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Abstract: In this contribution we advance and explore the thermally induced hopping (TIH) mechanism for
long-range charge transport (CT) in DNA and in large-scale chemical systems. TIH occurs in donor-bridge-
acceptor systems, which are characterized by off-resonance donor-bridge interactions (energy gap∆E > 0),
involving thermally activated donor-bridge charge injection followed by intrabridge charge hopping. We observe
a “transition” from superexchange to TIH with increasing the bridge length (i.e., the numberN of the bridge
constituents), which is manifested by crossing from the exponentialN-dependent donor-acceptor CT rate at
low N (< NX) to a weakly (algebraic)N-dependent CT rate at highN (>NX). The “critical” bridge sizeNX is
determined by the energy gap, the nearest-neighbor electronic couplings, and the temperature. Experimental
evidence for the TIH mechanism was inferred from our analysis of the chemical yields for the distal/proximal
guanine (G) triplets in the (GGG)+TTXTT(GGG) duplex (X) G, azadine (zA), and adenine (A)) studied by
Nakatani, Dohno and Saito [J. Am. Chem. Soc. 2000, 122, 5893]. The TIH sequential model, which involves
hole hopping between (GGG) and X, is analyzed in terms of a sequential process in conjunction with parallel
reactions of (GGG)+ with water, and provides a scale of (free) energy gaps (relative to (GGG)+) of ∆ )
0.21-0.24 eV for X ) A, ∆ ) 0.10-0.14 eV for X ) zA, and ∆ ) 0.05-0.10 eV for X ) G. We further
investigated the chemical yields for long-range TIH in (G)l

+Xn(G)l (l ) 1-3) duplexes, establishing the
energetic constraints (i.e., the donor (G)l

+ - bridge base (X) energy gap∆), the bridge structural constraints
(i.e., the intrabridge X-X hopping rateskm), and the kinetic constraints (i.e., the ratekd for the reaction of
(G)l

+ with water). Effective TIH is expected to prevail for∆ j 0.20 eV with a “fast” water reaction (kd/km =
10-3) and for∆ < 0.30 eV with a “slow” water reaction (kd/km = 10-5). We conclude that (T)n bridges (for
which ∆ = 0.6 eV) cannot act in TIH of holes. From an analysis based on the energetics of the electronic
coupling matrix elements in G+(T-A)n(GGG) duplexes we conclude that the superexchange mechanism is
expected to dominate forn ) 1-4. For long (A)n bridges (n J 4) the TIH prevails, provided that the water
side reaction is slow, raising the issue of chemical control of TIH through long (A)n bridges in DNA attained
by changing the solution composition.

I. Prologue

Apart from the fundamental interest in the electronic proper-
ties of DNA in the context of radiation damage and repair,1,2

novel research areas of the dynamics, response, and function
of nanostructures and biosensors are emerging.3 DNA-based
molecular electronic devices are expected to utilize the unique
features of recognition, assembly, and specific binding properties
of the nucleobases. The DNA duplexes may serve as conducting

building blocks or as insulating (or conducting) templates for
the assembly of other electrically active nanoelements, for
example, semiconducting or metal clusters. While presently
nanoelectronic DNA-based systems still constitute “theoreti-
cians’ dreams”, the elucidation of the mechanism and dynamics
of charge transport/transfer in DNA is of central importance.

The majority of the experimental information on charge
transport in DNA pertains to the positive charge (hole) migra-
tion, that is, the propagation of the radical cation along the
duplex.4-13 In view of the hierarchy of the oxidation potentials
of single nucleobases in solution14 and of the ionization

(1) Heller, A. Faraday Discuss.2000, 116, 1-13.
(2) (a) Dandliker, P. J.; Holmlin, R. A.; Barton, J. K.Science1997, 275,

1465-1468. (b) Holmlin, R. E.; Dandliker, P. J.; Barton, J. K.Angew.
Chem., Int. Ed. Engl.1997, 36, 2715-2730. (c) Dandliker, P. J.; Nun˜ez,
M. E.; Barton, J. K.Biochemistry1998, 37, 6491-6502. (d) Kelley, S. O.;
Barton, J. K.Science1999, 283, 375-381. (e) Steenken, S.Biol. Chem.
1997, 378, 1293-1297. (f) Demple, B.; Harrison, L.Annu. ReV. Biochem.
1994, 63, 915-948.

(3) (a) Marshall, A.; Hodgson, J.Nat. Biotechnol.1998, 16, 27-32. (b)
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Electrochem. Commun.1999, 1, 65-67. (d) Mirkin, C. A.; Letsinger, R.
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A. P.; Johnsson, K. P.; Wilson, T. E.; Loveth, C. J.; Bruchez, M. P.; Schultz,
P. J.Nature1996, 382, 609-611. (f) Winfree, E.; Lin, F.; Wenzler, L. A.;
Seeman, N. C.Nature1998, 394, 539-544. (g) Braun, E.; Eichen, Y.; Sivan,
U.; Ben-Joseph, G.Nature1998, 391, 775-778. (h) Fink, H.-W.; Scho¨nen-
berger, C.Nature1999, 398, 407-410. (i) Porath, D.; Bezryadin, A.; de
Vries, S.; Dekker, C.Nature2000, 403, 635-638.
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Chem. Res.2000, 33, 631-636.

(5) (a) Holmlin, R. E.; Stemp, E. D. A.; Barton, J. K.J. Am. Chem. Soc.
1996, 118, 5236-5244. (b) Arkin, M. R.; Stemp, E. D. A.; Holmlin, R. E.;
Barton, J. K.; Ho¨rmann, A.; Olson, E. J. C.; Barbara, P. F.Science1996,
273, 475-480. (c) Stemp, E. D. A.; Arkin, M. R.; Barton, J. K.J. Am.
Chem. Soc.1997, 119, 2921-2925. (d) Arkin, M. R.; Stemp, E. D. A.;
Pulver, S. C.; Barton, J. K.Chem. Biol.1997, 4, 389-400. (e) Turro, C.;
Eenzahav, A.; Bossmann, S. H.; Barton, J. K.; Turro, N. J.Inorg. Chim.
Acta 1996, 243, 101-108. (f) Hall, D. B.; Holmlin, R. F.; Barton, J. K.
Nature1996, 382, 731-735. (g) Nuñez, M. E.; Hall, D. B.; Barton, J. K.
Chem. Biol.1999, 6, 85-97. (h) Williams, T. T.; Odon, D. T.; Barton, J.
K. J. Am. Chem. Soc.2000, 122, 9048-9049. (i) Wegenknecht, H. A.;
Rajski, S. R.; Pascully, M.; Stemp, E. D. A.; Barton, J. K.J. Am Chem.
Soc.2001, 4400-4407.
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potentials of single nucleobases15-17 and of nucleobases in
duplexes17 (G < A < C,T), it is inferred that hole hopping
occurs between guanine (G) nucleobases. Computational
results16-18 show that G nucleobases act as “resting” lowest-
energy states for holes in DNA duplexes, while GG and GGG
fragments act as hole traps in DNA, in accord with the
experimental data.5,6,8,9 Experimental evidence for long-range
(distance scale 50-300 Å) hole transport in DNA stems from
chemical yield data induced by hole shift or injection, as reported
by Barton et al.,5 Giese and Michel-Beyerle et al.,8 and Schuster
et al.,9 triggering “chemistry at a distance”. The interrogation
of individual elementary steps of charge injection, trapping,
hopping, and recombination, and their lifetimes in (intercolated,
substituted, or capped) DNA was accomplished utilizing the
arsenal of (nanosecond to femtosecond) time-resolved spec-
troscopy, as reported by Wasielewski and Lewis,6 Zewail and
Barton,19 and Michel-Beyerle20 and their colleagues.

On the theoretical front,11-13,21-23 the concept of (donor-
bridge) energetic control in DNA, advanced in 1998,11 provided
a unified description of the “transition′ from off-resonance,
superexchange induced, short-range unistep charge transfer, to
resonance coupled, long-range multistep charge-hopping trans-
port. The quantitative analysis of long-range charge hopping
predicted the breakdown of the conventional unistep charge-
transfer ratekCT ∝ exp(-âR) (whereR is the donor-acceptor
separation) being replaced by an algebraic relationkCT ) kN-η

(whereN is the number of the bridge constituents,η = 1-2,
andk the interbase hopping rate). This picture is in accord with
experimental results for charge transfer in organized molecular
systems24 and hole shift in the GTTGTT‚‚‚GGG DNA du-
plexes.8 The theoretical description of hole transport brought
together superexchange mediation and hopping, with the
individual hopping rates between the guanine sites in GXY‚‚‚G
(with X, Y ) T, A) being superexchange-mediated through the
bridging of (T-A) groups. The hopping rates were described
in terms of the nonadiabatic charge-transfer theory,11 which is
determined by electronic couplings and nuclear Franck-Condon
factors. The contributions of intermolecular nuclear distortions
to the Franck-Condon factor in a one-dimensional model corre-
spond to the polaron picture invoked for charge transfer in
DNA.23 Both intrastrand hole hopping (in the 5′-GXY/‚‚‚G-3′
duplex) or interstrand hole hopping (in the 5′-GXY‚‚‚G-5′
duplex, induced by the zigzagging mechanism)11 can prevail.
Analytical kinetic models based on the superexchange-mediated
hopping picture were utilized12 to account quantitatively for the
bridge-size dependence of the chemical quantum yields for long-
range hole shift in the G+[(T)mG]n(T)mGGG duplex over the
G+‚‚‚GGG distance scale of 10-40 Å (m ) 2, n ) 0-3). A
theoretical framework for the quantum mechanical rate expres-
sion was advanced to describe the elementary rates for hole
injection/shift/hopping/trapping involving G nucleobases (sepa-
rated by T-A groups) in DNA. Individual steps of hole transfer,
hopping, and trapping were quantified by the calculation of

(6) (a) Lewis, F. D.; Wu, T.; Zhang, Y.; Letringer, R. L.; Greenfield,
S. R.; Wasielewski, M. R.Science1997, 277, 673-676. (b) Lewis, F. D.;
Xiayuyang, L.; Miller, S. E.; Wasielewski, M. R.J. Am. Chem. Soc.1999,
121, 9746-9747. (c) Lewis, F. D.; Wu, T.; Liu, X.; Letsinger, R. L.;
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2000, 122, 2889-2902. (d) Lewis, F. D.; Liu, X.; Wu, Y.; Miller, S. E.;
Wasielewski, M. R.; Letsinger, R. L.; Sanieshvili, R.; Joachimiak, A.;
Tereshko, V.; Egli, M.J. Am. Chem. Soc.1999, 121, 9905-9906. (e) Lewis,
F. D.; Liu, X.; Liu, J.; Miller, S. E.; Hayes, R. T.; Wasielewski, M. R.
Nature2000, 406, 51-53. (f) Lewis, F. D.; Liu, X.; Liu, J.; Hayes, R. T.;
Wasielewski, M. R.J. Am. Chem. Soc.2000, 122, 12037-12038. (g) Lewis,
F. D.; Kalgutkar, R. S.; Wu, Y.; Liu, X.; Liu, J.; Hayes, R. T.; Miller, S.
E.; Wasielewski, M. R.J. Am. Chem. Soc.2000, 122, 12346-12351.
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E.; Giese, B.J. Am. Chem. Soc.1998, 120, 12950-12955. (c) Giese, B.;
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2311-2319. (b) Gasper, S. M.; Schuster, G. B.J. Am. Chem. Soc.1997,
119, 12762-12771. (c) Henderson, P. T.; Jones, D.; Hampkian, G.; Kan,
Y.; Schuster, G. B.Proc. Natl. Acad. Sci. U.S.A.1999, 96, 8353-8358.
(d) Ly, D.; Sanii, L.; Schuster, G. B.J. Am. Chem. Soc.1999, 121, 9400-
9410. (e) Kan, Y.; Schuster, G. B.J. Am. Chem. Soc.1999, 121, 10857-
10864. (f) Sanii, L.; Schuster, G. B.J. Am. Chem. Soc.2000, 122, 11545-
11546.

(10) Harriman, A.Angew. Chem., Int. Ed.1999, 38, 945-949.
(11) Jortner, J.; Bixon, M.; Langenbacher, T.; Michel-Beyerle, M. E.

Proc. Natl. Acad. Sci. U.S.A.1998, 95, 12759-12765.
(12) (a) Bixon, M.; Giese, B.; Wessely, S.; Langenbacher, T.; Michel-

Beyerle, M. E.; Jortner, J.Proc. Natl. Acad. Sci. U.S.A.1999, 96, 11713-
11716. (b) Bixon, M.; Jortner, J.J. Phys. Chem. B2000, 104, 3906-3913.
(c) Bixon, M.; Jortner, J.J. Phys. Chem. A2001. In press.

(13) (a) Berlin, V. A.; Burin, A. L.; Ratner, M.J. Phys. Chem. A2000,
104, 443-445. (b) Grozema, F. C.; Berlin, Y. A.; Siebbeles, L. D. A.J.
Am. Chem. Soc.2000, 122, 10903-10909.

(14) (a) Seidel, C. A.; Schultz, A.; Sauer, M. H. M.J. Phys. Chem.1996,
100, 5541-5553. (b) Steenken, S.; Jovanovic, S. V.J. Am. Chem. Soc.
1997, 119, 617-618.

(15) Hush, N. S.; Cheung, A. S.Chem. Phys. Lett.1975, 34, 11-15.
(16) (a) Sugiyama, H.; Saito, J.J. Am. Chem. Soc.1996, 118, 7063. (b)

Saito, J.; Nakamura, T.; Nakatani, K.J. Am. Chem. Soc.2000, 122, 3001-
3006.

(17) Voityuk, A. A.; Jortner, J.; Bixon, M.; Ro¨sch, N.Chem. Phys. Lett.
2000, 324, 430-434.

(18) In view of recent theoretical calculations of the ionization potentials
of nucleobases and trimer duplexes,16,17 the energies of the ionic states
reported by Saito et al.16 seem to be too large. The energies relative to
(GGG)+ calculated by Voityuk et al.17 are: [E(TG+T) ) E((GGG)+)] )
0.29 eV (as compared to 0.76 eV16) and [E(TA+T) ) E((GGG)+)] ) 0.75
eV (as compared to 1.48 eV16). These gas-phase energetic values17 should
be corrected for solvation and entropy effects. Note that the difference
between the calculated gas-phase ionization potentials of G and A is 0.46
eV,17 being close to the difference of 0.4 eV between the redox potentials
of the two nucleosides in a solution.14 Regarding the energetics of hole
trapping by G doublets and triplets, the recent theoretical calculations17

give for the energy gap between 5′-AG+A-3′ and 5′-AG+G-3′, ∆E ) 0.13
eV, while between 3′-AG+A-5′ and 3′-G+GA-5′, ∆E ) 0.1 eV. The
difference between these two∆E values manifests directional asymmetry.
The kinetic analysis based on the rates of hole trapping/detrapping in the

AG+AGG {\}
kt

k-t
GA(GG)+

system6f gives for the free energy for hole trapping by GG the value
∆G ) kBT ln(kt/k-t) ) 0.053 eV. For hole trapping/detrapping in the

G+A(GGG) {\}
kt

k-t
GA(GGG)+

system, a kinetic analysis gives∆G ) 0.077 eV, while an analysis of
quantum yield date12c resulted in∆G ) 0.062 eV. For hole trapping/
detrapping in the

G+T(GGG){\}
kt

k-t
GT(GGG)+

system, quantum yield data result in∆G ) 0.096 eV. These values of
∆G are lower than the calculated gas phase energetic∆E data,17 but exhibit
the same bridge specificity on the energetics. In any case, GG and GGG
involve shallow hole traps.
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Zewail, A. H. Proc. Natl. Acad. Sci. U.S.A.1999, 96, 6014-6019.
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electronic coupling matrix elements between nearest-neighbor
nucleic bases.22

The concept of energetic control is strictly valid only at
sufficiently low temperatures. The issue of the “transition”
between superexchange (∆E > 0) and sequential (∆E < 0)
charge transfer was addressed for localized charge transport in
small energy gap model systems25a-c and for quasifree electron
tunneling in hydrocarbons.25d For off-resonance donor-bridge
coupling in DNA (∆E > 0), thermally activated charge injection
from G+, (GG)+, or (GGG)+ into some nucleobases of the
bridge (which are characterized by a higher oxidation potential),
followed by multistep hopping among the bridge constituents,
can occur at finite temperatures. The mechanism of thermal
donor-bridge excitation followed by hopping within the bridge
in DNA was introduced by us.12b Giese and Spichty26 proposed
that thermally induced hole injection from G+ to A might occur.
The thermally induced hopping (TIH) process occurs from the
vibronic levels of the hole donor manifold at energiesE g ∆E.
The TIH occurs in parallel with the unistep superexchange
tunneling (from the lowest vibronic levelsE < ∆E of the hole
donor manifold) through the bridge to the final hole acceptor.
The dominance of either TIH or of superexchange will be
determined by the nature of the bridge, that is, the energetics,
the electronic couplings, the elementary hopping rates, and the
number of constituents. The features of TIH are general, being
applicable not only for DNA, but also for charge migration in
large-scale chemical systems, for example, the donor-acceptor
bound by polymers, such as oligoproline donor-acceptor
complexes,27 and in biological systems28,29

In this contribution we advance and explore the TIH mech-
anism and its implications for charge transport in DNA and
large-scale chemical systems. The general characteristics of the
competition between TIH and superexchange are presented in
section II. Our analysis reveals the crossing between unistep
superexchange mediated charge transfer and multistep TIH at
a “critical” value of the bridge size. In the case of hole migration
in DNA the semiquantitative model for the competition between
superexchange and TIH has to be supplemented by the role of
the parallel side reactions of G+ and (GGG)+ radical cations
with water,5,8,9,30,31which involve a major depletion channel
for the hole charge carriers in DNA. Experimental evidence for
TIH in DNA duplexes is obtained from our analysis presented
in section III of the recent experimental results of Nakatani,
Dohno, and Saito31 on hole transfer in the duplex 5′-GGG-
TTXTTGG-3′, where X) guanine (G), azaguanine (zG), aza-
adenine (zA), and adenine (A). In this well-characterized
system, Nakatani et al.31 have found that when X constitutes a
low-oxidation potential base, the rate of hole exchange between
the two GGG triplets is enhanced. We propose that in this

system with X) G, zA, A,31 TIH occurs and X+ constitutes a
real chemical intermediate, reached by thermally activated hole
hopping from (GGG)+. We present a kinetic analysis of hole
hopping in the GGGTTXTTGGG system, where we consider
the competition between unistep superexchange and TIH and
establish the conditions for the dominance of the TIH. Model
calculations of hole hopping in (G)l

+Xn(G)l, (G)l
+(TX)nTX(G)l,

and (G)l
+(TTX)nTTX(G)l duplexes (l ) 1-3) and their depen-

dence on the G-X energy gap and the reaction rate of G+ with
water (section IV) establish the conditions for long-range TIH
in DNA, with possible applications for the role of A nucleobases
as hole carriers in a thermally activated process.

II. The Crossing from Superexchange To Thermally
Induced Hopping

The concept of energetic control for the donor-bridge energy
gap∆E, which implies the occurrence of unistep superexchange
for ∆E > 0, has to be extended at a finite (room) temperature,
when∆E > kBT and when the numberN of the nucleobases in
the bridge is sufficiently large. Under these circumstances the
superexchange rateksuper∝ exp(-âhn) (whereâh ) âR0 with R0

being the intrabase distance) is overcome by donor-bridge
thermal excitation followed by hopping via the bridge. We shall
now establish the energetic and bridge specificity constraints
for the prevalence of the thermal-excitation/hopping scenario,
which is referred to as the TIH mechanism. For the case of a
cursory analysis we present a unified picture for both electron
(or hole) transfer/transport in a large-scale chemical model
system d(X)na, where d, a, and X represent the donor, acceptor,
and bridge molecular elements and∆E > 0. In these systems
thermally induced hole injection from d to the bridge can occur
in parallel to superexchange (Figure 1).

Consider first the TIH process. The rates of thermally induced
charge injection (shift)k1 and charge recombination (backshift)
k-1 are related by a detailed balance

These reactions are followed by hole hopping (with symmetric
ratesk), hole trapping (ratekt), and detrapping (ratek-t). The
TIH process from d to a can be characterized by the overall
rate

(25) (a) Kuhn, O.; Rupasov, V.; Mukamel, S.J. Chem. Phys.1996,
104, 5821-5833. (b) Okada, A.; Cherryak, V.; Mukamel, S.J. Phys.
Chem. A1998, 102, 1241-1251. (c) Felts, A. K.; Pollard, W. T.; Friesner,
R. A. J. Phys. Chem.1995, 99, 2929-2935. (d) Segal, D.; Nitzan, A.; Davis,
W. B.; Wasielewski, M. R.; Ratner, M. A.J. Phys. Chem. B2000, 104,
3817-3829.

(26) Giese, B.; Spichty, M.Chem. Phys. Chem.2000, 1, 195-198.
(27) (a) Isied, S. S.; Ogawa, M. Y.; Wishart, J. F.Chem. ReV. 1992, 92,

381-394. (b) Ogawa, M. Y.; Moreira, I.; Wishart, J. F.; Isied, S. S.Chem.
Phys.1993, 176, 589-600.

(28) Page, C. C.; Moser, C. C.; Chen, X.; Dutton, D. L.Nature1999,
402, 47-52.

(29) Hartwick, B.; Bieser, B.; Langenbecher, T.; Muller, D.; Richter, M.;
Ogrodnik, A.; Scheer, H.; Michel-Beyerle, M. E.Biophys. J.1997, 72, 8.

(30) (a) Saito, I.; Nakamura, T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi,
K.; Sugiyama, H.J. Am. Chem. Soc.1998, 120, 12686-12687. (b) Nakatani,
K.; Dohno, C.; Saito, I.J. Am. Chem. Soc.1999, 121, 10854-10855.

(31) Nakatani, K.; Dohno, C.; Saito, I.J. Am. Chem. Soc.2000, 122,
5893-5894.

Figure 1. A kinetic-energetic scheme for the TIH mechanism in the
donor-XN-bridge acceptor system. Horizontal lines depict energy
levels with donor-bridge energy gap∆E and the bridge-acceptor
energy gap∆Ea. The arrows represent individual rates for charge
injection (k1), recombination (k-1), hopping (k), trapping (kt), and
detrapping (k-t). The unistep donor-acceptor superexchange rate is
denoted byksuper.

K ) k1/k-1 ) exp(-∆E/kBT) (1)

kTIH = T
Kk

N(k/kt + N/2)
(2)
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Equation 2 holds under the conditionsN > 1 and kt/k-t )
e∆Ea/kBT . 1, where∆Ea is the bridge-acceptor energy gap
(Figure 1). The ratio of the rate constants in eq 2 is taken as
k/kt ) exp(-∆Ea/2kBT). Equation 2 exhibits an algebraicN
dependence. For an effective sink, that is,k/kt < N/2, kTIH ∝
1/N2, manifesting diffusive motion.11 Equation 2 is recast in
the form

Making contact with quantum mechanical expressions for the
hopping rates,k, we get

whereV(X - X) is the electronic matrix element for nearest-
neighbor charge transfer between adjacent X molecular elements
and F is the nuclear Franck-Condon factor for symmetric
hopping.

The unistep superexchange mechanism operates in parallel
to the TIH. The superexchange rate is

V(d - X) and V(X - a) are the nearest-neighbor electronic
matrix elements between d- X and X - a, respectively.r
represents the reduction factor of the rate upon the addition of
an extra group to the bridge, which is given by

and ∆E is the X - d energy gap. Finally,F ′ in eq 4 is
the nuclear Franck-Condon factor for the superexchange
process, which can be approximated byF ′ ) F. For model
calculations we take an average electronic matrix element, that
is, V(d - X) = V(X - a) = V(X - X) = 〈V〉. The magnitude
of these matrix elements falls in the range calculated for the
nearest-neighbor intrastrand electronic couplings in DNA.22,23

Thus we obtain from eqs 3-5 the simple relation

wherer ) (〈V〉/∆E)2. In Figure 2 we compare the exponential
N dependence ofksuper/k, eq 6, with the algebraicN dependence
of kTIH/k, eq 2a. The crossing between superexchange and
thermally induced hopping will occur atN ) NX. NX is given,
using eqs 2 and 6, from the relation

Equation 7, which should be solved numerically, determines
the dependence ofNX on the donor-bridge energy gap (∆E),
on the electronic coupling (〈V〉) and on the temperature, with
NX increasing with decreasingT.

The general features of charge transfer/transport in organized
chemical systems,27 in biophysical systems28,29 and in DNA,
which emerge from this analysis, involve an exponentialN
dependent superexchange rate at lowerN (e NX), a break atN
= NX, followed by a weaklyN-dependent TIH rate forN g NX

(Figure 2). Such a behavior is indicated for charge transfer in
long polymer systems.27 It will be instructive to estimate the
dependence ofNX on the energetic and coupling parameters∆E
and〈V〉. From the model calculations of Figure 2 we note that
for a fixed value of〈V〉, NX exhibits only a weak dependence

on ∆E (e.g., for〈V〉 ) 0.05 eV,NX ) 4-6 for ∆E ) 0.1-0.4
eV). This pattern reveals a mutual cancellation due to the
lowering of both superexchange and TIH contributions with
increasing∆E. On the other hand,NX reveals a strong depend-
ence on〈V〉 (insert to Figure 2), manifesting the enhancement
of the superexchange contribution with increasing〈V〉.

The foregoing discussion of the donor-acceptor charge-
transfer rates does not provide complete information on the
realization of long-range charge hopping in DNA. The efficiency
of long-range charge migration is determined by the competi-
tion between the charge hopping/trapping rates between the
appropriate nucleobases and the side reactions, which terminate
the processes. Without such side reactions there is no limit
for the spatial range of the charge-transfer processes. For the
case of hole transfer/transport in DNA the side reactions involve
the reaction of the guanine radical cations G+, (G)l

+ (l ) 2,
3)5,8,9,30,31and possibly also of A+ 8b with water. Quantitative
information on the relative rate for the reaction of G+ and
(GGG)+ with water was inferred from the analysis12 of chemical
yield data for hole hopping in G+TTGTT‚‚‚GGG duplexes,8

which will be utilized in the subsequent analysis. All the current
experimental studies5,8,9,30,31of long-range hole transport in DNA
are based on the measurement of the chemical yields for the
side reaction.

III. Thermally Induced Hopping in DNA Duplexes

Experimental evidence for the TIH mechanism in DNA
duplexes emerges from the experiments of Nakatani et al.31 They
reported the ratios of yields between cleavage on the distal/
proximal G triplets in the

as 0.05 for X) A, 0.42 for X ) zA, and 0.59 for X) G and
interpreted their significant experimental results in terms of a
unistep superexchange mechanism. On the basis of the com-
parison of the experimental results of Nakatani et al.31 with those
of Giese et al.,8 it appears that the unistep superexchange model
is inapplicable in the former case. The superexchange rate
through a five-unit bridge, even if the middle base has a

kTIH/k ) exp(-∆E/kBT)/(N2/2) (2a)

k ) (2π/p)|V(X - X)|2F (3)

ksuper) (2π/p)(V(d - X)V(X - a)
∆E )2

r N-1F ′, (N g 2)
(4)

r ) |V(X - X)/∆E|2 (5)

ksuper/k = r N (6)

NX ) -∆E/kBT ln r - ln(NX
2 /2)/ln r (7)

Figure 2. The crossing of the donor-acceptor charge-transfer rate from
superexchange to TIH in donor-XN-acceptor systems with increasing
the bridge size. The lines marked by super representksuper/k, while those
marked by TIH representkTIH/k. The energy gaps are: (‚‚‚) ∆E ) 0.4
eV, (- - -) ∆E ) 0.2 eV and (-) ∆E ) 0.1 eV. The nearest neighbor
electronic couplings are〈V〉 ) 0.05 eV. The “transition” atN ) NX

occurs at the crossing of the two lines for fixed values of∆E and〈V〉.
The insert shows the dependence ofNX on 〈V〉 at ∆E ) 0.2 eV.

(GGG)+TTXTT(GGG) duplex (I)
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relatively low oxidation potential, should be lower than that for
a four-membered bridge composed of T and A bases. According
to the experimental data of Giese et al.,8 the relative yield for
hole trapping in the G+(T-A)4GGG duplex is 0.03, and the
yield decreases by an order of magnitude upon the addition of
each (T-A) bridge element, in accordance with theoretical
estimates22 of the reduction factorrT ) 7 × 10-2 for the rates
of intrastrand (superexchange-mediated) hole trapping (or
hopping) upon the addition of a T (or A) base. Accordingly,
the relative yield for duplex (I) (with X) T or A) is expected
to be about 2× 10-3, which constitutes an extremely low
relative yield. This low yield precludes the unistep superex-
change mechanism31 for this system, and the experimental
results should be interpreted within the framework of a TIH.

III.a. Superexchange.The argument concerning the inap-
plicability of the superexchange model proposed by Nakataini
et al.31 for hole transfer between the initial and terminal (GGG)
groups in duplex (I) can be quantified in terms of a kinetic
scheme for the superexchange model for hole transfer in the
system, which is given by

This scheme will be recast in the form

where a) (GGG)+TTXTT(GGG) represents the cation radical
of the proximal G triplet and b) (GGG)TTXTT(GGG)+

represents the cation radical of the distal G triplet. Herek1 is
the rate constant for the superexchange in system (I) through
the five-base TTXTT bridge. The initial and the final states in
eq 8 are taken to be isoenergetic, so that the forward and
backward rates are taken as equal. It will be useful to express
k1 in terms of the (superexchange mediated) hole-hopping rate
k in the system G+TTG, which was studied and analyzed by
Giese et al.8 and by Bixon et al.,12 taking the ratioR ) k1/k.
We expect thatk1/k , 1, due to the presence of three extra
base pairs, of which only one has a low ionization potential. In
this and in the following discussion the triple guanine (GGG)
is treated as a single entity. This approach is discussed and
justified in Appendix A.kd in eq 8 is the rate for the reaction
of (GGG)+ with water. From a previous analysis12 we infer that
ê ) kd/k ) 0.08.

The unistep superexchange kinetics is described by the rate
constant matrixK (Appendix A), from which we obtain the
chemical yields for the initial and final states

The yield ratio for distal/terminal oxidation products is

Consider first the situation for X) zA and G. For these low-
oxidation potential constituents we expect that the super-
exchange ratek1 is lower than the corresponding rate for the
TTTT bridge. From the experimental data8 and the theoretical
analysis,12 the reduction factor for the G+‚‚‚G superexchange

rate upon the addition of one (T-A) element isrT ≈ 0.1-0.06.
Accordingly, we expect thatk1 < k(rT)2 andR ) k1/k < 10-2.
Thus, the yields ratio, eq 9, is bound by Yc/Ya < (1 + ê/rr

2)-1

) 0.11. This upper limit is considerably lower than the
experimental values ofYc/Ya ) 0.42 for X ) zA and Yc/Ya )
0.59 for X ) G. Next, we consider the situation for X) A,
where the donor and acceptor (GGG) groups are separated by
five (T-A) units, whereuponk1 = k(rT)3. Thus R ) k1/k =
10-3 and Yc/Ya ) (1 + ê/R)-1 ) 0.012. This value is lower
than the experimental result31 Yc/Ya ) 0.05 for X) A. We infer
that the superexchange channel contributes about 25% to the
charge transport, although the branching ratio can be somewhat
higher, due to uncertainties in the input data. From the foregoing
analysis we conclude that the unistep superexchange mechanism
cannot account for the experimental data in system (I), with X
) zA and G, and may make a substantial contribution to the
charge transport for this system for X) A. An alternative TIH
model for charge migration in this system will now be advanced.

III.b. The TIH Model. The experimental data of Nakatani
et al.31 are interpreted by us in terms of a TIH sequential
model involving hole hopping between the (GGG) triplets
and X, with X+ appearing as a real intermediate in the charge-
transport process. In the case of X) zG, the hole was trapped
mainly on zG,31 which was proposed31 to act as a differential
hole trap, which implies a sequential mechanism rather than
superexchange and requires a very effective internal loss process
in zG+ relative to G+. We propose thatzG+ constitutes a genuine
chemical intermediate. A plausible interpretation of the experi-
mental results31 is that the (free) energy ofzG+ is close to
that of (GGG)+. On the basis of the foregoing analysis in this
section, we infer that the corresponding energy differences are
E(TzG+T) - E((GGG)+) ≈ 0 to -0.05 eV andE(TG+T) -
E(TzG+T) ≈ 0.05-0.1 eV. For X) G, Az (and also for A) the
energy gap between (GGG)+ and X is positive, and thermally
induced hole injection between the proximal (GGG)+ to X
occurs, followed by trapping from X+ to the distal GGG. In
addition, back reactions take place. In parallel, the radical cations
react with water. The kinetic scheme for TIH in this system is

or in a concise form,

where a and c represent the proximal and distal ion radicals of
the G triplets, respectively (section II), while b) (GGG)-
TTX+TT(GGG) represents the cation radical of X.

The unistep hole-transfer reactions between (GGG)+ and X
are characterized by forward (injection) and backward (back
transfer) hopping rates,k+ and k- in eq 11, with their ratios
being given by the equilibrium constant

where∆ is the (free) energy gap between states b and a. The
injection ratek+ into the X base of the bridge (mediated by
superexchange via two T bases) can be readily evaluated for
the “normal” Marcus region when∆ , λ, where λ is the
medium reorganization energy. Then a rough estimate gives

Ya ) R + ê
2R + ê

(9)

Yc ) R
2R + ê

(10)

Yc/Ya ) 1
1 + (ê/R)

(11)

K ) k+/k- ) exp(-∆/kBT) (12)

k+ ) C exp[-(λ + ∆)2/4kBT] ≈ k exp(-∆/2kBT) (13)
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whereC is a numerical constant, which contains also the con-
tribution of high-frequency nuclear modes andk ) C exp(-λ/
4kBT) is the symmetric hopping rate (for∆ ) 0). The
recombination ratek- is given from eqs 12 and 13 by

Equations 3 and 14 express the injection and recombination rates
in duplex (I) in terms of the symmetric hopping ratek in the
G+TTG duplex over a bridge consisting of two T bases.

The final termination of the sequential process takes place
by a reaction of the radical cations with the water solvent, which
removes the charge from the DNA molecule. Previous analysis12

resulted inkd/k ) 0.08-0.10. In our “minimal” model, eq 11,
we assume that the rate constant for this water reaction has the
same value,kd, for the three ionic sites a, b, and c. This
assumption is adequate for the proximal and distal (GGG)+

groups in the system, but not necessarily for X+. Our model
calculations show that the results for the relevant chemical yield
ratios are not sensitive to the value ofkd/k for X+ (for ∆ > 0).
Takingkd/k ) 0.08-0.10 for the a and c groups andkd ) 0 for
X+, we find that the ratioYc/Ya varied by 5% for∆ ) 0 and by
less than 0.1% for∆ g 500 cm-1 as compared to the results of
the “minimal” model.

The kinetic analysis of eq 11 (Appendix A) provides the ratio
Yc/Ya of the chemical yields on the distal/proximal G triplets in
the following transparent form

whereê ) kd/k.
The dependence of the chemical yields, eqs A6, A7, and A8,

on the energy gap∆ for system (I) is displayed in Figure 3.
From these data we can infer that the experimental results for
X ) zG31 are consistent with∆ ) -500 cm-1 (-0.062 eV) for
which Yb ) 0.85,Ya = 0.05, andYc = 0.1, with the population
of the mediating TTzG+TT system being dominant. In this
system with∆ < 0 trapping byzG with reverse TIH fromzG+

to GGG does occur. Nakatani et al.31 provided an alternative
explanation of their experiment with X) zG in terms of
differential hole trapping, involving relaxation within azG•+

intermediate, whose reaction with water is considerably faster
than the water reaction with (GGG)+. Further experimental and
theoretical work is required to establish whether hole trapping
by zG involves the Nakatani31 differential trapping mechanism
(with a positive value of∆) or whether the role ofzG was a
thermodynamic hole sink (with∆ < 0), as obtained from our

analysis. From Figure 3 we infer that the population of the
intermediate TTX+TT state becomes low (i.e.,Yc < 0.1) for
∆ > 200 cm-1. Thus, while the sequential TIH mechanism is
operative for∆ > 0 at room temperature, the population of the
intermediate X+ remains low for this mechanism.

The ratios of the chemical yields for the cleavage on the distal
G triplet to the proximal G triplet, calculated from eq 15, are
presented in Figure 4. The experimental data for X) A, zA,
and G can now be analyzed in terms of these calculations for
the sequential model (Figure 2), with the realistic valuesê )
kd/k ) 0.1-0.06, to give the following (free) energy gap ranges
(all relative to (GGG)+):

These energetic estimates are marked on Figure 4.
From this analysis we conclude that the TIH at room

temperature constitutes an effective process in duplex (I) for
thermally induced hole hopping from (GGG)+TTXTT‚‚‚ to
(GGG)TTX+TT‚‚‚ (X ) zA, and G). For these bridges,
containingzA or G, the chemical yields are sufficiently high to
warrant the contribution of the superexchange channel to be
minor. These hole acceptors X are characterized by a positive
(free) energy gap (relative to (GGG)+) in the range∆ ) 0.05-
0.14 eV and are reached from the initial (GGG)+ by an activated
process with a rate given by eq 13. The genuine X+ intermediate
is subsequently depleted by an effective hole transfer to the
terminal GGG or back to the proximal GGG, so that its yield is
low (<0.05). The elementary TIH ratesk+ and k- represent
(GGG)-X superexchange through two T bases. The TIH via
X ) G provides new information on the energetics of hole
trapping via a G triplet. (GGG) constitutes a shallow hole
trap from G+ (∆ ) 0.05-0.1 eV). This (free) energy gap for
TG+T, relative to (GGG)+, is close to the (free) energy gap
E(AG+A(GGG)- E(AGA(GGG)+) ) 0.077 eV estimated from
the kinetic data of Lewis et al.6f and 0.062 eV inferred12c by us
from chemical yield data8c,d in the AG+AGGA duplex and to
the energy gapE(TG+TGGG) - E(TGT(GGG)+) ) 0.096 eV
estimated12c from chemical yield data.8c,d

We now refer to hole transfer/transport in duplex (I) with
X ) A, where the TIH sequential mechanism resulted in the

Figure 3. The dependence of the chemical yieldsYa, Yb, andYc for
TIH in the (GGG)+TTXTT(GGG) duplex on the energy gap of TX+T
relative to (GGG)+.

k- ) k exp(∆/2kBT) (14)

Yc/Ya ) [1 + 2ê exp(∆/2kBT) + ê exp(-∆/2kBT) + ê2]-1 (15)

Figure 4. The ratios of the chemical yields for the distal/proximal
GGG cleavage in the (GGG)+TTXTT(GGG) duplex over the range of
the energy gap∆ ) -1000 cm-1 to 2000 cm-1. The two curves
correspond to the water reaction rateskd/k ) 0.1 andkd/k ) 0.06, as
marked. The energy gaps of TX+T relative to (GGG)+, which are
inferred from the experimental results of ref 31, are marked by
horizontal lines.

E(TA+T) ) 1700-1900 cm-1 ) 0.21-0.24 eV

E(TzA+T) ) 800-1100 cm-1 ) 0.10-0.14 eV

E(TG+T) ) 400-800 cm-1 ) 0.05-0.1 eV
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2value of ∆ ) 0.21-0.24 eV for (GGG)TTA+TT(GGG),
relative to (GGG)+TTATT(GGG). While early estimates of the
energy gapE(G+A) - E(GA+), based on redox potential data
in vitro, resulted in a higher value of 0.4 eV,11 the present
estimate of∆ ) 0.21-0.24 eV andE(TA+T) - E(TG+T) =
0.20 eV constitutes a reliable estimate of the energy gap between
G+A and GA+ in DNA. This result is of considerable interest
to assess the feasibility of the mechanism of TIH (sections IV
and V). The low experimental value ofYc/Ya ) 0.0531 may
require the incorporation of the superexchange channel in
parallel to TIH. Our rough estimates (section III.a) give a
superexchange contribution to the relative yield of 10-2 for the
TTATT bridge, whereupon the branching ratio for the super-
exchange channel is∼25% in this system.

IV. Long-Range Hole Hopping

We explored the dependence of the relative chemical yields

in the duplex (G)l
+(TmX)n Tm(G)l (with m ) 2, 1, and 0 andl )

1-3) on the bridge length in long DNA duplexes. The proximal
(G)l

+ and distal (G)l constitute the primary hole donor and
acceptor, respectively. The X bases (with a lower redox potential
than that of T, but higher than that of (G)l) act as hole carriers
via TIH. The bridge length was specified in terms of the total
number of the bridge bases [(m + 1)n + n], and the energetics
of the TmX+Tm subunits relative to G+ was characterized by
the energy gap∆ (>0). The kinetic scheme is

The individual hole-hopping rateskm between X(j)‚‚‚X(j+1)

adjacent bases (j ) 1‚‚‚(n-1)), separated bym T bases, exhibit
the segment length dependencekm ) krm-2, wherer = 0.1 is
the reduction factor of the rate upon adding one T base between
a pair of adjacent X bases, andk () km)2) corresponds to the
hopping rate over two T bases (discussed in section III). The
case of the bridge (X)n (m ) 0), where the nearest-neighbor
intrastrand electronic coupling matrix elements are large
(∼0.03-0.15 eV22,23), will be treated in terms of the strong
scattering/hopping picture, rather than by the band motion.32,33

For the bridge elements withm ) 1, 2, the (superexchange-
mediated) electronic couplings between X groups are sufficiently
small (∼10-3-10-4 eV) to warrant the applicability of the
strong-scattering incoherent charge-hopping picture.32,33 The
hole injection ratek+ and trapping ratek- are expressed,
following the analysis in section (III.b), in the form:k+ )
km exp(-∆/2kBT) and k- ) km exp(∆/2kBT), with k+/k- )
exp(-∆/kBT). Additional required information pertains to the
chemical rate constantskd andk′d for the reaction of G+ and of
X+ with water, respectively, which are local properties, being
independent of the length of the Tm segment separating the
nearest-neighbor G‚‚‚X and X‚‚‚X bases. On the basis of
experimental information form ) 2,8 the relative chemical
rateskd/km are taken as 0.1 form ) 2 ((G)l

+TTXTT‚‚‚TT(G)l),
0.01 for m ) 1 ((G)l

+TXTX ‚‚‚XT(G)), and 0.001 form ) 0
((G)l

+Xn(G)l). In the absence of information on the ratesk′d,
we shall first takek′d ) kd and subsequently refer to the

sensitivity of the results to the variation ofk′d. In this simple
model (described by eq 17 withkd ) k′d) we need only the
energy gap∆ and the relative ratekd/km to express the relative
yields. In Figure 5 we present the bridge length dependence of
the relative chemical yieldsψ for the regular structural duplexes,
with m ) 0-2, and for energy gaps in the range∆ ) 300-
1800 cm-1 (0.04-0.24 eV). The efficiency (measured in terms
of ψ) of the long-range transport by TIH decreases with
increasing∆ (Figure 5), reflecting on the inhibition of TIH at
large gaps. The dependence ofψ on the structure of the bridge
(Figure 5) reflects a major enhancement with decreasing the
numberm of the mediating T bases (and decreasing ofk2/km),
with the most efficient TIH being manifested for the neat Xn

bridge.
The model calculations of Figure 5 demonstrate the preva-

lence of long-range hole transport via TIH over tens to hundreds
of base pairs in regular structures for X-G energy gaps lower
than∆ < 1800 cm-1 (0.23 eV). To quantify the range of hole
transport in these model duplexes we take somewhat arbitrarily
the numberNh (ψ) of the bridge bases whereψ is in the range
ψ ) 0.1-0.01. In Figure 6 we portray theNh (0.05) values for
relative yields of 5%, which are readily amenable to experi-
mental observation.5,8,9,30,31Long-range transport over 10 bases
is accomplished for mediators X with∆ ) 900 cm-1 for m )
2, ∆ ) 1300 cm-1 for m ) 1, and∆ ) 1500 cm-1 for m ) 0.
The effectiveness of the neat Xn bridge (m ) 0) is reflected in
Figure 7, where the values ofNh for relative yields of 1 and
10% are presented for the (G)l

+Xn(G)l duplex. TIH (withψ )
0.01) can be accomplished over 100 nucleobases for the energy
gap of∆ ) 1000 cm-1 (corresponding tozA bridge elements
according to the analysis of section III.b), and over 13 nucleo-

(32) Katz, J. L.; Rice, S. A.; Choi, S. I.; Jortner, J.J. Chem. Phys.1963,
39, 1683-1697.

(33)Molecular Electronics; Jortner, J., Ratner, M. A., Eds.; Blackwell
Science: Cambridge, MA, 1998; pp 5-72.

ψ ) (G)l
+(distal)/(G)l

+(proximal) (16)

Figure 5. Model calculations for the dependence of the relative
chemical yieldsψ via TIH for the distal/proximal (G)l

+ (l ) 1-3) in
the duplex (G)l

+(TnX)nTm(G)l (m ) 1, 2) on the bridge length (total
number of bridge bases [(m + 1)n + n]. The three panels correspond
to different rates of G+ with water specified bykd/km)2 ) 0.1 (from
ref 12),kd/km)1 ) 0.01 andkd/km)0 ) 0.001. The energy gaps are marked
on the curves.
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bases for the energy gap∆ ) 1800 cm-1 (corresponding to the
A bridge elements according to section III.b). This analysis
demonstrates the energetic constraints for the applicability of
the TIH mechanism under the conditions of the effective reaction
with water, for example,kd/km ) 10-3 and k′d ) kd for the
(G)lXn(G)l duplex.

It is instructive to go beyond the “minimal” model employed
herein (i.e., the water reaction rate being equal for G+ and X+,
that is, kd ) k′d) and consider the situation where the bridge
radical cations do not react with water (i.e.,k′d ) 0). From
model calculations for the kinetic scheme (eq 17), we infer that
for large energy gaps∆ g 1000 cm-1 and ψ is practically
independent of the value ofk′d (in the range 0e k′d e kd, while
kd/km ) 10-2-10-5). This result is due to a very small
population of the bridge X+ cations. Thus, for (G)lXn(G)l
duplexes with azaadenine bridging bases X) zA, for which
∆ = 1000 cm-1, and with adenine-bridging bases X) A, for
which ∆ = 1800 cm-1 (section III.b), the reaction of the X+

radical cations with water is of minor importance and will not
be experimentally observed. On the other hand, when the bridge
contains G bases, the energy gap is small (∆ = 500 cm-1) and
water reactions of the mediating G+ bridge groups have to be
incorporated in the kinetic analysis (Figures 5-7).

Of considerable interest is the possibility of the modification
of the ratekd for the reactions of the proximal and the terminal
G+ cations with water. The chemical rateskd may depend on
the solvent composition and on the pH of the solution.26 In
Figure 8 we portray kinetic simulations forψ in the model

system of a G+XnG duplex, where the reactivity of the proximal
and terminal G+ varies in the rangekd/km)0 ) 10-2-10-5 and
k′d ) 0. The calculations were performed for large energy gaps
(∆ ) 1000-2000 cm-1) whereψ is independent of the value
of k′d, and for smaller energy gaps (∆ ) 500 cm-1) whereψ
exhibits a dependence onk′d (Figure 8). In general,ψ increases
with decreasingkd/km, manifesting the slowing down of the
parallel terminating chemical reaction.

A very useful approximate expression for the relative chemi-
cal yield is given by

As is evident from Figure 8, eq 18 constitutes a good description
of ψ over a broad range ofkd values (withk′d ) kd or 0 for
∆ g 1000 cm-1 andk′d ) 0 for ∆ < 1000 cm-1) in the range
ψ e 0.25. Choosing againψ ) 0.1 to specify the spatial range
of TIH, the dependence ofNh (0.1) on the relevant parameters
∆ andkd/km is given from eq 18 by the simple expression

Equation 19 implies an exponential dependence ofNh on the
energy gaps (∆/kBT) and an algebraic linear dependence onkd

(reciprocal) and onkm (proportional). Most interesting is the
increase of the range for TIH provided that the ratiokd/km

is sufficiently small. For a large energy gap∆ ) 2000 cm-1,
eq 19 gives for the range for hole TIH the valuesNh (0.1) ) 5
for kd/km ) 10-4, andNh (0.1) = 45 for kd/km ) 10-5. From the
model calculations for hole TIH in (G)l

+(TmX)nTm(G)l (m ) 0,
1, 2, l ) 1-3) duplexes at 300 K, the following conclusions
emerge:

Figure 6. The energy gap dependence of the numberNh (ψ ) 0.05) of
bridge bases required for the attainment of the relative chemical yield
ψ ) 0.05 for TIH in G+(TmX)nTmG duplexes (m ) 2, 1, 0). Parameters
for kd/km as in Figure 5.

Figure 7. The energy gap dependence of the numberNh (ψ) of X bridge
bases for TIH in G+XnG duplexes forψ ) 0.01 (marked 1%) and for
ψ ) 0.1 (marked 10%).

Figure 8. The effects of the chemical control of the distal/proximal
G+ chemical yields ratioψ for TIH in G+XnG duplexes. Model
calculations for the dependence ofψ on the number n of the bridge
bases are presented for the G+X - GX+ energy gap (∆ ) 2000 cm-1

(upper panel),∆ )1000 cm-1 (middle panel) and∆ ) 500 cm-1 (lower
panel), with the ratioskd/km marked on the curves. Upper panel: (-)
both k′d ) kd and for k′d ) 0. Middle and lower panel: (-) k′d ) 0,
(- - -) k′d ) 0. The dotted curves (‚‚‚) represent the approximate
relation forψ, eq 18.

ψ ) exp(-∆/kBT)/(kd/km)Nh (ψ) (18)

Nh (0.1)) [10/(kd/km)] exp(-∆/kBT) (19)
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(1) Energetic constraints for TIH. The TIH mechanism
provides an effective route for efficient long-range hole transport
between G bases separated by ann-component bridge. From
eq 18 we infer that the energetic onset for TIH (i.e.,ψ ) 0.1
for n g 5) is ∆ j kBT ln(2km/kd). Accordingly, for the “fast”
water reaction of G+, i.e.,kd/km ) 10-3, TIH will be exhibited
for ∆ < 1500 cm-1, while for the “slow” water reaction, that
is, kd/km ) 10-4, TIH prevails for∆ < 2000 cm-1.

(2) Bridge structural constraints for TIH. The increase of the
individual hopping rateskm between the X bases in the bridge
(keeping∆ andkd fixed) results in the increase of TIH in the
form Nh (0.1) ∝ km. This relation is adequate for large energy
gaps (∆ > 1000 cm-1) and also for a larger range of∆ > 300
cm-1 whenk′d ) 0. For smaller energy gaps (∆ < 1000 cm-1)
andkd ) k′d, the qualitative behavior is similar, but numerical
kinetic calculations are required.

(3) Kinetic constraints on TIH. The range of hole transport
via TIH increases with decreasing the rate of the water reaction
with the G+ cations. For large values of∆ (>1000 cm-1), Nh ∝
kd

-1. This result opens an avenue for the chemical control of
the range of TIH by modifyingkd through changes of the
solution composition.26

On the basis of the energetic and bridge structural constraints
we assert that effective bridge elements for TIH of holes in
(G+)lXn(G)l duplexes (l ) 1-3) will involve X bases with∆
< 0.25 eV atT ) 300 K. Obviously, T nucleobases, which are
characterized by very high values of∆ (0.6 eV as inferred from
redox potential solution data16), are precluded to act as effective
X bridge elements in TIH of holes. These can be present as
bridge structural elements separating the active X bases. The
active X bases can be G bases scattered among T nucleobases
with the hole donor/acceptor consisting of (GGG) or (GG)
shallow hole traps (as discussed for duplex (I) in section III).
The X elements can be substituted nucleobases, that is,
azoadeninezA (with ∆ = 0.1 eV according to section III), which
can induce long-range hole TIH over bridges containing∼10
bases (for G+TTzATT‚‚‚G) to ∼100 bases (for G+(zA)nG),
which will be of interest for the response of synthetic nano-
structures. The role of the adenine A bases as bridge elements
for TIH constitutes a borderline case. On the basis of redox
potential data of a single nucleobase in a polar solvent,16 an
estimate of the G+-A energy gap of∆ ) 0.4 eV was obtained,
which is close to the value of∆ = 0.45 eV inferred by Lewis
et al.6g for free energy relationships for the hole-injection rates
from hairpinned diphenylacetylene dicarboxyanide to nucleo-
bases. These values of∆ ) 0.40-0.45 eV are too high to allow
for effective involvement of A in TIH. The energy gap for A
estimated from the polar solvent redox potential data for the
single nucleobase,14 which is also used for the free energy
relationships,6g may be overestimated as they do not include
interbase and phosphate stabilization effects. Our analysis for
the GGGTTATTGGG duplex (section III) resulted in a lower
energy gap of∆ ) 0.21-0.24 eV. The energy gaps inferred
from the analysis of section III are 0.20-0.23 eV for G+A and
0.21-0.24 eV for (GGG)+A. These lower energy gaps constitute
the upper limits to ensure the occurrence of TIH.

V. Discussion

The TIH mechanism explored herein generalizes the concept
of energetic control (for∆E > 0). Long-range charge transport
can be induced via thermally activated charge injection from
the donor to the bridge, which is followed by charge hopping
within the bridge. Thus, the TIH essentially involves an

endothermic charge transfer to the bridge. The multistep TIH
(induced from higher vibronic levels at energiesE g ∆E of the
donor manifold) occurs in parallel with unistep superexchange
(occurring from lower vibronic levels at energiesE e ∆E of
the donor manifold). Thermal excitations result in a parallel
superexchange- TIH mechanism, with one of the channels
being dominant. Such a parallel mechanism is general for DNA,
for large-scale chemical systems,27 for biological systems,28 as
well as for the (sequential-superexchange) primary charge
separation in chemically or mutagenetically modified photo-
synthetic reaction centers.29,34

The major implications of the TIH mechanism are
(1) The “transition” from unistep superexchange to TIH in a

donor-bridge-acceptor system (∆E > 0) with increasing the
length (N) of the bridge. The crossing between the super-
exchange, exponentiallyN dependent rate forN < NX to an
algebraic weaklyN-dependent TIH rate atN > NX will be
exhibited, with the “critical” bridge sizeNX being determined
by the strength of the electronic couplings, by the donor-bridge
energy gap, and by the temperature.

(2) In composite bridges of DNA duplexes, for example,
(GGG)TTXTT(GGG) (X) G, zA, and A),31 hole TIH between
the proximal and the distal (GGG) groups occurs, with X+

constituting a genuine kinetic intermediate. It is gratifying that
the experimental results of Nakatani et al.31 for hole transfer in
this duplex provide the first experimental evidence for the
applicability of the TIH mechanism. For X) G and zA the
TIH channel dominates, while for X) A some contribution
(∼25%) of the superexchange channel prevails.

(3) The range of long-range hole hopping via TIH between
G bases in (G)l

+Xn(G)l (l ) 1-3) DNA duplexes is determined
by energetic constraints (i.e., the donor (G)l - bridge (X) energy
gap ∆), by bridge structural constraints (i.e., the intrabridge
X-X hopping rateskm) and by kinetic constraints (i.e., the rate
kd for the reaction of the G+ radical cations with water).

The TIH mechanism was subjected to a detailed kinetic
analysis. Our model calculations for TIH in DNA (sections III
and IV) adopted a “minimal” model, neglecting the effects of
directional asymmetry11,22 on the electronic couplings and the
hopping rates in the 3′-5′ and 5′-3′ directions within the
duplex. Furthermore, we have taken the electronic matrix
elements for hole-transfer nearest-neighbor G-X and X-X
bases to be equal, while detailed information was obtained for
base pair specificity for both intrastrand and interstrand
electronic coupling matrix elements.22 These simplifications
result in a kinetic scheme where the relative yieldsψ are
expressed in terms of just two parameters, the energy gap
∆ and the ratio of the rateskd/km. More elaborate kinetic
calculations, relaxing these approximations, are straightforward
and will be conducted when more detailed experimental
information will become available.

The TIH mechanism in (G)l
+Xn(G)l (l ) 1-3) duplexes

may be operative for long-range hole transport between (G)l

groups separated by long Xn bridges, whose elements satisfy
the appropriate energetic and kinetic constraints. Our model
calculations in section IV imply that for a “fast” water reaction
(kd/km ) 10-3) ∆ < 0.20 eV, while for a “slow” water reaction
(kd/km)0 = 10-5) the energetic onset is∆ < 0.30 eV. From
these estimates of∆ it appears that (T)n bridges in (G)l

+Tn(G)l
duplexes (with∆ ) 0.6 eV11,14) cannot act in TIH of holes,
and only the unistep superexchange mechanism will be operative
for short bridges. A short (n ) 1-4) adenine bridge element in

(34) Bixon, M.; Jortner, J.; Michel-Beyerle, M. E.Chem. Phys.1995,
197, 389-404.
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(G)l
+(T - A)n(G)l′ (l, l′ ) 1-3) duplexes is expected to act as

a superexchange mediator, while for longer (n J 4) adenine
bridges the TIH may prevail.

Following the analysis of section II, a more detailed analysis
will be provided for the crossing from the superexchange
mechanism to the TIH with increasing the TIH bridge. In this
treatment the electronic coupling matrix elements between
neighboring nucleobases22 are kept constant, and the effects of
configurational fluctuations22,35are neglected. The energy gaps
are taken from the analysis of sections III and IV. On the basis
of model quantum mechanical calculations17 and the analysis
of experimental data,18,12cit appears that changes in the energy
gaps for DNA duplexes due to bridge specificity are in the range
of 0.05 eV. The (constant) electronic matrix elements and
the (approximate) energy gaps account for gross features of
sequence specificity of the superexchange hopping rates and
of the thermal injection rates in TIH. Regarding the mechanism
of side reactions, we do not consider explicitly the possibility
of hole trapping via proton transfer36 as a distinct process for
the general reaction with water, which may depend on proton
concentration. Considering parallel superexchange and TIH, we
assert that the dominance of the superexchange contribution will
be determined by the condition

where the G‚‚‚G superexchange electronic coupling is

whereV(G - X(1)), V(X(j) - X(j+1)) and V(X(n) - G) are the
nearest-neighbor matrix elements in the duplex G+X(1)X(2)X(5)‚‚‚
X(n)G, which were calculated by Voityuk et al.22 The energy
gaps∆(G - X(1)), with X(1) ) T or A, are taken as∆(G-T) )
0.6 eV (from redox potential data) and∆(G - A) ) 0.22 eV
(following the analysis of section III). From Table 1 we conclude
that the superexchange mechanism dominates, according to
eq 20, for the G+(T-A)nGGG duplexes (n ) 1-4) studied by
Giese et al.8 For these systems the superexchange coupling
|Vsuper|2 exhibits an exponential dependence on the bridge length
n () 1-4) and on the G‚‚‚G distance (Table 1 for|Vsuper|2)
in accord with the experimental results.6,8 The analysis of
Table 1, which solely considered intrastrand coupling, should
be extended for G‚‚‚G superexchange-mediated interstrand

coupling5h,11,22via short bridges. Time-resolved experimental
data for hole transport, in the presence of a site-specifically
bound methyltransferase M‚HhaIQ237W mutant,5i revealed that
the observed hole-transport rate (k ) 5 × 106 s-1) between the
initial and the terminal G is higher by 2 orders of magnitude
than that inferred from sequential intrastrand G‚‚‚G hopping
steps for superexchange in this system.5i,37 These interesting
experimental results5i are compatible with a sequential multistep
interstrand hopping mechanism37 with the rate-determining
superexchange rates beingk = 1.2× 106 and 2× 106 s-1,37 in
reasonable agreement with experiment. Thus, for short (T-A)n

(n e 4) bridges intrastrand or interstrand superexchange prevails.
For longer G+(A)nG (n J 3) and G+ATAT- -G duplexes (n J
4) the TIH mechanism will set in (Table 1), provided that the
relative chemical yield is sufficiently high. For the G+ATATG
duplex, where the chemical yield is 3%,8 about 35% of the
transport will occur via TIH. Bridge specificity for TIH is
manifested by a marked difference between long G+ATAT ‚‚‚G
and G+TATA ‚‚‚G duplexes. While for the G+ATATGGG
duplex8 the TIH is effective, for the G+TATATAGGG duplex30b

less effective TIH involves intrastrand G+A hole injection
mediated by a T nucleobase or interstrand direct G+A injection.

The experimental implications of the TIH mechanism ad-
vanced and analyzed herein are of considerable interest. While
for the short G+(T-A)nG (n < 4) duplexes hole superexchange
between guanines prevails in accord12,13with the experimental

(35) Cheatham, T. E., III; Kollman, P. A.Annu. ReV. Phys. Chem.2000,
51, 435-471.

(36) Steenken, S. F.Free Radical Res. Commun.1992, 16, 349-356.

(37) Although intrastrand electronic coupling in DNA duplexes domi-
nates the superexchange interactions,22 eq 21, interstrand superexchange
(or direct) electronic coupling can be sufficiently strong to warrant
interstrand G‚‚‚G hole hopping.22 The recent experimental results of Barton
et al.5i provide evidence for sequential, interstrand hole transport. Time-
resolved hole transport via guanines in the presence of a site-specifically
bound M‚HhaIQ237W mutant was studied in the duplexes5i

(where the G nucleobases were labeled consecutively). As noted by Barton
et al.,5i their experimental ratesk ) 5 × 106 s-1 (for n ) 0-2) cannot be
reconciled with the intrastrand, sequential, superexchange hopping rates,
e.g.,

G1
+ 98

k13
G3

and

G3
+ 98

k36
G6

for n ) 1. According to the time-resolved data of Lewis et al.6e,f and
their distance dependence6e,f the rate-determining step is expected to be
k36 ) 5 × 104 s-1, which is by 2 orders of magnitude lower thank. These
experimental results5i are compatible with a sequential G-G nearest-
neighbor, interstrand hopping mechanism. For the duplex given above5i (with
n ) 1) the superexchange (or direct) electronic couplingsV for the individual
hole-hopping steps were calculated using the matrix elements computed
by Voityuk et al.,22 being given by: (a) G1

+ f G2, |V| ) 4 × 10-2 eV;
(b) G2

+ f G3, |V| ) 3.8 × 10-3 eV; (c) G3
+ f G4, |V| ) 2.9 × 10-3 eV;

(d) G4
+ f G5, |V| ) 1.9 × 10-2 eV. As k(R) ∝ V2 (R ) a, b, c, d), we

infer that the direct interstrand hole-transfer rate, reaction a, is the largest,
being higher (by a numerical factor of∼4) than the rate for the intrastrand
transfer rate, reaction d. The rate-determining steps involve the interstrand
hopping reactions b and c. The rates for these two slowest reactions were
estimated from the experimental result of Lewis et al.5e,f k(d) ) 5 × 107 s-1

scaled by the ratio of the corresponding|V|2 values, which result ink(b) )
2 × 106 s-1 andk(c) ) 1.2× 106 s-1. Accordingly, the composite interstrand
hopping mechanism accounts well for the experimental data,5i providing
rate-determining rates in reasonable agreement with experiment and
accounting for the weak distance (n) dependence of the rates.5i From the
point of view of general methodology, the calculations of the electronic
superexchange coupling for the individual rates given above, result in
relatively high values (∼1/25-1/35) for the “penalty factor”5i for interstrand
hole crossing for the G(2)‚‚‚G(3) and for the G(3)‚‚‚G(4) superexchange
coupling, while for the direct interstand G(1)‚‚‚ G(2) coupling no penalty
exists.

Table 1. Crossing from Superexchange to TIH in DNA Duplexes

duplex
∆(G-X(1))

(eV)
|Vsuper|2
(eV2)

|V(X(2) - X(1))|2
exp[-∆(G - X(1))/kBT]/

(n2/2) (eV2)

G+TG 0.6 3.8× 10-4 4.6× 10-17

G+TTG 0.6 2.6× 10-5 2.3× 10-17

G+ATG 0.22 3.3× 10-5 3.7× 10-7

G+ATTG 0.22 2.3× 10-6 1.6× 10-7

G+ATATG 0.22 1.7× 10-7 9.2× 10-8

G+AG 0.22 3.9× 10-4 7.4× 10-7

G+AAG 0.22 1.9× 10-5 3.7× 10-7

G+(A)3G 0.22 9.0× 10-7 1.6× 10-7

G+(A)4G 0.22 4.3× 10-8 9.2× 10-8

G+(A)5G 0.22 2.1× 10-9 5.9× 10-8

|Vsuper|2 > |V(X(2) - X(1))|2 exp[-∆(G - X(1))/kBT]/(n2/2)

(20)

Vsuper)
V(G - X(1))V(X(n) - G)

∆(G - X(1))
∏
j)1

n-1 V(X(j) - X(j+1))

∆(G - X(j))
(21)
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data,8,30 for longer (T-A)n bridges (n J 4) the TIH process
may take over. We now distinguish between G+‚‚‚G long-range
transport induced by hopping superexchange steps through
moderately short (T-A)n (n < 4) bridges,5-9,12,13,20,30and very
long-range transport induced by TIH via long (A)n (n J 4)
chains considered in the present work. In view of the moderate
G-A energy gap (∆ ) 0.21-0.24 eV inferred in section III)
the TIH process for (A)n bridges will be effective, if the reaction
with water is sufficiently slow. This conclusion is in accord
with the experimental data of Schuster et al.9c-f and with the
experimental results of Barton et al.5g-h for which hole transfer
between (G)l bases separated by very long (T-A)n bridges (n
) 5-10) were reported. A careful examination is required to
assess whether these experimental data5,9 are due to TIH via A
bases. Three questions arise in the context of the involvement
of A bases in TIH (with endothermic hole injection from G to
A) in G+(A)nG duplexes. First, what is the interplay between
superexchange through short (A)n bridges, and TIH through long
(A)n bridges? Second, what are the mechanistic issues of bridge
specificity for TIH through long (A)n bridges? Third, is TIH
induced through long (A)n bridges amenable for experimental
observation? Following the analysis based on eqs 20 and 21
regarding the “transition” from superexchange to TIH we infer
from the data in Table 1 for G+(A)nG duplexes that the TIH
mechanism may set in forn > 3-4. In the context of
mechanistic issues of bridge specificity for TIH via (A)n bridges
in (T-A)n duplexes (n J 4), we have to consider both
intrastrand and interstrand electronic coupling and hopping
between nearest-neighbor A nucleobases. Quantum mechanical
calculations of the electronic coupling matrix elements22 reveal
that the A-A couplings are unique in the sense that the
intrastrand and interstrand couplings are about equal.22 We infer
that effective zigzagging,11 that is, switching between A
nucleobases in the two strands in long (T-A)n duplexes may
occur, with the overall TIH via the (A)n bridge being nearly
invariant with respect to the base ordering within the (T-A)n

duplex. As every Watson-Crick pair contains either a G or an
A nucleobase, a marked erosion of sequence specificity for hole
transport via TIH in large (A)n chains is expected. Concerning
the realization of an effective TIH mechanism for long (A)n

bridges, the water reaction should be relatively slow. Relying
on eq 19 we conclude that this situation will be realized for the
energetic parameter∆ ) 0.21 eV (section III) forkd/km < 2 ×
10-4. The required value of the chemical reaction rate is rather
low, being lower than the value ofkd/km = 10-3 deduced from
the analysis of Giese’s data (at pH) 7). Raising the solution
pH may changekd,26 rendering an effective TIH process through
the long A bridge. In view of quantitative differences between
the chemical yield data reported by Giese et al. under different
experimental conditions,8,26 and between the data of Giese8,26

on one hand, and those of Barton,5g-h and of Schuster,9c-f on
the other hand, there is a distinct possibility of chemical control
of the reaction of G+ with water, as well as of the modification
of the energy gap∆ for TIH. We note two possible elements
of chemical control which may enhance TIH via long (n > 4)
(A)n bridges: (i) lowering the energy gap∆ by changing the
solution composition, for example, the ionic strength; (ii)
decreasing the reaction ratekd of the parallel reaction with water
by changing the solution composition, for example, the pH. The
issue of the chemical control of TIH through long (A)n bridges
by changing the solution composition is of considerable interest
and should be subjected to experimental scrutiny.

The confrontation of our analysis of TIH via (A)n bridges
with the experimental reality of hole transport in DNA duplexes

in water5-12,19,20is now in order. In the long-range hole trans-
port experiments of Schuster et al.9 most of the duplexes
studied involve a GG donor and acceptor separated by
G(T-A)mG(T-A)m′G(T-A)m′′ bridges wherem, m′, m′′ e 4,
so that there are enough closely spaced G bases for super-
exchange mediation of the individual G‚‚‚G hopping steps.
An interesting exception is the effective transport through the
(GG)AAATTGATTA(GG) segments,9c-f where the five-
membered AAATT bridge is ineffective for superexchange and
may be operative by TIH, provided that the chemical constraints
are adequate. In the recent experiments of Barton et al.5g,h long-
range hole transport through long adenine bridges in G+(A)nG
duplexes (n ) 4-10) was reported, revealing that for these long
adenine chains the superexchange mechanism is inapplicable,
both quantitatively (i.e., the observation of high chemical yields
at the distal site) and quantitatively (i.e., a weak (A)n bridge
length dependence of the relative chemical yields).5h The shallow
distance dependence of the guanines’ oxidation ratio led Barton
et al.5h to propose hole hopping through all the bases (in the
duplex). The TIH process advanced and analyzed herein
provides the mechanism for the long-range, weakly distance-
dependent hole transport over long (n J 4) adenine chains, in
accord with the experimental observation and interpretation of
Barton et al.5h The fingerprint of the TIH mechanism is the weak
distance dependence of the hole-transport rates and of the
relative chemical yields. The analysis of the TIH rates (section
II) provides an algebraic diffusive type (n-2) distance depend-
ence ofkTIH. An analysis of the distal/proximal G+ yields (ψ)
in G+(A)nG and G+(A)nGGG duplexes (to be published else-
where) results in a very weak distance dependenceψ ∝ n-R

(0 e R e 1). This predicted shallow distance dependence for
TIH provides an overall picture, which is in qualitative
agreement with the experimental results.5h Details of variations
of ψ with sequence (A)n bridge and length were attributed5h to
conformational dynamics,5h,22,35which may modify electronic
couplings,22 energy gaps,12c,17,18and nuclear Franck-Condon
factors, and which deserve further theoretical and experimental
explorations.

Another interesting distinct aspect of charge transport in DNA
pertains to “one-dimensional” conductivity in the double helix.
Measurements on small clusters of duplexes using tungsten tips3h

and nanoelectrode assembly,3i as well as studies of conductivity
in λ DNA,38 fail to give consistent results. What is interesting
in the context of our analysis of TIH is the possibility of
thermally activated hole-hopping conductivity from G+ to An

chains, which will be characterized by an activation energy of
∆ = 0.25 eV. This small energy gap is considerably lower than
the valence-conduction HOMO-LUMO electronic band gap of
5-6 eV expected in proteins and in DNA.38a,39Recent experi-
mental data on the temperature dependence of microwave
electrodeless conductivity in DNA38a report an energy gap for
hopping transport inλ-DNA in the range 0.30-0.33 eV, which
is close to the G+ - A energy gap for TIH inferred by us.
However, we still have to reserve judgment concerning the
applicability of our theoretical framework for the interpretation
of these conductivity experiments.

We made progress in the characterization of a new TIH long-
range transport regime and in the specification of the conditions
for its realization in real life, which calls for further experimental
and theoretical work in this fascinating field.

(38) (a) Tran, P.; Alavi, B.; Gruner, B.Phys. ReV. Lett.2000, 85, 1564-
1567. (b) de Pablo, P. J.; Moreno-Herrero, F.; Colchero, J.; Gomez Herrero,
J.; Herrero, P.; Baro, A. M.; Ordejan, P.; Soler, J. M.; Artache, E.Phys.
ReV. Lett. 2000, 85, 4992-4993.

(39) Bixon, M.; Jortner, J.AdV. Chem. Phys.1999, 106, 35-202.
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Note Added in Proof

After this paper was submitted for publication, Giese et al.
[Nature2001, 142, 318-320] studied hole shift in G+(T-A)n-
GGG (n ) 1-16) duplexes, providing compelling experimental
evidence for the “transition” between the superexchange (n )
1-3) and the TIH (n ) 4) mechanisms, which was theoretically
modeled herein.
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Appendix A: Kinetic Schemes for the Superexchange
and for the Sequential Mechanism

The kinetic matrix of the rate constants for the superexchange
unistep process, eq 8a, is given by

The concentration of the two species a and b, represented by
the vector

obeys the relation

with the initial condition a(t ) 0) ) 1. The yields of the water
reaction for the species a and c are given by

From eq A3 we obtain by inversion the chemical yieldsYa and
Yc, eq 9.

The kinetic matrix for the sequential mechanism, eq 11a is
given by

We refer to the concentrations of three species, by a, b, and c,
represented by the vector

which obeys the equation

with the initial condition a(t ) 0) ) 1.
The yields of the water reaction for the species a, b, and c

are given by by eq A3 forYa andYc and by a similar equation
for the yieldYb for the species b,

The ratioYc/Ya between the yields of the terminal and the initial
GGG groups is then obtained by eq 15. In this simplified scheme
the ratioYc/Ya depends only on two parameters:ê ) kd/k and
the energy gap∆.

Finally, we consider the kinetic treatment of the proximal
and distal GGG triplets in duplex (I). The triple guanine 5′-
G1G2G3-3′ was treated as one entity. This is possible if fast
equilibration between the three G radical cations prevails. Let
us assume that the oxidation potentials of G1 and G2 are the
same but that of G3 is higher by the energyδ. This is in accord
with quantum mechanical calculations17 which show that the
energies of the triplet G constituents in the 5′-3′ direction are
0.03-0.001 eV for G1

+, 0 eV for G2
+, and 0.13-0.27 eV for

G3
+. Assuming a thermal equilibrium between the three G and

writing [GGG+] for the total concentration, we get for the
concentration of G3

The rate from G3
+ to the intermediate is written askp[G3

+]
which, when written in terms of the total concentration, is

The rate from the intermediate back to the triple (or, equiva-
lently, to G3

+) is k-[X+]. The ratio kp/k- ) exp{-(∆ - δ)/
kBT}, and therefore the ratio between the effective rate constants,
is

In the terminal (GGG)+ the closest G+ has the lowest energy
(being on the 5′ side). Its concentration is 1/(2+ exp{-δ/kBT});
therefore, also for the last part of the reaction scheme the
effective rate constants ratio is the same as before in eq A11.
In principle, all the details can be lumped together into an
effective free energy gap. Of course, we have to assume that
the electronic couplings are not affected by directional asym-
metry effects.

JA010018P

K ) (-(k1 + kd) k1

k1 -(k1 + kd) ) (A1)

v ) (a(t)
b(t) )

dV/dt ) KV (A2)

Ya ) kd∫0

∞
a(t)dt ) kd[∫0

∞
exp{K t} dt]1,1 ) kdK1,1

-1

Yc ) kd∫0

∞
c(t)dt ) kd[∫0

∞
exp{K t}dt]1,2 ) kdK1,2

-1 (A3)

K ) (-(k + + kd) k- 0
k+ -(2k- + kd) k+

0 k- -(k+ + kd)
) (B2)

w ) (a(t)
b(t)
c(t) )

dw
dt

) Kw (A5)

Ya )
k+k- + 2k-kd + k+kd + kd

2

2k+k- + 2k-kd + 2k+kd + k+
2 + kd

2
(A6)

Yb )
k+

k+ + 2k- + kd
(A7)

Yc ) k2

2k2 + 2k-kd + 2k+kd + k+
2 + kd

2
(A8)

[G3
+] )

exp{- δ
kBT}

2 + exp{- δ
kBT}

[GGG+] (A9)

kp[G3
+] ) kp

exp{- δ
kBT}

2 + exp{- δ
kBT}

[GGG+] ) k+[GGG+]

(A10)

k+

k-
)

exp{- ∆
kBT}

2 + exp{- δ
kBT}

(A11)
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