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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 irbdodge—
acceptor systems, which are characterized by off-resonance-dondge interactions (energy gaye > 0),
involving thermally activated donetbridge charge injection followed by intrabridge charge hopping. We observe
a “transition” from superexchange to TIH with increasing the bridge length (i.e., the nuxbkthe bridge

constituents), which is manifested by crossing from

the exponextd®#pendent doneracceptor CT rate at

low N (< Nx) to a weakly (algebraicN-dependent CT rate at hidkh (>Nx). The “critical” bridge sizeNy 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 (GGGTTXTT(GGG) duplex (X= G, azadine?d), and adenine (A)) studied by
Nakatani, Dohno and Saitd.[Am. Chem. SoQ00Q 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 (GG&)A =

0.21-0.24 eV for X= A, A = 0.10-0.14 eV for X=

ZA, and A = 0.05-0.10 eV for X= G. We further

investigated the chemical yields for long-range TIH in KEQ(G) (I = 1-3) duplexes, establishing the
energetic constraints (i.e., the donor (G) bridge base (X) energy gap), the bridge structural constraints
(i.e., the intrabridge XX hopping rateskm,), and the kinetic constraints (i.e., the r&tefor the reaction of

(G),* with water). Effective TIH is expected to prevail far < 0.20 eV with a “fast” water reactiorkg/km =

107%) and forA < 0.30 eV with a “slow” water reactiork{/k, =~ 1075). We conclude that (T,)bridges (for

which A = 0.6 eV) cannot act in TIH of holes. From an analysis based on the energetics of the electronic
coupling matrix elements in §T—A)(GGG) duplexes we conclude that the superexchange mechanism is
expected to dominate far = 1—4. For long (A), bridges ( = 4) the TIH prevails, provided that the water
side reaction is slow, raising the issue of chemical control of TIH through longk#dges 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 repdir,

novel research areas of the dynamics, response, and functio

of nanostructures and biosensors are emergiDilA-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 conductin
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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-
tians’ 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-
%on, that is, the propagation of the radical cation along the
duplex4~12In view of the hierarchy of the oxidation potentials
of single nucleobases in solutitdnand of the ionization
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potentials of single nucleobades!” and of nucleobases in  (whereN is the number of the bridge constituents~ 1—-2,
duplexed’ (G < A < C,T), it is inferred that hole hopping andkthe interbase hopping rate). This picture is in accord with
occurs between guanine (G) nucleobases. Computationalexperimental results for charge transfer in organized molecular
resultd-18 show that G nucleobases act as “resting” lowest- system$* and hole shift in the GTTGTF-GGG DNA du-
energy states for holes in DNA duplexes, while GG and GGG plexes® The theoretical description of hole transport brought
fragments act as hole traps in DNA, in accord with the together superexchange mediation and hopping, with the
experimental dat&®8°Experimental evidence for long-range individual hopping rates between the guanine sites in GX¥
(distance scale 56300 A) hole transport in DNA stems from  (with X, Y = T, A) being superexchange-mediated through the
chemical yield data induced by hole shift or injection, as reported bridging of (T—A) groups. The hopping rates were described
by Barton et al®, Giese and Michel-Beyerle et 8land Schuster  in terms of the nonadiabatic charge-transfer thébmyhich is

et al.? triggering “chemistry at a distance”. The interrogation determined by electronic couplings and nuclear Frai@tndon

of individual elementary steps of charge injection, trapping, factors. The contributions of intermolecular nuclear distortions
hopping, and recombination, and their lifetimes in (intercolated, to the Franck- Condon factor in a one-dimensional model corre-
substituted, or capped) DNA was accomplished utilizing the spond to the polaron picture invoked for charge transfer in
arsenal of (nanosecond to femtosecond) time-resolved spec-DNA.23 Both intrastrand hole hopping (in th&-6XY/---G-3

troscopy, as reported by Wasielewski and Leigwail and
Barton!® and Michel-Beyerl& and their colleagues.

On the theoretical frontl~1321-23 the concept of (doner
bridge) energetic control in DNA, advanced in 199grovided
a unified description of the “transitiorfrom off-resonance,

duplex) or interstrand hole hopping (in thé-GXY---G-5
duplex, induced by the zigzagging mechaniSntan prevail.
Analytical kinetic models based on the superexchange-mediated
hopping picture were utilizédto account quantitatively for the
bridge-size dependence of the chemical quantum yields for long-

superexchange induced, short-range unistep charge transfer, téange hole shift in the g(T)mG]«(T)nGGG duplex over the
resonance coupled, long-range multistep charge-hopping transG'++*GGG distance scale of 30 A (m= 2,n = 0-3). A

port. The quantitative analysis of long-range charge hopping theoretical framework for the quantum mechanical rate expres-
predicted the breakdown of the conventional unistep charge-sion was advanced to describe the elementary rates for hole

transfer ratekct O exp(—SR) (whereR is the donofr-acceptor
separation) being replaced by an algebraic reldtigr= kN~
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injection/shift/hopping/trapping involving G nucleobases (sepa-
rated by A groups) in DNA. Individual steps of hole transfer,
hopping, and trapping were quantified by the calculation of

(18) In view of recent theoretical calculations of the ionization potentials
of nucleobases and trimer duplexéd’ the energies of the ionic states
reported by Saito et &F seem to be too large. The energies relative to
(GGG)" calculated by Voityuk et a7 are: E(TG'T) = E(GGG)")] =
0.29 eV (as compared to 0.76 ¥yand [E(TA'T) = E(GGG)")] = 0.75
eV (as compared to 1.48 &§). These gas-phase energetic valdisgould
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, being close to the difference of 0.4 eV between the redox potentials
of the two nucleosides in a solutidh.Regarding the energetics of hole
trapping by G doublets and triplets, the recent theoretical calcultions
give for the energy gap betweehAGTA-3' and B-AGTG-3, AE = 0.13
eV, while between 3AG*A-5' and 3-G'GA-5, AE = 0.1 eV. The
difference between these twkE values manifests directional asymmetry.
The kinetic analysis based on the rates of hole trapping/detrapping in the

AG*AGG % GA(GG)"

systen§f gives for the free energy for hole trapping by GG the value
AG = kgT In(k/k-t) = 0.053 eV. For hole trapping/detrapping in the

G'A(GGG) % GA(GGG)

system, a kinetic analysis givesG = 0.077 eV, while an analysis of
quantum yield daféc resulted inAG = 0.062 eV. For hole trapping/
detrapping in the

G+T(GGG)% GT(GGG)

system, quantum vyield data result XG = 0.096 eV. These values of
AG are lower than the calculated gas phase energéidatal’ but exhibit

the same bridge specificity on the energetics. In any case, GG and GGG
involve shallow hole traps.
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electronic coupling matrix elements between nearest-neighbor N X TUNITS
nucleic base%?

The concept of energetic control is strictly valid only at X oo
sufficiently low temperatures. The issue of the “transition”
between superexchangAE > 0) and sequentialAE < 0)
charge transfer was addressed for localized charge transport in
small energy gap model systet?s¢ and for quasifree electron AE
tunneling in hydrocarbor®d For off-resonance donetbridge
coupling in DNA (AE > 0), thermally activated charge injection
from G*, (GG)", or (GGG) into some nucleobases of the
bridge (which are characterized by a higher oxidation potential), k,
followed by multistep hopping among the bridge constituents, d e
can occur at finite temperatures. The mechanism of thermal Figure 1. A kinetic-energetic scheme for the TIH mechanism in the
donor-bridge excitation followed by hopping within the bridge  donor-Xy—bridge acceptor system. Horizontal lines depict energy
in DNA was introduced by u¥® Giese and Spich# proposed levels with donot-bridge energy gap\E and the bridge-acceptor
that thermally induced hole injection from*Go A might occur. energy gapAE. The arrows represent individual rates for charge
The thermally induced hopping (TIH) process occurs from the injection (), recombination K-,), hopping K), trapping k), and
vibronic levels of the hole donor manifold at energies AE. detrapping K-). The unistep doneracceptor superexchange rate is
The TIH occurs in parallel with the unistep superexchange denoted byksuper
tunneling (from the lowest vibronic levels < AE of the hole system with X= G, 7A, A,3! TIH occurs and X constitutes a

donor manifold) through the bridge to the final hole acceptor. (g4 chemical intermediate, reached by thermally activated hole
The dominance of either TIH or of superexchange will be hopping from (GGGY. We present a kinetic analysis of hole
determined by the nature of the bridge, that is, the energetics,hopping in the GGGTTXTTGGG system, where we consider
the electronic co_uplings, the elementary hopping rates, and_thethe competition between unistep superexchange and TIH and
nunrberl')?f constltluefnts. The fsaturles cf)f T”: are general, being gstaplish the conditions for the dominance of the TIH. Model
applicable not only for DNA, but also for charge migration in calculations of hole hooping i +
: pping in (GXn(G);, (G) (TX)nTX(G)1,

large-scale chemical systems, for example, the deaoceptor | (G] (TTX): TTX(G), duplexefl(; 1-3) alnd thgir depen-
Egr%n?efg@pgllydmiﬁr%ioﬁju?galass sczggr;g)gngolme donacceptor dence on the 6X energy gap and the reaction rate of @ith

P ’ 9 y water (section IV) establish the conditions for long-range TIH

In this contribution we advance and explore the TIH mech- i, pNA with possible applications for the role of A nucleobases
anism and its implications for charge transport in DNA and ,q nole carriers in a thermally activated process.

large-scale chemical systems. The general characteristics of the

competition between TIH and superexchange are presented in|. The Crossing from Superexchange To Thermally
section Il. Our analysis reveals the crossing between unistepinduced Hopping

superexchange mediated charge transfer and multistep TIH at
a “critical” value of the bridge size. In the case of hole migration ST .
in DNA the semiquantitative model for the competition between gapAE, which implies the occurrence _of_unlstep superexchange
superexchange and TIH has to be supplemented by the role oifor AE > 0, has to be extended at a finite (room) temperature,

the parallel side reactions of'Gand (GGG} radical cations when_AE >_kBT af“?' when the numbei of the n_ucleobases in
with water5893031which involve a major depletion channel the bridge is sufficiently large. Under these circumstances the

for the hole charge carriers in DNA. Experimental evidence for S“Pefeﬁ’h‘?‘“ge rateupe_rD exp(—ﬁn) (wheref = SR With Ro

TIH in DNA duplexes is obtained from our analysis presented being the 'T‘""?‘base distance) is overcome by. dobarige

in section 111 of the recent experimental results of Nakatani, thermal excitation followed by hopping via the bridge. We shall
Dohno, and Saifé on hole transfer in the duplex-BGG- now establish the energetic and bridge specificity constraints

TTXTTGG-3, where X= guanine (G), azaguaninég), aza- for the prevalence of the thermal-excitation/hopping scenario,
adenine 7A) "and adenine (A). In this well-characterized Which is referred to as the TIH mechanism. For the case of a

system, Nakatani et &have found that when X constitutes a cursory analysis we present_a unified picture for bof[h electron
low-oxidation potential base, the rate of hole exchange between(Cr hole) transfer/iransport in a large-scale chemical model
the two GGG triplets is enhanced. We propose that in this SYSt€mM d(Xja, where d, a, and X represent the donor, acceptor,
and bridge molecular elements ané& > 0. In these systems
(25) (a) Kuhn, O.; Rupasov, V.; Mukamel, 8. Chem. Phys1996 thermally induced hole injection from d to the bridge can occur
104, 5821-5833. (b) Okada, A.; Cherryak, V.; Mukamel, $. Phys. in parallel to superexchange (Figure 1).

Chem. A1998 102, 1241-1251. (c) Felts, A. K.; Pollard, W. T.; Friesner, ; ; ;
R. A.J. Phys. Cheml995 99, 26252935, (d) Segal, D.; Nitzan, A.: Davis, Consider first the TIH process. The rates of thermally induced

X <k x _k x Lk

sy —_— .

k k k

The concept of energetic control for the donbridge energy

W. B.; Wasielewski, M. R.; Ratner, M. Al. Phys. Chem. R00Q 104, charge injection (shiftk; and charge recombination (backshift)
3817-3829. k_; are related by a detailed balance

(26) Giese, B.; Spichty, MChem. Phys. Chen200Q 1, 195-198.

(27) (a) Isied, S. S.; Ogawa, M. Y.; Wishart, J.Ghem. Re. 1992 92, — — -
381-394. (b) Ogawa, M. Y.; Moreira, |.; Wishart, J. F.; Isied, SChem. K=kik = exp(-A-kKgT) 1)
Phys.1993 176, 589-600. ) _ _ )

(28) Page, C. C.; Moser, C. C.; Chen, X.; Dutton, D.Nature 1999 These reactions are followed by hole hopping (with symmetric
40%23)7;21$tlwick B.; Bieser, B.; Langenbecher, T.; Muller, D.; Richter, M.; ratesk), hole trapping (raté), and detrapping (rate-,). The
Ogrodnik, A.; Scheer, H.: Miéhel-Bgyerle, M. ’Bj'c;phys_ J199772.8. TIH process from d to a can be characterized by the overall

(30) (a) Saito, I.; Nakamura, T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi, rate
K.; Sugiyama, HJ. Am. Chem. So&998 120, 12686-12687. (b) Nakatani,
K.; Dohno, C.; Saito, 1J. Am. Chem. S0d.999 121, 10854-10855. Kk

(31) Nakatani, K.; Dohno, C.; Saito, J. Am. Chem. So200Q 122, k-|-|H ==

T——— 2
5893-5894. N(K/k; + N/2) @
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Equation 2 holds under the conditiohs > 1 and ki/k—; = T P L
BT > 1, whereAE, is the bridge-acceptor energy gap (V)= 0.05V i A
(Figure 1). The ratio of the rate constants in eq 2 is taken as 1- 1 A
k/ke = exp(—AE4/2ksT). Equation 2 exhibits an algebrahd .
dependence. For an effective sink, thatki$; < N/2, kny O 102 4 |
1/N?, manifesting diffusive motioA* Equation 2 is recast in 0.10
the form %
F104- —
Kru/k = exp(—AE/kB'D/(NZIZ) (2a) {
£10%- .
Making contact with quantum mechanical expressions for the o
hopping ratesk, we get 108 4
k= (27/h) V(X — X)[°F ®) . :
1095 5 10 15 20

whereV(X — X) is the electronic matrix element for nearest-
neighbor charge transfer between adjacent X molecular element

and F is the nuclear FranckCondon factor for symmetric ﬁzigure 2. The crossing of the donefacceptor charge-transfer rate from

superexchange to TIH in doneKy—acceptor systems with increasing

hopping. ) ) the bridge size. The lines marked by super reprdsggtk, while those
The unistep superexchange mechanlsm operates in parallelarked by TIH represer/k. The energy gaps are:+{) AE = 0.4
to the TIH. The superexchange rate is eV, (---) AE=0.2 eV and £) AE = 0.1 eV. The nearest neighbor

electronic couplings ar&/[0= 0.05 eV. The “transition” alN = Nx
N—1r, occurs at the crossing of the two lines for fixed valued\& and [V [
rmF,(Nz2) @ The insert shows the dependenceNgfon [V Jat AE = 0.2 eV.
. . OnAE (e.g., forl[0= 0.05 eV,Nx = 4—6 for AE = 0.1-0.4
V(d — X) and V(X — a) are the nearest-neighbor electronic g\ This pattern reveals a mutual cancellation due to the
matrix elements between & X and X — a, respectivelyr lowering of both superexchange and TIH contributions with
represents the reduct|on_ factor of th(_e rate upon the addition OfincreasingAE. On the other handyy reveals a strong depend-
an extra group to the bridge, which is given by ence onV(insert to Figure 2), manifesting the enhancement
of the superexchange contribution with increasikgl
The foregoing discussion of the doreaacceptor 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 cationﬁ,QG)|+ (I =2,
Keoofk = N (6) 3)58.9.30.31gnd possibly also of A8 with water. Quantitative
upe information on the relative rate for the reaction of" @Gnd
wherer = (IVIAE)2. In Figure 2 we compare the exponential (QGGY with water was im_‘erre_d from the analySisf chemical
N dependence dé.pefk, €q 6, with the algebrail dependence  Yield data for hole hopping in GTGTT-GGG duplexes,
of kru/k, eq 2a. The crossing between superexchange andwhlchlwnl be ut|||z§d in the subsequent analysis. AIIthg current
thermally induced hopping will occur &t = Nx. Ny is given, experimental studié$°303lof long-range hole transport in DNA
using egs 2 and 6, from the relation a_rée base(;i_ on the measurement of the chemical yields for the
side reaction.

e R

r= V(X — X)/AE]? (5)

and AE is the X — d energy gap. FinallyF' in eq 4 is

the nuclear FranckCondon factor for the superexchange
process, which can be approximated By = F. For model
calculations we take an average electronic matrix element, that
is, V(d — X) = V(X — a) = V(X — X) = [VI The magnitude

of these matrix elements falls in the range calculated for the
nearest-neighbor intrastrand electronic couplings in DR,
Thus we obtain from eqs-3 the simple relation

_ _ 2
Ny = —AB/kgTIn T = In(N5/2)/InT ) [1l. Thermally Induced Hopping in DNA Duplexes

Equation 7, which should be solved numerically, determines  Experimental evidence for the TIH mechanism in DNA

the dependence dix on the donot-bridge energy gapAE), duplexes emerges from the experiments of Nakatani®éffddey
on the electronic coupling¥ ) and on the temperature, with  reported the ratios of yields between cleavage on the distal/
Nx increasing with decreasing proximal G triplets in the
The general features of charge transfer/transport in organized
chemical system&,in biophysical systeni&2° and in DNA, (GGG)*TTXTT(GGG) duplex 0)

which emerge from this analysis, involve an exponenial

dependent superexchange rate at loNé€r Nx), a break aiN as 0.05 for X= A, 0.42 for X = %A, and 0.59 for X= G and

= Ny, followed by a weaklyN-dependent TIH rate fdi > Nx interpreted their significant experimental results in terms of a
(Figure 2). Such a behavior is indicated for charge transfer in unistep superexchange mechanism. On the basis of the com-
long polymer system®’ It will be instructive to estimate the  parison of the experimental results of Nakatani ét alith those
dependence dflx on the energetic and coupling paramet&Es of Giese et alé it appears that the unistep superexchange model
and [V From the model calculations of Figure 2 we note that is inapplicable in the former case. The superexchange rate
for a fixed value offtW[] Nx exhibits only a weak dependence through a five-unit bridge, even if the middle base has a
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relatively low oxidation potential, should be lower than that for

Bixon and Jortner

rate upon the addition of one {1A) element isrt ~ 0.1-0.06.

a four-membered bridge composed of T and A bases. AccordingAccordingly, we expect that; < k(rr)2 anda = ky/k < 1072

to the experimental data of Giese et&ihe relative yield for
hole trapping in the G(T—A)4GGG duplex is 0.03, and the

Thus, the yields ratio, eq 9, is bound by/Y, < (1 + élrf)*l
= 0.11. This upper limit is considerably lower than the

yield decreases by an order of magnitude upon the addition of experimental values of/Y, = 0.42 for X = ZA and Y¢/Y, =

each (F-A) bridge element, in accordance with theoretical
estimate® of the reduction factorr = 7 x 1072 for the rates

0.59 for X = G. Next, we consider the situation for % A,
where the donor and acceptor (GGG) groups are separated by

of intrastrand (superexchange-mediated) hole trapping (or five (T—A) units, whereupork; = k(r1)3. Thusa = ki/k =

hopping) upon the additionf@a T (or A) base. Accordingly,
the relative yield for duplex (1) (with X= T or A) is expected
to be about 2x 1073, which constitutes an extremely low
relative yield. This low yield precludes the unistep superex-
change mechanisth for this system, and the experimental
results should be interpreted within the framework of a TIH.
lll.a. Superexchange.The argument concerning the inap-
plicability of the superexchange model proposed by Nakataini
et al3* 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

(GGG)' TTXTT(GGG) :ﬁl(GGG)TTXTT(GGG)*

Lk, ik, ®

This scheme will be recast in the form

ki,
agc——2¢

i
ke ¥ ke (8a)

where &= (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. Hares

102 and Yd/Ya = (1 + &/a)~t = 0.012. This value is lower
than the experimental restiiy,/Y, = 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 (1), with X
= ZA and G, and may make a substantial contribution to the
charge transport for this system for=XA. An alternative TIH
model for charge migration in this system will now be advanced.
lll.b. The TIH Model. The experimental data of Nakatani
et al®! 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 0f=X*G, the hole was trapped
mainly on?G 3! which was proposéd to act as a differential
hole trap, which implies a sequential mechanism rather than
superexchange and requires a very effective internal loss process
in 2G* relative to G". We propose th&G™ constitutes a genuine
chemical intermediate. A plausible interpretation of the experi-
mental result® is that the (free) energy oiG" 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(T?G'T) — E((GGG)") ~ 0 to —0.05 eV andE(TG'T) —

the rate constant for the superexchange in system (1) throughE(T?G*T) ~ 0.05-0.1 eV. For X= G, A* (and also for A) the

the five-base TTXTT bridge. The initial and the final states in

energy gap between (GGGand X is positive, and thermally

eq 8 are taken to be isoenergetic, so that the forward andinduced hole injection between the proximal (GGGp X
backward rates are taken as equal. It will be useful to expressoccurs, followed by trapping from Xto the distal GGG. In
ky in terms of the (superexchange mediated) hole-hopping rate@ddition, back reactions take place. In parallel, the radical cations

k in the system GTTG, which was studied and analyzed by
Giese et af and by Bixon et all? taking the ratioo. = ky/k.

We expect thaki/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)

react with water. The kinetic scheme for TIH in this system is

(GGG)" ‘['I'X’I”T(GGG):&_(GGG)TTX*’IT(GGG) :<—;>(GGG)TTX'IT(GGG)*
1k, 1k, 1k, an

is treated as a single entity. This approach is discussed andor in a concise form,

justified in Appendix A.kq in eq 8 is the rate for the reaction
of (GGG)" with water. From a previous analy’isve infer that
& = kg/k = 0.08.

k. k_ )
84T)b4k—0

11
Yk, Yk, 4k, (e

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

_oa+é

Ya_2a+§ ©)
o

Y°_2(x~|—§ (10)

The yield ratio for distal/terminal oxidation products is

1

Y= T )

11)

Consider first the situation for X 2A and G. For these low-

oxidation potential constituents we expect that the super-

exchange raté; is lower than the corresponding rate for the
TTTT bridge. From the experimental d&iand the theoretical
analysis!? the reduction factor for the G--G superexchange

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

The unistep hole-transfer reactions between (GG&)d X
are characterized by forward (injection) and backward (back
transfer) hopping ratek; andk- in eq 11, with their ratios
being given by the equilibrium constant

K=k /k_=expA/kgT) (12)

whereA 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 whel\ < A, where 1 is the
medium reorganization energy. Then a rough estimate gives

k. = Cexp[—(1 + A)4ksT] ~ k exp(—A/2kgT) (13)
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Figure 3. The dependence of the chemical yieMs Yy, and Y. for

TIH in the (GGG)YTTXTT(GGG) duplex on the energy gap of TX
relative to (GGG).

whereC is a numerical constant, which contains also the con-
tribution of high-frequency nuclear modes akek C exp(—4/
4ksT) is the symmetric hopping rate (foA = 0). The
recombination rat&_ is given from eqs 12 and 13 by

k_ =k exp(A/2k;T) (14)

Equations 3 and 14 express the injection and recombination rate

in duplex (1) in terms of the symmetric hopping rden the
G'TTG duplex over a bridge consisting of two T bases.

The final termination of the sequential process takes place

J. Am. Chem. Soc., Vol. 123, No. 50, 2361
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Figure 4. The ratios of the chemical yields for the distal/proximal
GGG cleavage in the (GGG)TXTT(GGG) duplex over the range of
the energy gapA = —1000 cm? to 2000 cmit. The two curves
correspond to the water reaction ralg&k = 0.1 andkgk = 0.06, as
marked. The energy gaps of TX relative to (GGG}), which are
inferred from the experimental results of ref 31, are marked by
horizontal lines.

analysis. From Figure 3 we infer that the population of the
intermediate TTXTT state becomes low (i.eY. < 0.1) for
A > 200 cntl. Thus, while the sequential TIH mechanism is
operative forA > 0 at room temperature, the population of the
dntermediate 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)A, A,

by a reaction of the radical cations with the water solvent, which @"d G can now be analyzed in terms of these calculations for

removes the charge from the DNA molecule. Previous andfysis
resulted inkgk = 0.08-0.10. In our “minimal” model, eq 11,

the sequential model (Figure 2), with the realistic val§es
ko/k = 0.1-0.06, to give the following (free) energy gap ranges

we assume that the rate constant for this water reaction has thd@!! refative to (GGG)):

same valueky, 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. XOur model

calculations show that the results for the relevant chemical yield

ratios are not sensitive to the valuelgfk for X* (for A > 0).
Taking kg’k = 0.08-0.10 for the a and ¢ groups akg= 0 for
X, we find that the ratiofy/Y, varied by 5% forA = 0 and by
less than 0.1% foA > 500 cnt! as compared to the results of
the “minimal” model.

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

YJY,=[1+ 25 expA/2ksT) + Eexp(—Al2kgT) + &7 (15)

where& = ky/k.

The dependence of the chemical yields, eqs A6, A7, and A8,

on the energy gap for system (l) is displayed in Figure 3.

E(TA"T) = 1700-1900 cm* = 0.21-0.24 eV
E(T’A™T) = 800-1100 cm* = 0.10-0.14 eV
E(TG'T) = 400-800 cm* = 0.05-0.1 eV

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 (1) for
thermally induced hole hopping from (GGG)TXTT:-- to
(GGG)TTXITT-=- (X = %A, and G). For these bridges,
containing?A 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 (GGQ)in the rangeA = 0.05—

0.14 eV and are reached from the initial (GG®Y an activated
process with a rate given by eq 13. The genuiri@iermediate
is subsequently depleted by an effective hole transfer to the

From these data we can infer that the experimental results forterminal GGG or back to the proximal GGG, so that its yield is

X = 2G81 are consistent witih = —500 cnT? (—0.062 eV) for
which'Y, = 0.85,Y, = 0.05, andY, = 0.1, with the population
of the mediating TIG*TT system being dominant. In this
system withA < 0 trapping by?G with reverse TIH fron¥G™
to GGG does occur. Nakatani et3lprovided an alternative
explanation of their experiment with X ?G in terms of
differential hole trapping, involving relaxation within %"

low (<0.05). The elementary TIH ratds. and k- represent
(GGG)-X superexchange through two T bases. The TIH via
X = G provides new information on the energetics of hole
trapping va a G triplet. (GGG) constitutes a shallow hole
trap from G- (A = 0.05-0.1 eV). This (free) energy gap for
TG™T, relative to (GGG}, is close to the (free) energy gap
E(AGTA(GGG) — E(AGA(GGG)") = 0.077 eV estimated from

intermediate, whose reaction with water is considerably faster the kinetic data of Lewis et &l.and 0.062 eV inferrédc by us

than the water reaction with (GGG)Further experimental and

from chemical yield daf&din the AG"AGGA duplex and to

theoretical work is required to establish whether hole trapping the energy gaje(TGTTGGG) — E(TGT(GGG)") = 0.096 eV

by ?G involves the Nakatafii differential trapping mechanism
(with a positive value ofA) or whether the role ofG was a
thermodynamic hole sink (witih < 0), as obtained from our

estimateé from chemical yield dat&cd
We now refer to hole transfer/transport in duplex (I) with
X = A, where the TIH sequential mechanism resulted in the
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2value of A = 0.21-0.24 eV for (GGG)TTATT(GGG), 0
relative to (GGGYTTATT(GGG). While early estimates of the a=30gemt  Kalky=0.1
energy gape(GtA) — E(GAT), based on redox potential data -0.4 _ G (_TTX)"TTG
in vitro, resulted in a higher value of 0.4 éVthe present -0.8 {2900em
estimate ofA = 0.21-0.24 eV andE(TA*T) — E(TG'T) =~ 4=900cur
0.20 eV constitutes a reliable estimate of the energy gap between w12 4=1200cm!
G*A and GA' in DNA. This result is of considerable interest 1.6
to assess the feasibility of the mechanism of TIH (sections IV
and V). The low experimental value /Y, = 0.05! may '2'8
require the incorporation of the superexchange channel in _ 4=500emt  ky/k,=0.01
parallel to TIH. Our rough estimates (section lll.a) give a = 04 GH(TX),TG
superexchange contribution to the relative yield of2far the > 08
TTATT bridge, whereupon the branching ratio for the super- -%
exchange channel is25% in this system. $ -12 4Z1100em
b
IV. Long-Range Hole Hopping = <16 4=1400cmr!
We explored the dependence of the relative chemical yields '2'3
A=900cm™ | /K =0.001
» = (G)(distal)/(G) (proximal) (16) 04 GX.6
-0.8 A=1200cm!
in the duplex (GJ(TmX)n Tm(G) (withm=2, 1, and 0 andl= 12
1-3) on the bridge length in long DNA duplexes. The proximal A=1500cm !
(G)" and distal (G) constitute the primary hole donor and -1.6
acceptor, respectively. The X bases (with a lower redox potential 2.0 451800cm!
than that of T, but higher than that of (B&ct as hole carriers 0 10 20 30 40

) X A Number of bri
via TIH. The bridge length was specified in terms of the total umber of bridge bases

number of the bridge basesij¢+ 1)n + n], and the energetics ~ Figure 5. Model calculations for the dependence of the relative
of the TX*Tr subunits relative to G was characterized by ~ chemical yieldsy via TIH for the distal/proximal (G) (I = 1-3) in
the energy gap (>0). The kinetic scheme is the duplex ((_B,Jj(TnX)nTm(G) (m =1, 2) on the bridge length (total
number of bridge basesni(+ 1)n + n]. The three panels correspond
to different rates of G with water specified byky/km—2 = 0.1 (from

ref 12),ky/km=1 = 0.01 ancky/km—o = 0.001. The energy gaps are marked

+ ks + kp + ke +
G'¢ . me(l)Tn‘ = 'me(Z)Tm< o = me(n)Tm<

k +
T { G)l

Lk, VK, 1K, VK, g, (A7) on the curves.
The individual hole-hopping ratek, between X:--Xg+1 sensitivity of the results to the variation &f. In this simple
adjacent base$ € 1-++(n—1)), separated bsn T bases, exhibit ~ model (described by eq 17 witky = k) we need only the
the segment length dependerge= kr™2, wherer = 0.1 is energy gap\ and the relative ratky/ky, to express the relative

the reduction factor of the rate upon adding one T base betweenyields. In Figure 5 we present the bridge length dependence of
a pair of adjacent X bases, akd= kn=2) corresponds to the  the relative chemical yieldg for the regular structural duplexes,
hopping rate over two T bases (discussed in section Ill). The with m = 0—2, and for energy gaps in the range= 300—
case of the bridge (X)(m = 0), where the nearest-neighbor 1800 cn! (0.04-0.24 eV). The efficiency (measured in terms
intrastrand electronic coupling matrix elements are large of ) of the long-range transport by TIH decreases with
(~0.03-0.15 e\?223, will be treated in terms of the strong increasingA (Figure 5), reflecting on the inhibition of TIH at
scattering/hopping picture, rather than by the band macééh. large gaps. The dependenceyobn the structure of the bridge
For the bridge elements witm = 1, 2, the (superexchange- (Figure 5) reflects a major enhancement with decreasing the
mediated) electronic couplings between X groups are sufficiently numberm of the mediating T bases (and decreasindff),
small (~103—104 eV) to warrant the applicability of the  with the most efficient TIH being manifested for the neat X
strong-scattering incoherent charge-hopping pictéifé.The bridge.

hole injection ratek; and trapping ratek- are expressed, The model calculations of Figure 5 demonstrate the preva-
following the analysis in section (Ill.b), in the formk, = lence of long-range hole transport via TIH over tens to hundreds
km exp(—A/2kgT) and k- = kg exp(A/2kgT), with ki/k- = of base pairs in regular structures for-% energy gaps lower

exp(—A/ksT). Additional required information pertains to the thanA < 1800 cm! (0.23 eV). To quantify the range of hole
chemical rate constankg andk; for the reaction of G and of transport in these model duplexes we take somewhat arbitrarily
X+ with water, respectively, which are local properties, being the numbem(y) of the bridge bases wheug is in the range
independent of the length of the,Tsegment separating the 3 = 0.1-0.01. In Figure 6 we portray thi(0.05) values for
nearest-neighbor GX and X-+-X bases. On the basis of relative yields of 5%, which are readily amenable to experi-
experimental information fom = 28 the relative chemical ~ mental observatioh®%3034 ong-range transport over 10 bases

ratesky/ky are taken as 0.1 fan= 2 ((G) TTXTT-+-TT(G)), is accomplished for mediators X with = 900 cnv?! for m =
0.01 form = 1 ((G) TXTX+--XT(G)), and 0.001 form = 0 2, A = 1300 cnr* for m= 1, andA = 1500 cnt* for m = 0.
((G)an(G)O- In the absence of information on the ratds The effectiveness of the neat, ¥ridge (n = 0) is reflected in

we shall first takek, = ky and subsequently refer to the Figure 7, where the values ®f for relative yields (_)f 1 and
: : 10% are presented for the (GMG). duplex. TIH (withy =
39(31%)8?:"‘;%;7- L.; Rice, S. A.; Choi, S. 1.; Jortner JJ.Chem. Physl963 0.01) can be accomplished over 100 nucleobases for the energy

(33)Molecular ElectronicsJortner, J., Ratner, M. A., Eds.; Blackwell 2P 0f A = 1000 cn1* (corresponding téA bridge elements
Science: Cambridge, MA, 1998; pp-32. according to the analysis of section Ill.b), and over 13 nucleo-
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Figure 6. The energy gap dependence of the nunilifgr = 0.05) of

bridge bases required for the attainment of the relative chemical yield
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for ky/km @s in Figure 5.
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Figure 7. The energy gap dependence of the nunitigr) of X bridge

bases for TIH in GX,G duplexes fory = 0.01 (marked 1%) and for
y = 0.1 (marked 10%).

bases for the energy gap= 1800 cnt?! (corresponding to the
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Figure 8. The effects of the chemical control of the distal/proximal
G* chemical yields ratioy for TIH in G*X,G duplexes. Model
calculations for the dependence pfon the number n of the bridge
bases are presented for th&XG— GX* energy gap4 = 2000 cnt?
(upper panel)A =1000 cm! (middle panel) and = 500 cn1? (lower
panel), with the ratio&y/kn marked on the curves. Upper panet:-)(
both k; = kg and fork; = 0. Middle and lower panel: «) ky = 0,
(---) k; = 0. The dotted curves-«) represent the approximate
relation fory, eq 18.

system of a GX,G duplex, where the reactivity of the proximal
and terminal G varies in the rang&y/km—o = 1072—107° and
ky = 0. The calculations were performed for large energy gaps
(A = 1000-2000 cn1?l) wherey is independent of the value
of ki, and for smaller energy gapa (= 500 cnt?l) wherey

A br|dge elements according to section |||b) This analysis exhibits adependence m(Figure 8) In generalw increases
demonstrates the energetic constraints for the applicability of with decreasingky/ky, manifesting the slowing down of the
the TIH mechanism under the conditions of the effective reaction parallel terminating chemical reaction.

with water, for exampleky/kn = 1072 and kj = kg for the
(G)Xn(G) duplex.

Itis instructive to go beyond the “minimal” model employed
herein (i.e., the water reaction rate being equal fora®@d X",
that is, kq = kj) and consider the situation where the bridge
radical cations do not react with water (i.&, = 0). From

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

1 = exp(=AlkgT)/(kyk)N()

As is evident from Figure 8, eq 18 constitutes a good description

(18)

model calculations for the kinetic scheme (eq 17), we infer that of ¢ over a broad range dfs values (withk, = kq or O for

for large energy gapé > 1000 cnt! and vy is practically
independent of the value &f (in the range (= kj < kg, while
Ki/km = 1072—107%). This result is due to a very small
population of the bridge X cations. Thus, for (GXn(G)
duplexes with azaadenine bridging bases=XA, for which

A = 1000 cnt?, and with adenine-bridging bases=XA, for
which A = 1800 cnt? (section lIl.b), the reaction of the X
radical cations with water is of minor importance and will not

A = 1000 cntt andk; = 0 for A < 1000 cn1?) in the range
1 < 0.25. Choosing agaitr = 0.1 to specify the spatial range
of TIH, the dependence dfi(0.1) on the relevant parameters
A andkg/kn is given from eq 18 by the simple expression

N(0.1) = [10/(kk,)] exp(—AlkgT)

Equation 19 implies an exponential dependenchl oh the

(19)

be experimentally observed. On the other hand, when the bridgeenergy gapsA/ksT) and an algebraic linear dependencekgn

contains G bases, the energy gap is sm&k<(500 cnt?) and
water reactions of the mediating"@®ridge groups have to be
incorporated in the kinetic analysis (Figures 3.

Of considerable interest is the possibility of the modification
of the ratekq for the reactions of the proximal and the terminal
G cations with water. The chemical ratksmay depend on
the solvent composition and on the pH of the solufibim
Figure 8 we portray kinetic simulations fap in the model

(reciprocal) and orky, (proportional). Most interesting is the
increase of the range for TIH provided that the ratigkn

is sufficiently small. For a large energy gap= 2000 cn1?,

eq 19 gives for the range for hole TIH the valug®.1) =5
for ky/km = 1074, andN(0.1) = 45 for ky/kn = 1075. From the
model calculations for hole TIH in (GITmX)nTm(G) (m=0,

1, 2,1 = 1-3) duplexes at 300 K, the following conclusions
emerge:
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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 byracomponent bridge. From
eq 18 we infer that the energetic onset for TIH (.= 0.1
forn = 5) is A < ksT In(2ky/kq). Accordingly, for the “fast”
water reaction of G, i.e., ky/km = 1072, TIH will be exhibited
for A < 1500 cnt?, while for the “slow” water reaction, that
is, ky/lkm = 1074, TIH prevails forA < 2000 cntl.

(2) Bridge structural constraints for TIH. The increase of the
individual hopping rate&, between the X bases in the bridge
(keepingA andky fixed) results in the increase of TIH in the
form N(0.1) O kn. This relation is adequate for large energy
gaps A > 1000 cnt?) and also for a larger range of > 300
cm~! whenk; = 0. For smaller energy gapa (< 1000 cnr?)
andky = ki, the qualitative behavior is similar, but numerical
kinetic calculations are required.

(3) Kinetic constraints on TIH. The range of hole transport
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endothermic charge transfer to the bridge. The multistep TIH
(induced from higher vibronic levels at energies AE of the
donor manifold) occurs in parallel with unistep superexchange
(occurring from lower vibronic levels at energies< AE 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 syste®fsor biological systems® as
well as for the (sequential-superexchange) primary charge
separation in chemically or mutagenetically modified photo-
synthetic reaction centef&34

The major implications of the TIH mechanism are

(1) The “transition” from unistep superexchange to TIH in a
donor-bridge—acceptor systemAAE > 0) with increasing the
length (\N) of the bridge. The crossing between the super-
exchange, exponentialld dependent rate foN < Nx to an
algebraic weaklyN-dependent TIH rate al > Nx will be

via TIH increases with decreasing the rate of the water reaction €xhibited, with the “critical” bridge sizélx being determined

with the G' cations. For large values f (>1000 cntl), N O

ky*. This result opens an avenue for the chemical control of
the range of TIH by modifyingky through changes of the
solution compositio®

by the strength of the electronic couplings, by the derimidge
energy gap, and by the temperature.

(2) In composite bridges of DNA duplexes, for example,
(GGG)TTXTT(GGG) (X= G, %A, and A)3L hole TIH between

On the basis of the energetic and bridge structural constraintsthe Proximal and the distal (GGG) groups occurs, with X
we assert that effective bridge elements for TIH of holes in Constituting a genuine kinetic intermediate. It is gratifying that
(G")Xn(G) duplexes (= 1—3) will involve X bases withA thg experlmental_results of Nakatanl_ efafor holg transfer in
< 0.25 eV aiT = 300 K. Obviously, T nucleobases, which are this 'dup!gx provide the first ex.perlmental evidence for the
characterized by very high values#f(0.6 eV as inferred from  @pplicability of the TIH mechanism. For X G and”A the
redox potential solution dat®, are precluded to act as effective  1/H channel dominates, while for x= A some contribution
X bridge elements in TIH of holes. These can be present as (~25%) Of the superexchange channel prevails.
bridge structural elements separating the active X bases. The (3) The range of long-range hole hopping via TIH between
active X bases can be G bases scattered among T nucleobasés bases in (§)Xq(G) (I = 1-3) DNA duplexes is determined
with the hole donor/acceptor consisting of (GGG) or (GG) by energetic constraints (i.e., the donor,(S)pridge (X) energy
shallow hole traps (as discussed for duplex (I) in section 1ll). gap A), by bridge structural constraints (i.e., the intrabridge
The X elements can be substituted nucleobases, that is,X—X hopping ratesy) and by kinetic constraints (i.e., the rate
azoadenin@A (with A = 0.1 eV according to section Ill), which  ka for the reaction of the Gradical cations with water).
can induce long-range hole TIH over bridges containint) The TIH mechanism was subjected to a detailed kinetic
bases (for GTT?ATT-:G) to ~100 bases (for GZA),G), analysis. Our model calculations for TIH in DNA (sections IlI
which will be of interest for the response of synthetic nano- and IV) adopted a “minimal” model, neglecting the effects of
structures. The role of the adenine A bases as bridge elementslirectional asymmetfy-22on the electronic couplings and the
for TIH constitutes a borderline case. On the basis of redox hopping rates in the'35" and -3 directions within the
potential data of a single nucleobase in a polar sol¥ean duplex. Furthermore, we have taken the electronic matrix
estimate of the G—A energy gap oA = 0.4 eV was obtained,  elements for hole-transfer nearest-neighbor)Gand X—X
which is close to the value af = 0.45 eV inferred by Lewis bases to be equal, while detailed information was obtained for
et al% for free energy relationships for the hole-injection rates base pair specificity for both intrastrand and interstrand
from hairpinned diphenylacetylene dicarboxyanide to nucleo- electronic coupling matrix elemert$.These simplifications
bases. These values &f= 0.40-0.45 eV are too high to allow  result in a kinetic scheme where the relative yieldsare
for effective involvement of A in TIH. The energy gap for A expressed in terms of just two parameters, the energy gap
estimated from the polar solvent redox potential data for the A and the ratio of the rateky/km. More elaborate kinetic
single nucleobas¥, which is also used for the free energy calculations, relaxing these approximations, are straightforward
relationship$d may be overestimated as they do not include and will be conducted when more detailed experimental
interbase and phosphate stabilization effects. Our analysis forinformation will become available.
the GGGTTATTGGG duplex (section 1lI) resulted in a lower The TIH mechanism in ($)(n(G)| (I = 1-3) duplexes
energy gap ofA = 0.21-0.24 eV. The energy gaps inferred may be operative for long-range hole transport between (G)
from the analysis of section Il are 0.20.23 eV for G'A and groups separated by long,Xridges, whose elements satisfy
0.21-0.24 eV for (GGGJA. These lower energy gaps constitute the appropriate energetic and kinetic constraints. Our model
the upper limits to ensure the occurrence of TIH. calculations in section IV imply that for a “fast” water reaction
(ka/km = 1073) A < 0.20 eV, while for a “slow” water reaction
(Ke/km=0 = 1075) the energetic onset iA < 0.30 eV. From
these estimates d&f it appears that (T)bridges in (G T(G)

The TIH mechanism explored herein generalizes the conceptduplexes (withA = 0.6 eV**9 cannot act in TIH of holes,
of energetic control (foAE > 0). Long-range charge transport and only the unistep superexchange mechanism will be operative

can be induced via thermally activated charge injection from for short bridges. A shorn(= 1—-4) adenine bridge element in

the donor to the bridge, which is followed by charge hopping (34) Bixon, M.; Jortner, J.; Michel-Beyerle, M. Ehem. Phys1995
within the bridge. Thus, the TIH essentially involves an 197 389-404.

V. Discussion
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Table 1. Crossing from Superexchange to TIH in DNA Duplexes

V(X2) — Xa)I?
A(G—X) [Vsupel? exp[~A(G — X@)/ke T/

duplex (eV) eV? (n?2) (eV?)
G'TG 0.6 3.8x 104 4.6x 1077
G'TTG 0.6 2.6x 1075 2.3x 10V
G*ATG 0.22 3.3x 1075 3.7x 107
GrATTG 0.22 2.3x 10°® 1.6x 1077
GrATATG 0.22 1.7x 1077 9.2x 1078
G*AG 0.22 3.9x 104 7.4x%x 107
GTAAG 0.22 1.9x 10°° 3.7x 107
GH(A)sG 0.22 9.0x 1077 1.6x 107
G"(A)4G 0.22 4.3x 1078 9.2x 1078
G"(A)sG 0.22 2.1x 10°° 5.9x 108
(G)ﬁ(T — A)(G) (I, I' = 1-3) duplexes is expected to act as

a superexchange mediator, while for longerx 4) adenine
bridges the TIH may prevalil.

Following the analysis of section Il, a more detailed analysis
will be provided for the crossing from the superexchange
mechanism to the TIH with increasing the TIH bridge. In this
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coupling™1122via short bridges. Time-resolved experimental
data for hole transport, in the presence of a site-specifically
bound methyltransferase-MhalQ237W mutant! revealed that
the observed hole-transport ratesf 5 x 10° s1) between the
initial and the terminal G is higher by 2 orders of magnitude
than that inferred from sequential intrastranet*G hopping
steps for superexchange in this sysffi.These interesting
experimental resultsare compatible with a sequential multistep
interstrand hopping mechani8mwith the rate-determining
superexchange rates beikg: 1.2 x 10 and 2x 1® s 1% in
reasonable agreement with experiment. Thus, for sherAJL,

(n < 4) bridges intrastrand or interstrand superexchange prevails.
For longer G(A),G (n = 3) and GATAT- -G duplexes f =

4) the TIH mechanism will set in (Table 1), provided that the
relative chemical yield is sufficiently high. For the'&TATG
duplex, where the chemical yield is 3%@bout 35% of the
transport will occur via TIH. Bridge specificity for TIH is
manifested by a marked difference between [oA\GAT -+-G

and G TATA:--G duplexes. While for the GATATGGG
duplex@ the TIH is effective, for the GTATATAGGG duplex®

treatment the electronic coupling matrix elements between less effective TIH involves intrastrand "@& hole injection

neighboring nucleobas®sare kept constant, and the effects of
configurational fluctuatiorfd3>are neglected. The energy gaps

mediated lg a T nucleobase or interstrand directASinjection.
The experimental implications of the TIH mechanism ad-

are taken from the analysis of sections Ill and IV. On the basis vanced and analyzed herein are of considerable interest. While

of model quantum mechanical calculatibhand the analysis

of experimental dat&12¢it 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

for the short G(T—A):G (n < 4) duplexes hole superexchange
between guanines prevails in accBrf with the experimental

(37) Although intrastrand electronic coupling in DNA duplexes domi-
nates the superexchange interacti&heq 21, interstrand superexchange

the (approximate) energy gaps account for gross features ofior direct) electronic coupling can be sufficiently strong to warrant
sequence specificity of the superexchange hopping rates andnterstrand G-+G hole hopping? The recent experimental results of Barton

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 transféras a distinct process for

the general reaction with water, which may depend on proton
concentration. Considering parallel superexchange and TIH, we

et al® provide evidence for sequential, interstrand hole transport. Time-
resolved hole transport via guanines in the presence of a site-specifically
bound MHhalQ237W mutant was studied in the duplékes

3-G, C T [GO)AC T) C G, XG

(n=0,12)
GsC GC

5-C G, A(C TG

@ )

assert that the dominance of the superexchange contribution Wi”(where the G nucleobases were labeled consecutively). As noted by Barton

be determined by the condition
Vaupel” > V(X 2y = X@)I” €XPE-AG — X ) ke TY(7/2)
(20)
where the G-G superexchange electronic coupling is

V,

super™

(21)
A(G = Xy =1 A(G = Xp)

whereV(G — X)), V(X4 — Xg+1) and V(X — G) are the
nearest-neighbor matrix elements in the dupléX@X X @)+
XmG, which were calculated by Voityuk et #.The energy
gapsA(G — X)), with Xy =T or A, are taken ad(G—T) =

0.6 eV (from redox potential data) at{G — A) = 0.22 eV
(following the analysis of section IlI). From Table 1 we conclude

et al.? their experimental ratds= 5 x 10° s71 (for n = 0—2) cannot be
reconciled with the intrastrand, sequential, superexchange hopping rates,

e.gd.,
k
+ "3

Gl
and

Gi = G,

for n = 1. According to the time-resolved data of Lewis ett®l.and

their distance dependerfééthe rate-determining step is expected to be
kss =5 x 10* s71, which is by 2 orders of magnitude lower thenThese
experimental results are compatible with a sequential-& nearest-
neighbor, interstrand hopping mechanism. For the duplex given eljoith

n = 1) the superexchange (or direct) electronic couplvsr the individual
hole-hopping steps were calculated using the matrix elements computed
by Voityuk et al.22 being given by: () G — G, |[V| = 4 x 102 eV;

(b) Gf — Gs, |V| =3.8x 1073eV; (c) G — Gy, [V| =2.9x 103 eV;

(d) Gf — Gs, V| =1.9x 102eV. Askg 0 V2 (o = a, b, ¢, d), we
infer that the direct interstrand hole-transfer rate, reaction a, is the largest,
being higher (by a numerical factor 6f4) than the rate for the intrastrand

that the superexchange mechanism dominates, according tdransfer rate, reaction d. The rate-determining steps involve the interstrand

eq 20, for the G(T—A),GGG duplexesr(= 1—4) studied by

Giese et af For these systems the superexchange coupling

hopping reactions b and c. The rates for these two slowest reactions were
estimated from the experimental result of Lewis €tedkg = 5 x 107 st
scaled by the ratio of the correspondiig? values, which result ity =

[Vsupel? exhibits an exponential dependence on the bridge length 2 x 10° s andkg) = 1.2 x 106 s7%. Accordingly, the composite interstrand

n (= 1-4) and on the G-G distance (Table 1 fofVsypel?)

in accord with the experimental resuft.The analysis of
Table 1, which solely considered intrastrand coupling, should
be extended for 6&-G superexchange-mediated interstrand

(35) Cheatham, T. E., lll; Kollman, P. AAnnu. Re. Phys. Chem200Q
51, 435-471.
(36) Steenken, S. Frree Radical Res. Commuh992 16, 349-356.

hopping mechanism accounts well for the experimental dategviding
rate-determining rates in reasonable agreement with experiment and
accounting for the weak distance) (dependence of the ratéisErom 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 factoP! for interstrand

hole crossing for the {::*G(s) and for the Ggy**Ga) superexchange
coupling, while for the direct interstand@:+ Gz coupling no penalty
exists.
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data820 for longer (T-A), bridges 6 = 4) the TIH process  in wateP~121920is now in order. In the long-range hole trans-
may take over. We now distinguish betweeh-GG long-range port experiments of Schuster et®most of the duplexes
transport induced by hopping superexchange steps throughstudied involve a GG donor and acceptor separated by
moderately short (FA), (n < 4) bridges;912.13.2030and very G(T—A)nG(T—A)mG(T—A)n bridges wherem, m', m"' < 4,
long-range transport induced by TIH via long (¢An = 4) so that there are enough closely spaced G bases for super-
chains considered in the present work. In view of the moderate exchange mediation of the individual- GG hopping steps.
G—A energy gap A = 0.21-0.24 eV inferred in section IlI) An interesting exception is the effective transport through the
the TIH process for (A)bridges will be effective, if the reaction  (GG)AAATTGATTA(GG) segment8c ' where the five-
with water is sufficiently slow. This conclusion is in accord membered AAATT bridge is ineffective for superexchange and
with the experimental data of Schuster ef%al.and with the may be operative by TIH, provided that the chemical constraints
experimental results of Barton et%t" for which hole transfer ~ are adequate. In the recent experiments of Barton%€{'&ng-
between (G)bases separated by very long<&), bridges range hole transport through long adenine bridges itA®G

= 5—10) were reported. A careful examination is required to duplexes it = 4—10) was reported, revealing that for these long
assess whether these experimental®faae due to TIH via A adenine chains the superexchange mechanism is inapplicable,
bases. Three questions arise in the context of the involvementboth quantitatively (i.e., the observation of high chemical yields
of A bases in TIH (with endothermic hole injection from G to  at the distal site) and quantitatively (i.e., a weak {Ajidge

A) in G*(A),G duplexes. First, what is the interplay between length dependence of the relative chemical yietd$he shallow
superexchange through short ¢Ayidges, and TIH through long  distance dependence of the guanines’ oxidation ratio led Barton
(A), bridges? Second, what are the mechanistic issues of bridgeet al®" to propose hole hopping through all the bases (in the
specificity for TIH through long (A) bridges? Third, is TIH ~ duplex). The TIH process advanced and analyzed herein
induced through long (A)bridges amenable for experimental ~Provides the mechanism for the long-range, weakly distance-
observation? Following the analysis based on egs 20 and 21dependent hole transport over long% 4) adenine chains, in
regarding the “transition” from superexchange to TIH we infer accord with the experimental observation and interpretation of
from the data in Table 1 for §A),G duplexes that the TIH Barton et ab" The fingerprint of the TIH mechanism is the weak
mechanism may set in fon > 3—4. In the context of distance dependence of the hole-transport rates and of the
mechanistic issues of bridge specificity for TIH via (Aidges relative' chemical yieldg. The apalysis of thg TIH rates (section
in (T—A), duplexes 1§ = 4), we have to consider both II) provides an algebra_lc dlffuswg typa(? _d|stanc§ depend-
intrastrand and interstrand electronic coupling and hopping €"¢€ Ofkniu. An analysis of the distal/proximal Gyields ()
between nearest-neighbor A nucleobases. Quantum mechanicdl® G (A)«G and G'(A):GGG duplexes (to be published else-
calculations of the electronic coupling matrix eleméhtsveal where) results in a very weak distance dependepde n™*

that the A-A couplings are unique in the sense that the (O =@ = 1). This predicted shallow distance dependence for
intrastrand and interstrand couplings are about etfuafle infer TIH provides an overall picture, which is in qualitative
that effective zigzaggingt that is, switching between A agreement with the experlmental resdit®etails of variations
nucleobases in the two strands in long-), duplexes may ~ ©f ¥ with sequence (*)br'gg;a”d length were attribufédo
occur, with the overall TIH via the (A)bridge being nearly ~ conformational dynamic$,23which may modify electronic

invariant with respect to the base ordering within the-[), couplings;? energy gapsi«7i*and nuclear FranckCondon
duplex. As every WatsonCrick pair contains eithea G or an factors, and which deserve further theoretical and experimental

A nucleobase, a marked erosion of sequence specificity for holeexploratloqs. ) . .
transport via TIH in large (A)chains is expected. Concerning Another interesting distinct aspect of charge transport in DNA

the realization of an effective TIH mechanism for long {A) pertains to “one-dimensional” conductivity in the double heI[x.
bridges, the water reaction should be relatively slow. Relying Measurements on small clusters of duplexes using tungstéh tips

on eq 19 we conclude that this situation will be realized for the ?‘”d nanoelectrode assemBips well as studies of conductivity

energetic parametex = 0.21 eV (section I11) forkgkn < 2 x in 1 DNA,38 fail to give consistent results. What is interesting
1074 The required value of the chemical reaction rate is rather in the context of our analys[s of TiH IS t.he possibility of
low, being lower than the value df/ky = 1073 deduced from thermally activated hole-hopping conductivity fro_m*(Eo An

the analysis of Giese's data (at pH 7). Raising the solution chains, which will be characterized by an activation energy of

: : A = 0.25 eV. This small energy gap is considerably lower than
pH may changéy,?8 rendering an effective TIH process through . -
the long A bridge. In view of quantitative differences between the valence-conduction HOMELUMO electronic band gap of

— i i i MSga,SQ i
the chemical yield data reported by Giese et al. under different 5—6 eV expected in proteins and in DNA~"Recent Eexperi
experimental condition&26 and between the data of Giégé mental data on the temperature dependence of microwave
on one hand. and those’ of Bartsnh and of Schuste®— on electrodeless conductivity in DN#A2 report an energy gap for

the other hand, there is a distinct possibility of chemical control ihsorc)f:)' 23 ttroargﬁgocr; 'E”'RNG’?] ('; the fn?‘(‘iro:l'?;ﬁ()ih?’fir?(\e/a Vt\;h'cuhs

of the reaction of G with water, as well as of the modification - gy gap T y us.

of the energy gap\ for TIH. We note two possible elements Hovv_ever.,_ we still have to reserve judgment c_oncernlng.the
of chemical control which rlnay enhance TIH via lomg 4) applicability of our theoretical framework for the interpretation

. O . : f these conductivity experiments.
(A)n bridges: (i) lowering the energy gap by changing the ° . o
solution composition, for example, the ionic strength; (ii) We made progress in thg .ChiraCte”Z.?t'or.' of afnﬁw TIHdI_o_ng-
decreasing the reaction rddgof the parallel reaction with water ;ange tralr}sp:_) rt rgglm? an |r;]t E spltec]: |c?t|ct);1 ofthe con |t;o|ns
by changing the solution composition, for example, the pH. The orits realization in reat fite, which calis for Iurther expenmenta
issue of the chemical control of TIH through long (Aridges and theoretical work in this fascinating field.
by changing the solution composition is of considerable interest  (38) (a) Tran, P.; Alavi, B.; Gruner, Bhys. Re. Lett.200Q 85, 1564

and should be subjected to experimental scrutiny. 1567. (b) de Pablo, P. J.; Moreno-Herrero, F.; Colchero, J.; Gomez Herrero,
. . . . J.; Herrero, P.; Baro, A. M.; Ordejan, P.; Soler, J. M.; ArtachePBkys.
The confrontation of our analysis of TIH via (Apridges Rev. Lett. 200Q 85, 4992-4993.

with the experimental reality of hole transport in DNA duplexes  (39) Bixon, M.; Jortner, JAdv. Chem. Phys1999 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 §T—A)-
GGG (= 1-16) duplexes, providing compelling experimental
evidence for the “transition” between the superexchamge (
1-3) and the TIH ( = 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

_ [~k kg
K—( 1k1

Ky

~(k, + k) (A1)

|

The concentration of the two species a and b, represented bye

the vector

a()
b(t)

|

dov/dt = Ko

obeys the relation
(A2)

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

Y, =k, [a)dt = k[ [ exp{Kt} dtl;; = kK1
Y, = ko f;cO)dt =k [ exp{Kt}dt], ,= kK13 (A3)

From eq A3 we obtain by inversion the chemical yie¥dsand
Ye, €q 9.

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

(ks t ki) k- 0
K= K. (2 +ky K, (B2)
0 k- —(k +ky

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

represented by the vector

af)
w = | b(t)
c(t)
which obeys the equation
dw _
o Kw (A5)

with the initial condition a(= 0) = 1.

The yields of the water reaction for the species a, b, and ¢
are given by by eq A3 fol; andY; and by a similar equation
for the yield 'y, for the species b,

e
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ko ko + 2Kk ky+ koky + K

2" 2k, k_ + 2K Ky + 2K kg + I+ K2 (A9)
BT E ok Tk (A7
c < (A8)

248 + 2k_ky + 2k ky + K+ k?
The ratioY,/Y, between the yields of the terminal and the initial
GGG groups is then obtained by eq 15. In this simplified scheme
the ratioYy/Y, depends only on two parameter§:= ky/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
G1G,G3-3 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 afd&d G are the
same but that of @is higher by the energy. This is in accord
with quantum mechanical calculatidfisvhich show that the
nergies of the triplet G constituents in the-8' direction are
0.03-0.001 eV for G, 0 eV for G, and 0.13-0.27 eV for
G;“. Assuming a thermal equilibrium between the three G and
writing [GGG'] for the total concentration, we get for the

concentration of @
exol — -9
ke T

o)
2+expg ———
© p{ kBT}
The rate from G to the intermediate is written ag[G;]
which, when written in terms of the total concentration, is
0
T

exp{—kB
2+ex;{—%}

The rate from the intermediate back to the triple (or, equiva-
lently, to G;’) is k_[X*]. The ratioky/k- = exp{—(A — 0)/
ksT}, and therefore the ratio between the effective rate constants,

[G3] = [GGGT] (A9)

[GGG™] =k, [GGG™]

kGal =k,

(A10)

is
E = ﬁ (A11)
-2+ ex;{ - %}

In the terminal (GGG) the closest G has the lowest energy
(being on the 5side). Its concentration is 1/(2 ex{ —d/ksT});
therefore, also for the last part of the reaction scheme the
effective rate constants ratio is the same as before in eq All.
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.
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