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Abstract: By means of correlated quantum-chemical calculations, we explore the chain-length dependence
of the electronic coupling for photoinduced charge separation in DNA hairpins associated to conjugated
linkers. Pathways for charge transfer from the linker chromophore to a guanine site located at a well-
defined distance along the DNA strand are identified. Importantly, these involve not only the frontier molecular
orbitals of the interacting donor, bridge, and acceptor units, but also deeper lying orbitals possessing both
the appropriate energy and the symmetry to overlap significantly. The relative efficiency of these channels
is found to be sensitive to the chemical structure of the linker, leading to falloff parameters for the charge-
transfer rates ranging from ~0.4 to ~1.2 A1,

I. Introduction and, therefore, should lead to a fast, exponential decay of the

) ] rate,kpa, with donor-acceptor separatiopa:
That DNA can transport charge over large distances is now

well established, although questions regarding the mechanisms kop O exp(—pdp,) Q)

of the process remaih.There is general agreement that a

plausible scenario for hole transport in DNA involves super- with 8 as a characteristic parameter for the bridge conduc-
exchange or tunneling at short distances and multistep hoppingtance: 5 > 1 A=t in insulators such as most proteirsd~0.2

at long rangé-® Such a hopping process involves positive A~* for a coherent molecular wireThe magnitude ofs for
charges moving between guanines (G), which show the lowestthe various possible superexchange partners in DNA is still
ionization potential among the DNA bases (although for large controversial.

distances between the guanines, hopping of charges between Animportant issue that has not been fully resolved yet is the
adenine bases becomes operatflthough such a mechanism ~ amount of charge delocalization over neighboring base Fai3;

in principle allows for long-range charge migration, its efficiency to put it simply, the more extended the wave function, the better
is directly controlled by the transfer rate for the individual the conductance (in the limiting case of complete charge
hopping steps. These are usually predicted to occur by Super_delocalization, the electron transfer occurs with virtually no

exchange from the donor (initial site) to a particular acceptor distance dependence). The relative localization/delocalization
of the charge carriers along the DNA helix is partly controlled

t University of Mons-Hainaut. by the inte;rplgy betwegn Fhe geomgtric rela>.<ation gnd me-
zGeorgia Institute of Technology. dium polarization energies involved with charging the isolated
Northwestern University. ; ; ; 2
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Tight-binding calculations by Conwell and co-workers indicate ~ Here, we address at the correlated level the dependence with
that positive and negative charges in DNA can form stable bridge length of the electronic transfer matrix elements for
polarons extending over-57 base pairg!@ ¢ Similarly, a charge injection into DNA, by taking the synthetic hairpins of
phonon-assisted polaron hopping model has been proposed by ewis et all8 as examples. Our goal is two-fold: (i) to provide
Schuster to explain the long-range charge migration in BRIA.  a simple framework for understanding the relationship between

When medium effects are accounted for, Basko and Conwell the electronic structure of the hairpins and the distance-
found that a hole-polaron, in a DNA stack consisting of a single dependent photoinduced charge-transfer electronic couplings;
base pair repeated, spreads oveb3itestdOn the other hand,  and (ii) to unravel the various channels contributing to the
based on HartreeFock electronic-structure calculations, Kurni-  charge-transfer process. For this purpose, the initial and final
kov et al. calculated that the hole self-localizes over a rather States in the charge-separation process are described by a
compact domain;-1 to 3 base pair& First-principles quantum- ~ multiconfigurational (CI, configuration interaction) approach
mechanical simulations by Barnett et al. have also highlighted wherein the various paths for charge motion are naturally built
the importance of the environment (sugahosphate backbone, in the wave function expansions. We show that including these
counterions, and solvating water) on the mechanism of hole channels is critical for a proper description of the photoinduced
transfer in DNA; according to these authors, the hole migration hole-transfer mechanism in DNA.
is gated by the configurational dynamics of the counterions
which fixes the amount of charge delocalization along the DNA
strands4 Troisi and Orlandi have demonstrated that the  The generalized MullikenHush (GMH) formalism has been
electronic couplingsVpa, are strongly affected by solvent Used to compute the electronic coupling for photoexcited hole
fluctuations and molecular vibratioA%as a consequence, the transfer H matrix element between the diabatic stafés):
commonly adopted FranekCondon approximation with fac-
torization of the charge-transfer rates into electronic and o diab diab UrpAERp

Lo ; . . Vpa = Wpia IHIWp a5 (2)
vibrational factors might become inappropriéte. A DA DA \/(A Y+ )

Thus, the effectiveness of the path formed by the stacked Hrp RP

DNA base pairs as a channel for charge transport appears tQThis expression involves the energy differendé&gp), as well
depend on a large number of interconnected factors. These . . . >
as the corresponding dipole moment differenée:dr) and

|ncIude_ slsquenc@,conformat_mn and structural_d|sorde_r along transition dipole momentis), between the initial (reactant R)

the helix}’ tradeoff between interbase electronic couplings and ) : . .

. . - > . and final (product P) electronic adiabatic states. Note that the

intrabase geometric reorganization enelyy2 and medium ) i . . :

effectslid13-15 adiabatic states involved in the process studied here are the
' s . lowest optically allowed excited state of the chromophore (D*A)

. An elegant approach to assess the |nd|v_|dual hopping StPSynd the charge-transfer state (®") resulting from the migra-

in the mechanism for electron transport in DNA has been tion of a hole from the chromophore (hole donor) to the guanine

developed by Lewis et al., who have.measure.d the diSI.an,C’e(hole acceptor) along the DNA hairpin. We have computed these
dependence of the charge-transfer rate in synthetic DNA ha'rp'nsparameters by means of the semiempirical Hartreck INDO

end-capped with different conjugated linker chromophéfes. (intermediate neglect of differential overldp)Hamiltonian

Ir;] thesehexperrlerer&ts, ph_ot(f:)elrcnagot;\ Of. th?. ha'rfpt';'“;kfr coupled to a configuration interaction scheme involving single
chromophore (hole donor) is followed by migration of the hole excitations (SCI) with respect to the Hartreleock determinant

oa gléanme site t(h|0|r? acceptor) tr:jrough |r|1ter\r:en|ng AT lba;e Lthe Mataga-Nishimotd potential has been adopted to describe
paurs. rozema et al. have proposed a simple phenomenologicay g qyon-glectron interactions). The size of the active space was

mOde! based on the tight-binding approx!matlon that relates the increased until complete convergence of the transition energies
magnitude Of.ﬁ in eq 1 to the ene_rg_y ”_"S”‘atCh between_the from the ground state to the lowest excited states is achieved.
donor and bridge HOMQ levels (Ir_lject|on energy) and gives We note that the INDO/SCI calculations are performed in the

some clue as to tghe origin of the Wldgsprgﬁavlalues reported - clear arrangement representative of the initial state and that
in_the I_|teratur§l Ab |n|t.|o calculations of the mterbase the geometry of this initial state (see below) takes into account
glegtromc cquphngs bg/ Voityuk et al. have also prowded useful the relaxed excited-state geometry of the isolated chromophore
insight in this regard® However, these calculations were all (evaluating the relaxed geometry of the chromophore excited

base_d on a one-electron .p'CtL.”e’ with the electronic tunneling state embedded in the full hairpin remains a very difficult task);
matrix element (for hole migrationyppa, estimated as the energy this approximation is expected to hold for the generally weak

d:‘ffetrerll(cz betvslleetr: the H,OMO and HOMQ energy levels donor-acceptor interactions found here but to work less well
of stacked nucleobase pairs. when the chromophore and the-G base pair are in close

' 1. Methodology

contact.
(16) Williams, T. T.; Odom, D. T.; Barton, J. K. Am. Chem. So200Q 122, . .
9048. The use of a many-electron picture allows us to include at
(17) Hjort, M.; Stafstion, S.Phys. Re. Lett. 2001, 87, 228101-1-4. i i i
(18) Lowis, F. D Wu T Zhang. V.. Letsinger. R. L Greenfield, S. R.: once _the contributions from all pOSS|bIe_ pathways_ for the
Wasielewski, M. RSciencel997, 277, 673. Lewis, F. D.; Wu, T.; Liu, photoinduced charge transfer. Indeed, within a configuration

X.; Letsinger, R. L.; Greenfield, S. R.; Miller, S. E.; Wasielewski, M. R. i H i i o *
37 Am. Chem. S0@000 122 2889, Lewis, F. D.: Lotsinger R. L. interaction formalism, the wave functions for the initial (D*A)

Wasielewski, M. RAcc. Chem. Re001, 34, 159. N and final (D"A*) excited states can be expanded to first
(19) :(Lszrgzizgéa(\),?’ﬁ C.; Berlin, Y. A,; Siebbeles, L. D. A Am. Chem. So2000 approximation as:

(20) Voityuk, A. A.; Rtsch, N.; Bixon, M.; Jortner, Jl. Phys. Chem. R00Q
104, 9740. Voityuk, A. A.; Jortner, J.; Bixon, M.; Rah, N.J. Chem. Phys. (21) Cave, J. C.; Newton, M. BChem. Phys. Lettl996 249, 15.
2001, 114 5614. Voityuk, A. A.; Rsch, N.J. Phys. Chem. B002 106, (22) Ridley, J.; Zerner, M. CTheor. Chim. Actal973 32, 111.
3013. (23) Mataga, N.; Nishimoto, KZ. Phys. Chem1957, 13, 140.

J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003 14511



ARTICLES

Beljonne et al.

[P(D*A) I~ § 610, — Upl and
I

WD A"~ Z 10, — Upd(3)
J

where @ [Ua] denotes an occupied [unoccupied] molecular
orbital mostly localized on the donor [acceptor] and the sum is
run over all molecular orbitals included in the CI active space
(note that in eq 3, for the sake of simplicity of the discussion,
contributions from charge-transfer excitations to D*A and
localized donor or acceptor excitations to®" are neglected,;
these contributions are fully taken into account in the actual
calculations). The dipole matrix elemenkp involved in the
GMH calculation of the electronic coupling between states D*A

of wave function delocalization from the donor to the acceptor
across the DNA bridge) and the magnitude \G§a. As an
illustration, it is interesting to realize that the INDO-calculated
shift in ionization potential (within Koopmans approximation)
when going from an isolated-&C pair to a triplet of adjacent
such pairs amounts to 0.76 eV; when the-G pair(s) is
sandwiched between six-AT pairs on each side, the corre-
sponding shift is only 0.14 eV. This difference comes from the
intermolecular interactions between the guanine site(s) and the
surrounding A-T bases. It is also worth noting that the 0.76
eV INDO shift in ionization potential calculated for isolated
GGG versus G sequences is in excellent agreement with the
theoretical ab initio 6-31G* value of Sugiyama and Saito
(~0.7 eV)?28 the corresponding 0.14 eV ionization potential

and D"A*, eq 2, can then be recast in an MO representation as difference in extended stacks is close to the vatu6.{ eV)

trp=TW(D*A) || W(D"A)= = 6[0p|2|0,0 (4)
]

calculated by Conwell and BasKéusing a tight-binding model

in long sequences, including either G or GGG and consistent

with the fact that GGG sequences act as shallow hole traps.
To gain some insight into the origin of the different pathways

The matrix elements in eq 4 provide a direct measure of the for charge transfer in the DNA hairpins, we used graphical
donor-acceptor molecular orbital overlap. Configurations con- representations in which molecular orbital localization/delocal-
tributing the most to the overall transition moment are hence ization, energies, and base spatial distribution are blended. In
those leading to the maximum overlap between the involved such plots, each molecular orbitalis depicted on the basis of
molecular orbitals (weighted by the expansion coefficients of one or several horizontal lines, whose length per base is

these configurations to the state descriptions, ceand ¢;).

proportional to the siter{ electron populationd(r)). Within

These correspond to the relevant channels for the hole-transfethe ZDO formalism, the electron population of a molecular

process.

The oligonucleotides are modeled as perfect stacks of nucleic

acids in which methyl groups substitute for the nucleoside
backbones (a distance of 3.4 A and a rotation angle 886

imposed between each base pair). The geometries of the nucleic

acids are obtained on the basis of the AMBER molecular
mechanics force fielé known for providing reliable DNA and

orbital, ¢i, on a siter, is computed by summing the squares of
the LCAO coefficients ¢;;) localized on this site:

N
pi(r) = ¢7(r) = ; CA(r) (5)

In this way, a molecular orbital confined on a nucleobase

protein structures. The excited-state equilibrium geometries of displays an electron density equal to 1 and hence a maximal
the chromophores have been optimized by combining the AM1 length for the line showing the electronic level on that Stte.

(Austin Model 1¥° approach to a complete active space
configuration interaction (CAS-CI) treatment (as developed in
the AMPAC package¥® the size of the active space in the AM1/

Il. Results and Discussion

The chemical structures of the DNA hairpins investigated in

CAS-Cl calculations has been modulated to ensure convergencdhis work are shown in Figure 1. Because our focus here is on

of the total energies and geometric parameters. The chro-

mophore/DNA hairpin is then built from the relaxed geometries
of the isolated chromophores, assuming a chromophioase
stacking distance of 3.2 A and a rotation angle of.20

the distance dependence of the electronic matrix elemésis,

for photoinduced hole transfer from the chromophore to the
guanine and how it is impacted by the nature of the donor, no
attempt to model the thermodynamic aspects of the hole transfer

We note that part of the environment effects are accounted "aS Peen made. Our analysis thus resides on the premise that

for in our approach, because the INDO/SCI electronic-structure
calculations have been performed for the whole stacks of base
pairs (albeit without the sugar and phosphate groups). Thus
polarization effects due to electrostatic interactions between
adjacent nucleobases are included through diagonalization o

the full Hamiltonian, in contrast to pairwise interaction calcula-
tions2° These effects, which are very sensitive to the DNA

sequences, are found to impact strongly the relative energetic

B in eq 1 is mostly controlled by the electronic coupling,
neglecting the role of the reorganization energy and of differ-
ences in Gibbs free enerdy.This appears to be reasonable

"because assuming no (or a weak) distance dependence for the
factivation energy is consistent with the very similar values of

falloff parameter measured experimentally for the electronic
couplingVpa and the transfer ratieya in DNA hairpins linked
with the SA chromophore; it should be borne in mind that the

positions of the base molecular orbitals (and, hence, the amountVpa falloff was deduced from a fit of the driving force

(24) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R., Jr.; Merz, K. M.;
Caldwell, J. W.; Kollman, P. AJ. Am. Chem. S0d.995 117, 5179.

(25) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. Am.
Chem. Soc1985 107, 3902.

(26) Dewar, M. J. S.; Ampac 6.55 ed.; Semichem: 7204 Mullen, Shawnee, KS
66216, 1997.

(27) Lewis, F. D.; Liu, X.; Wu, Y.; Miller, S. E.; Wasielewski, M. R.; Letsinger,
R. L.; Sanishvili, R.; Joachimiak, A.; Tereshko, V.; Egli, M.Am. Chem.
Soc.1999 121, 9905.
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dependence of the charge-transfer rates using a Marcus/Jortner-
like second-order expression (Whégg is proportional tdvpa?)

(28) Sugiyama, H.; Saito, . Am. Chem. So0d.996 118 7063.

(29) Within the McConnell picture, the basis functions are totally localized, so
that each of thep; would be either unity or zero. The departures of the
actual line representations in Figure 3 from this picture graphically show
the delocalization, described in the McConnell treatment by perturbation
theory.

(30) Tavernier, H. L.; Fayer, M. DJ. Phys. Chem. BR00Q 104, 11541.
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Figure 1. (a) Chemical structure of DNA hairpins. Chr denotes the chromophore, which in the actual structures is covalently linked to the DNA backbone
through the end-groups. The position of the guanine is varied along the stack, from position 1 to position 5; (b) chemical structures of the @womophor
investigated; (c) side view of the SE-GAAAAAA constrained model hairpin.

Table 1. Comparison between the Measured!® and INDO/ Table 2. Electronic Couplings (Vpa in cm™1), Transition Moments
SClI-Calculated Vertical Transition Energies from the Relaxed (urp in Debye), State Dipole Differences (Aurp in Debye), and
Lowest Optically Allowed Excited State to the Ground State of the Energy Offsets (AEgp in €V) Involved in the Generalized

Isolated Chromophores Mulliken—Hush Formalism for Charge Transfer (Eq 1), as a

Function of the Distance d (in A) between the Chromophore

INDO/SCI (eV) exp. (ev) (Donor) and the Guanine (Acceptor)
SA 3.38 3.35
SE 3.43 3.45 SE N
NA 3.49 3.55 d Voa Urp Aure  AEgp Voa Urp Atgp AEgp
NI 3.50 3.24

32 292 141 121 0.32-2375 392 157 -1.32
66 367 010 223 1.00 —369 1.36 29.6 —1.36
10.0 325 012 409 137 —99 0.08 473 —0.69
in a series of hairpins with different hole donor and acceptor 13.4 188 0.09 614 166 —1.0 002 633 —0.43

units1® We further note that very high values (on the order of 168 123 006 772 188 -19 008 781 -0.22
10 have recently been reported for the (poorly defined) SA
effective internal longitudinal dielectric constant of DNA,

possibly as a result of the solvation of the terminal phosphate
groups?! the Coulombic interactions between the opposite

NA

Voa Mrp AMRP AEgp Voa Hrp A,MRP AEgp

3.2 -—158 229 16.1 —-0.14 1293 705 379 0.33
254 032 33.0 0.32 619 039 278 054

charges carried by the donor and acceptor sites in the charge-10.9 16 0.02 495 058 15.9 0.07 39.0 1.11
separated state are thus expected to be strongly screened, leadingg.4 31 0.03 647 0.80 9.6 0.07 617 111
to a weak dependence of the energetics on deaoceptor 16.8 16 001 806 1.60 20 001 760 1.39
separation.

Photoinduced electron-transfer reactions are initiated upon experimental values of Lewis et Hlexcept for NI (where the
excitation of the chromophore by a vertical electronic transition difference is 0.26 eV)
from the ground state to the excited state, followed by nuclear R ) o
relaxation on the excited potential energy surface toward the ~On the basis of the INDO/SCI description of the relaxed
D*A equilibrium geometry. A proper description of the hairpin e>.<C|ted states, the electronic tunneling mafrnx elements
electronic structure in the chromophore excited state is thereforefor Photoinduced hgle transfer were calculfa\ted using th? GMH
of crucial importance to quantify the electronic couplings for @PProach. Table 2 lists the electronic couplings,), transition
the charge-transfer process. We have calculated these valueS10Ments Are), state dipole differencesAfirp), and energy
assuming that the donor relaxes internally before charge transfer différences {Egp) computed for the systems investigated in
Excellent agreement is found between the calculated andhiS Work. As expected for a tunneling processyin() follows
measured chromophore emission energies, see Table 1, which"0"€ Of less a linear evoluthn with doreacceptor distance,
again validates the choice of the INDO/SCI technique; these &5 shown for two representative sets of molecules (SE and NA

energies are within a few hundredths of an electronvolt of the N&irPins, leading to a slow and fast decay of the transfer rate
with donor—acceptor separation, respectively) in Figure 2; the

(31) Williams, T. T.; Barton, J. KJ. Am. Chem. So2002 124, 1840. slopes obtained through a linear regression of the squared

J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003 14513



ARTICLES Beljonne et al.

18 4

2 4 6 8 10 12 14 16 18
donor-acceptor distance (Angstroms)

Figure 2. Distance dependence Wha for the NA and SE linkers.

Table 3. Falloff Parameters, 8, Obtained by a Linear Fit of the the main channels involved in the charge-separation mechanism
Vba Values Calculated for the Different Chromophores® and follows from the simple McConnell model whafg, across
) ann-unit bridge is expressed in terms of the coupling between
- _ the donor and the bridgdg) and the energy gap between the
;:81 118106 chromophore and the bridge suburif){ as well as in terms of
e the hopping integral along the bridgg&nd the accepterbridge
0 coupling (Ta):32:33
° NA VDA = (TDTA/ A)(UA)n (6)
N‘(‘}.@/‘@w 0.66 (0.45) In all cases, we find that the transition moment between the
SA initial and final adiabatic stategrp, dominates the evolution
with distance of the tunneling matrix element. This is reasonable
o O_//_Qo” 041 (0.23) because none of the other factors in eq 2 should be strongly
SE distance dependent. From a detailed analysis of the main

contributions taurp, two major aspects can be underlined: (i)
the importance of the energy mismatch between the electronic
levels of the chromophore and the intervening AT base pairs,

electronic couplings, that is, the falloff parametgts are  that is, the injection barrief and (ii) the importance of the
collected for the different hairpins in Table 3. Note that the °OVerlap between the corresponding wave functions, which
first point in the different series investigated corresponds to the dépends critically on symmetry and spatial confinement. Note
situation where the chromophore hole donor is in direct contact that these two aspects are related\tand Tp in McConnell's
with the guanine hole acceptor. Because, as mentioned aboveEXPression, respectively. Both effects can be analyzed from the
it is not clear that in this case the perturbation theory used to hairpin one-electron energy diagrams, using the graphical
describe the through-bridge hole migration, which leads to repreoentgtlon for the molecular.orbltal spatlal delocalization
eq 1, is applicable, we have also listed in Table 3ghelues oesorlbed inthe methodology secpoo. These d|agrams are shown
obtained by removing the first point in the linear regressions. I Figure 3 for representative hairpins linked with the NI, SA,
The 8 value calculated for SA, 0.66 & [0.45 A~ when and SE chrom.opl.lores.. ) )
ignoring the first point], is in good agreement with the For all hairpins investigated, the highest occop|ed molecular
experimental one, 0.58 A 8 which confirms the reliability of ~ ©rbital (HOMO) of the ground-state structure is localized on
the present theoretical approach (in particular, it suggests thatth® guanine site (with the lowest ionization potential); the
most of the distance dependence of the transfer rate is dominate@denines lead to the formation of a set (“band”) of molecular
by the electronic factoWpa). Most importantly, thed values ~ Orbitals located below the guanine HOMO ({Gand slightly
show significant dispersion: they vary from0.4 [0.23, when delocalized through th_e DNA bridge (_as do thymines but at still
the first point is removed] Al in SE end-capped sequences to 0Wer energy). Especially, we can identify two such bands,
~1.1 AT in hairpins possessing a NI linker. Thus, the nature ¢eéntered around-—7.0 eV (A4 band) and~ —8.0 eV (A4-1
of the donor has a significant influence on the distance
dependence of the photoinduced hole transfer to guanine. This{32) McConnell, H. M.J. Chem. Phys1961, 35 508.

! X X L (33) Ratner, M. AJ. Phys. Cheml99Q 94, 4877. Skourtis, S. S.; Onuchic, J.
feature can be rationalized on the basis of the description of N.; Beratan, D. Minorg. Chim. Actal996 243, 167.

aThe values in parentheses have been obtained by removing the first
point (with donor and acceptor in direct contact) in the fit, see text.
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Figure 3. Electronic structure of the NI (a), SA (b), and SE (c) hairpins. Each molecular orbital is depicted on the basis of one or several horizontal lines,
whose width per base is proportional to the site electron population, see methodology. Note that two colors have been used to differentidiattbrscontri
from bases belonging to the complementary strands.

band) at the INDO level, Figure 3. Note that the,-A band contributions to the transition moment and hence electronic
has a more delocalized character thandie to a more efficient  coupling in fact come from configurations involving low-lying
wave function overlap. thymine- and adenine-based molecular orbitals with small

Because of the presence of the strong electron-withdrawing contributions to the excited-state wave functions, eq 3); this leads
imide groups, NI has a much larger ionization potential than G to a highg value (1.06-1.18 A™%).
or A. Therefore, the gapA for charge injection is high, Along the same linef is significantly reduced when going
preventing any significant mixing between the NI HOMO level from NI to SA, for which there is an almost perfect match
and the Ay band of the intervening adenine bases (the major between the HOMO of the chromophore and the HOMO band
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Figure 4. Schematic representation of the isolated SE chromophore and adenine HOMO and-HOMi&@ecular orbitals. (a) Cofacial packing of the
molecules. (b) Actual packing in the hairpins. Note that the SA MOs are similar to those of SE.

formed by the bridge adenine bases, that ig, (Kigure 3). effects induced by the electron-donating alkoxy groups), SE
However, in contrast to what is expected on the basis akidl leads to the weakest dependence on deacceptor separation
type calculation® (and despite the fact that the chromophore (5 ~ 0.4 or 0.23 A1, depending on whether the first sequence
excited-state wave function is dominated by configurations is included in the fit or not). It turns out that, in this molecule,
involving the SA HOMO level), bandlike transport with the the HOMO-1 molecular orbital has the appropriate symmetry
charge completely spread out over the bridge is not observed;(and energy) to interact with the HOME&L band of the poly-
the main rationale for our result is the limited overlap between (AT) sequence, that is, /A1 (Figure 4a, right, and Figure 4b,
the involved orbitals, which can be understood on the basis of bottom). This opens up a new pathway for charge migration
symmetry considerations: the SA and adenine HOMOs (Figure (where the relevant orbitals in the expansionugb in eq 3
4) display an antibonding overlap pattern that prevents delo- correspond to the SE and adenine HOMDmolecular orbitals),
calization within the SA/hairpins. This can be clearly inferred which is characterized by a significant amount of electron
from the shape of the HOMO orbitals in the isolated SA and density delocalization over the bridge; an example of such a
adenine molecules when assuming a cofacial arrangement ofdelocalized molecular orbital is shown in Figure 5. Similar
the benzene rings (Figure 4a, left); the actual packing of the conclusions can be drawn from the analysis of other donor-
molecules in the hairpins is, however, slightly different (Figure substituted stilbene linkers, where the contributions of the
4b, top) and allows for some coupling, albeit weak, between different channels to the overall electronic coupling result from
the chromophore and the adjacent adenine base. a subtle interplay between the relative locations and shape of
Strikingly, even though its HOMO level lies significantly  the involved molecular orbitals and their contributions to the
above that of adenine (which is a result of the destabilizing D*A and D~A* excited states description.
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Figure 5. A delocalized molecular orbital of the SE-AAGAAAA model
hairpin, resulting from the interaction between the HOMDIevel of the
chromophore and the /A1 band (formed by the overlap of the adenine
HOMO-1 orbitals).

IV. Conclusions

We have shown that the efficiency for hole injection into
DNA hairpins results from the interplay between two key
factors: the electronic mismatch between the donor and the
bridge electronic levels and the coupling between the corre-
sponding orbitals. In stilbene chromophores bearing electron-
donating groups, a new channel for charge migration involving
the close-lying HOMG-1 orbitals of the donor and the poly-

(AT) sequence has been identified; this channel can promote

long-distance hole transfer.
This work clearly shows that the conductance properties of
DNA hairpins cannot be unambiguously estimated only on the

basis of the measured injection energy, but that the impact of
donor-bridge overlap must also be taken into accétibr this
purpose, quantum-chemical calculations performed on the actual
molecular structures and allowing for multiple charge-transfer
pathways prove to be useful.

It would be most interesting to try and generalize the results
obtained here for model DNA hairpins to the individual charge-
hopping steps in double-strand DNA where an oxidized guanine
site plays the role of the hairpin excited chromophore. We stress
that structural fluctuations effects and a more complete account
of the medium should be considered for a detailed description
of the dynamics of photoinduced charge generation in DNA.
However, we believe that the relationships between the chemical
nature of the linker chromophore and hole-transfer falloff
parameter that have been identified in the present work will
remain applicable when taking into account these effects in a
more sophisticated approach.
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