molecular-based
The present calculations of the solvent reorganization energymodeling of solvent reorganization in CT.
combine the explicit crystallographic information on the struc-
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