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Donor—acceptor electron transfer (EA ET) through a linear molecular bridge is studied for the particular
case of large electronic couplings among the molecular fragments inside the bridge. This makes it possible
to choose a description in terms of extended bridge states, whereas the weak coupling of the bridge levels to
the D and A centers guarantees the individuality of these terminal sites. Since fast vibrational relaxation
within the D and A centers as well as within the system of bridge levels is provided, we can utilize our
recently developed coarse graining description of ET (Petrov efl.aChem. Phys2001, 115 7107). In
particular, it is demonstrated that the whole ET process can be reduced to single-exponential kinetics for the
electronic level populations characterized by an effectiveAliransfer rate. This rate contains contributions

from the overall superexchange and the overall thermally activated rate. The ratio of both contributions is
calculated in the framework of the Song and Marcus model valid for a vibrational spectral density describing
a single active vibrational mode. Taking reasonable parameters for-tieHT reaction, it is demonstrated

that the thermally activated mechanism can dominate the superexchange ET, even though the population of
the bridge by the transferred electron is extremely small. And this dominance increases with increasing bridge
length. Drawing the overall ET rate versus the number of bridge units, a novel behavior is predicted. First
there is a strong decay of the rate up to a certain bridge length. But it is followed by a remarkable increase
which is continued by a modest further increase or an in dependence on the bridge length. Furthermore,
simple analytic expressions are given to decide which mechanism may work in a given experiment. Finally,
it is underlined that ET pathways along hydrogen bonds or the key amino acids in proteins are extremely
favorable for the thermally activated mechanism, while the pathways along covalent bonds are generally
realized via the superexchange mechanism even at a small energy gap.

I. Introduction ends up with generalized rate equations for properly defined
electronic level population. It is the great advantage of this
mediated by a molecular bridge represents one of the funda_approach thb_lt one may de_rive perturbation series for the rates,
mental charge-transfer processes in systems of chemical and"’hICh g_raph_lcal visualization leads to the concept of the so-
biological interest. This fact has been pointed out in dozens of ¢@lled Liouville space pathway (see also refs 8, 13, 14). These
textbooks and review articles (see, e.g., refd1 and references pathways let one deglde whether the respective contribution _to
therein). Concentrating on those-B ET reactions where the the total rate expression refers to the superexchange mechanism

population of the bridge by the transferred electron remains very O NOt.

small, the superexchange mechanism is supposed to be mainly A similar conclusion could be drawn in studying the
responsible for the ET. Therefore, superexchange ET has beerphotoinduced ET related to the charge separation in bacterial
taken to model electron motion in proteis? or to explain photosynthesis. Two mechanisms, the superexchange and the
the formation of an elastic electron tunnel current through sequential one, have been suggested to contribute to the overall
different types of molecular wires connecting, e.g., two micro- ET!®16and there are recent impressive experimental data on

Long-range donotacceptor (BD-A) electron transfer (ET)

electroded:1! ET through DNA~22 which show the possible simultaneous
However, long-range BA ET is not determined exclusively  presence of the superexchange and the sequential mechanisms
by the superexchange mechanism (ef ®coupling via virtual and which demonstrate the dominance of the sequential mech-

states offered by bridging units). Already a decade ago it has anism with respect to the superexchange one if the length of
been underlined by Mukamel that one has to choose athe considered DNA strand is increased (see also ref23p

description that not only accounts for the superexchange  gome of our own recent work touched the aspect of a unifying
mechanism but simultaneously for alternative ET mechanisms gescription of ET reactions (see refs 26, 27). In contrast to the
such as the sequential oféThe presented unifying description  yentioned projection operator technique of ref 12, we took an

has been based on a certain projection operator technique, which,,oroach that starts from the density matrix defined for the set

+ Corresponding author of electron-vibrational states referring to the entire ET system.
t Ukram,fn Naﬁgna| Academy of Science. Providing that the vibrational relaxation processes are fast in
* Humboldt-Universitazu Berlin. relation to characteristic times of the ET reaction a coarse-
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grained description could be introduced, ending up with rate with all rate expressions are given, and finally the possible
equations for the total electronic level populations. The descrip- reduction to a single-exponential ET process is demonstrated.
tion given in refs 26 and 27 concentrated on nonadiabatic ET Some more technical aspects of the approach are put into the
in assuming a sufficient weak intersite coupling. Studying the appendix. All concrete computations and estimations are given
ET in dependence on the number of bridge units, it could be in section IIl. The paper ends with some concluding remarks
shown that the sequential mechanism works more efficient thanin section IV.
the superexchange method if the bridge contains more than 5
up to 7 units. In this connect'ion itis very i.mportant to underline || Model and Theory
that the sequential mechanism can dominate even at extremely
small bridge populations (less than?Go 10719). A comprehensive description of the ET process can be
However, if the electronic coupling between the bridge units achieved in using the generalized master equation (GME) (cf.,
becomes sufficiently large to form extended bridge states, the €.9., refs 8, 13, 32, 33) which governs the (reduced) electron-
sequential mechanism of-BA ET is replaced by the so-called  Vibrational density operatqs(t) of the DBA system. However,
thermally activated mechanism. The strong intersite coupling if there is a hierarchy of interactions within the DBA system as
may cover the D and A levels, too. But in the present studies Well as between the system and the thermal environment, usually
we will assume that the coupling of the D and the A to the @ hierarchy of time scalest results, reflecting the presence of
bridge levels remains small enough to let be the transition of different kinetic phases of the overall evolution process.
the nonadiabatic type. Furthermore, providing a slow overall Recently, for such a situation we presented a reduction scheme
ET reaction compared to the vibrational relaxation within the Which started from the GME of the electron-vibrational density
bridge, again a coarse graining description can be taken leadingoperator and ended up with a set of simple rate equations to
to rate equations which, besides the D and A populations, only model nonadiabatic bridge mediated long-rangeADET. 6.2
account for the total bridge population. The electronic intersite coupling¥mn, Which are weak com-
The importance of thermally activated ET through vacant Pared to the intrasite vibrational relaxation, result in strongly
bridge states has already been discussed by one of us (E.G.p §ifferent characteristic transfer times. Within the shortest kinetic
years ago for bridging protein chaifs2 A more recent  Phase the thermal equilibrium is formed within the manifold
discussion on thermally activated ET proceeding through a DNA {Ema} 0f local vibrational energy levels belonging to theh
strand is given in ref 30. The present paper is dedicated to alocalization site of the transferred electron. The intrasite
further discussion of this particular ET mechanism. lts efficiency 'elaxation timegzmq} ~ 7rel Characterize this phase. They are
will be compared with that of the superexchange mechanism all much smaller than the characteristic timgr of the ET
in putting emphasis on the dependence of both mechanisms orf€action, i.e., the conditione < zer indicates that the BA
the number of bridge units. Additionally, the fundamental ET proceeds on the background of fast intrasite relaxation
difference to the sequential mechanism will be discussed. Our Processes. The given inequality enables one to describe the
calculations based on reasonable ET parameters show thafOmPplex transfer process by introducing a coarse graining time
indeed the thermally activated mechanism can exceed theSCAIEAt > Tre. The ratiofmy ns = [Vina nsl[(Ema — Eng)” +
superexchange one, even at a very small bridge population./4)(Tma *) + 7s™*)?] < 1 may serve as the small parameter
Furthermore, it is demonstrated that the influence of the Of @ perturbation expansion with respect to the coupliRg ns
thermally activated mechanism increases with increasing bridgePetween local vibratinal statgsioand|nST(belonging to site
length what is especially pronounced for strong bridge-internal M andn, respectively). Within this approach a reduced set of
electronic couplings. Drawing the overall ET rate versus the Kinetic equations is derived including rates of sequential and
number of bridge units, a novel behavior is predicted. First there Superexchange ET.
is a strong decay of the rate up to a certain bridge length. But If the electronic intersite coupling®mn, however, become
it is followed by a remarkable increase which is continued by large compared to the couplings that describe the interaction
a modest further increase or an in dependence on the bridgewith the thermal reservoir, the conditiodse ns << 1 will be
length. For short bridges a fundamental difference of the violated. Therefore, the construction of a reduced set of kinetic
dependence of the overall rate on the bridge length is obtainedequations has to be strongly modified. It is the goal of the present
if the thermally activated mechanisms is compared with the paper to show the details of this modification and to give an
sequential one. analysis of the different regimes of bridge-assisted ADET
To achieve a unified description of the different ET mech- now valid for large intrasite couplingémn. The latter property
anisms becomes also necessary for the case of e|ectr0ﬂ5 best accounted for in choosing the basis of extended electronic
transmission through a molecular wire embedded between tobridge stategull They specify (in the adiabatic approximation)
microelectrodes. A recent description can be found in ref 31 the eigenstateof the whole bridge. In contrast to the strong
where the contributions of the coherent (tunneling) and incoher- coupling between individual bridge units, the coupling to the
ent (activated) pathways to the temperature dependent transmisD and the A levels should be weak. In particular the related ET
sion probability have been analyzed in concentrating on a steady-Step becomes much slower if the gaps between the D (A) level
state regime and providing conditions that justify the application and the bridge levels are much larger than the respective
of the Redfield theory. However, a basic difference between €lectronic couplingsVp: and Va between these levels (cf,
the ET in a DBA system and through a molecular wire is related Figure 1). Such a parameter relation can be found in a number
to the possible existence of an additional relaxation mechanismof DBA system$ including electron transferring proteikg:28
in the latter case caused by the presence of macroscopicConsequently the whole DBA Hamiltonian can be written as
electrodes. In the present paper, however, we will concentrate
exclusively on the unifying description of ET reactions in DBA Hpga = Z H,,(Q)|m{n| + z -%(Q)WDM +
systems. mED.A i
The paper is organized as follows. In the next section the Z Z(Tﬂmwmﬂm +hc)+ Z 0,/ (Q)uli'| (1)
ET model is introduced, the basic kinetic equations together m=D,A ‘%

U
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Figure 1. Energetic position of the local and extended bridge LUMO levels relative to the donor and acceptor electroni&deyigkss the
position of the local LUMO levels in a regular chain. Wavy lines indicate the relaxation between the extended LUMO levels.

Here the quantum numbers= 1, 2, ..N count the extended
bridge levels characterized by the vibrational Hamiltonian
I.(Q). TheHn(Q) (m = D, A) denote the vibrational Hamil-
tonian belonging to the D and the A. To all these vibrational
Hamiltonians correspond vibrational manifolds, which lowest
level will be denoted by, andEn, respectively (cf. Figure 1).
The coupling of the D and A to the bridge levels is given by
the quantitied,p andT,a, respectively. If the bridge levels refer
to a molecular chain with the first unit attached to the D and
the last to the A, one obtain§,p = Vipu,(1l) and T,a =
VnaU,(N) whereVsp is the electronic coupling between the D
and the first bridge unit anifya is the one between the last
unit and the A. They,(n) denote the elements of the transforma-
tion matrix which define the extended (adiabatic) stateyvia
the local (diabatic) stateg®il] The relation of Hamiltonian, eq

this approach has to be modified to be applicable for the present
case is briefly explained in Appendix B. Here we quote only
the finally obtained rate equations valid for the populatiBps
(m=D, A), andP,, (u =1, 2, ..N)

I'DD(t) =- (ZKDy + kpa)Pp(t) + ZKMDPM(t) + kapPa(t)

Pﬂ(t) == (KluD + K‘uA + Z K,Lm’)P‘u(t) +

W

z K”,‘upﬂy(t) + KDﬂPD(t) + KAﬂPA(t)

wWZu
PA(t) =- (ZKAy + kap)Palt) + zKﬂAPﬂ(t) + kpaPp(t)
i i
(3)

1, to that given in the site representation (diabatic representation)

is briefly outlined in Appendix A. Among the adiabatic bridge

The rate constantsp, and xa., as well ask,p and «ya,

levels, nonadiabatic interactions become possible which arecharacterize the ET from the D and the A, respectively, to the

accounted for by the matri&,,. At present there is no need to
specify in detail the dependence df,, %,, and6,,, on the
vibrational coordinates. It is sufficient for our calculations to
provide an independence of the couplinfg on deviations
around the equilibrium positions of the s8tof vibrational
coordinates.

uth bridge level as well as the reverse process. The direct
transitions between the D and the A are accounted for by the
forward superexchange raiga and the backward rateap.
Transitions among different bridge levels are described by the
ratesk,,. All ET rates except the last mentioned type read as
follows (concerning, see the discussion below and Appendix

The kinetics of the considered ET process depends substanB)

tially on the relation between the characteristic time of the
overall transfer processgr, and the characteristic times of

vibrational relaxation within the states related to the D and A

centersg™g, (m= D, A), and within the states related to the
whole bridge 7™, These relaxation times are defined via the
interaction of the DBA system, with vibrational modes forming

a dissipative environment (thermal reservoir). For many mo-

lecular systems, vibrational relaxation proceeds on a time scaleand

of 0.1 to 0.10 p$° while zer may be several orders of magnitude
larger?910 Therefore, we provide the following inequality to
be fulfilled

(m)

rel »

()

TeT > 1 Trel

)

This relation indicates that the kinetics of the-B ET can be

evaluated in the framework of a coarse-grained approximation

leading to Pauli balance-like kinetic equations for the overall

populations of the various electronic states. Concentrating on

the case of nonadiabatictA ET, it has been explained in detall
in our foregoing pape?&2”how to derive such kinetic equations

2
2n

Kum = F T “(FC)ym (5)
2

kmn = 1 Tan| (FC)mn (6)

In the latter relation we have to identifg andn with D and A
as well as with A and D. The square of the superexchang& D
coupling has the form

TAﬂTuDTD/t’Tﬂ’A

ITaol* = Re
i (Gﬂ - ED)(Gﬂ' —Ea

()

and how to get the respective rate expression when starting fromTo have a sufficient simple expression for the various Franck
the basic electron vibrational density matrix. In which manner Condon factorsKC) we provide the harmonic approximation
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for every set of vibrational coordinates. In this case the electron with x3 = xpa andx—3 = kap. Furthermore, we introduced the
vibrational coupling can be described by spectral densities for integral D(A)-bridge rate constants
which we will utilize the Song-Marcus modéP-36in its simplest

version (coupling to a single active vibrational mode with K_y= zKD
frequencywy). Finally, such a treatment leads to the well-known o "
Jortner expressidi’ (which can be also derived in the
framework of the spin-boson modé&p-39: K= ZKAIM (14)
u
1
(FC)ss = 7—— exp(=S cothhw/2kgT) x and the integral bridge-D(A) rate constants
hw
0
1+ n(a)o) Vssl2 K, =— K W €
o0 ] @S/ En@) © 1= 2 Ko\l
= Wy (e 15
Here,s, s = D, A, u, vss = AEs/hwo, Ss = Ass/hwo “2 ‘ZK'“A (6, (15)

(AEss = Eso — Ego is the driving force andise is the
reorganization energy of the-s s’ ET reaction); furthermore,  Taking the normalization condition
N(wo) = [exp (wokeT) — 1]71 denotes the Bose distribution,
andl,(2) stands for the modified Bessel function. Po(t) + Pg(t) + PAo(t) =1 (16)
Let us turn to the rates,,, which are responsible for
relaxation processes among different bridge levels. Obviously,
they determine the effective bridge relaxation timge which
exceeds the characteristic timé4, what reflects the common
observation that the vibrational relaxation within a single _ —Kyt —Kot _
electronic bridge level (so-called intraterm relaxation) is faster P(®) = Pr(e2) + An€ 75+ B e (m=D,B,A) (17)
than internal conversion-like relaxation processes between
different levels (interterm relaxation caused by the nonadiabatic
coupling)#° Additionally to that, we will provide that the bridge
interlevel relaxation is not the limiting process of the ET
reaction, i.e., we set

the set of equations (eq 13) can be solved exactly to give (see
also ref 26)

whereK; andK; are the overall transfer rates. The prefactors
Am andBp, are determined by the rate constants as well as the
initial conditions. Due to the presence of a large energykap
between the D(A) level and the extended bridge levels (cf.
Figure 1), the forward rate constamtsand, strongly exceed
) the backward rate constangs; andx—». Also, due to a weak
superexchange coupling between the D andcAand «;, are
much larger than the superexchange rate constaraad«—s.
Therefore, it becomes an excellent approximation t&f $gt~
K1+ K2 andKz =3+ K3+ (K71K2 + K72K1)/(K1 + Kz). As far
asK; > Kj, the fast part of the ET process with characteristic
transfer timery = KIl proceeds for times much less than
Tow = K;l. It is completed att > 714, for which an
intermediate population of the D, A, and B can be introduced

Ter > g

This inequality leads us to a further essential simplification of
the D—A ET description. It is based on a second type of coarse-
grained description that leads to kinetic equations valid on a
time scale large comparedtg. At such a time scale the bridge-
level population$,(t) are in equilibrium to each other and vary
only via an alteration of the overall bridge population

N
_ + K
Pa(t) = ZPu(t) (10) _q TR
4 Pot>1,) =1 P 1 (18)
Resulting from this, the bridge-level populations satisfy the K
relation P, (t)/P,.(t) = exp[—(e, — €.)/ksT] and we can derive PAt> 1) = ————<1 (19)
the following important relation . 2
and
P.(t) = Wa(€,)Ps(t) (11)
k1
where PB(t > Tl,tr) = KlTKZ <1 (20)
N
Wj(e,) = exp[—(e, — €)/kgTl/ Zexp[_(e — €)kgT] Accordingly, the first part of the ET reaction does not result in
! ! [= ! any notable electron redistribution in the DBA system. As a

(12) result, the kinetics of BA ET can be described by the rather
simple single-exponential expressibn
is the Boltzmann distribution of the bridge. Noting eq 11, the
set of rate equations (eq 3) reduces to P(t) = (P,(0) — Py()) e Kty Py(®) (m=D,A,B)
. (21)
Po(t) = — (k1 + kx)Pp(t) + k1Pg(t) + k_3PA(D)
lf’B(t) = = (kg T kx)Pg(t) + k_1Pp(t) + k_,PA(t)

Pa() = — (ko + k_9)Pa() + k,Pg(t) + k3Pp(t) (13) K=r1gr =k +k, (22)

The overall transfer ratE = K, can follows as
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It is given as a sum of the combined forward

kf = kf(sup) + kf(act)
4=

kgact) — K_1K2

Kq T Ky (23)

and the combined backward

kb = kt()sup) 4 kl()act)
kf)sup)z K_s

K_oky

kgact) — (2 4)

kit Ky

transfer rates. Both types of rates include the contributions
KSUP and kP stemming from the superexchange mechanism
of ET and the park®® as well as®® related to the activated
ET mechanism.

I1l. Results and Discussion

To clearly demonstrate the efficiency of the thermally
activated and the superexchange mechanisms-oA BT, we
will consider a sufficiently simple model of a regular chain-
like bridge formed byN identical units. They are characterized
by electronic energy levels, and linked together by a common
nearest-neighbor electronic intersite couplvtg(for the sake
of clarity we putVy > 0). The eigenvalues of the electronic
part of the bridge Hamiltonian (A1) as well as the transformation
coefficientsu,(n) have the well-known form

€, = €,(N) =Eo— 2vocos{—7w—

N+ 1
U(M) = A/~ sin[ Al (25)
Z N1 N+ 1

Taking into consideration the definitions ®fp andT,a, which
specify the coupling of the D/A centers to thth bridge level

in the Hamiltonian (1) and noting the expressions (4), (5), (8),
and (15), one derives

2
27T |V1D(NA)|

h o Aoy
N

Zuﬁ(l(N))WB(e,u)

u=

Ki2)= exp (— Sy cothhw, ,/2ksT)
1+ n(w )|
n(a)l(z))

'\vl(zw(zsl(zn/ N(w12)(1 + N(wyz)))

ZQ|TAD(N)|2
TR T ho,

1+ Vo2
M) 1, @SN )L+ () (26)

N(ws)
K_1(—2) = K12 EXP(-AE; o)k T)
K_3= k3 eXp(-AE/KgT)

exp (— S; cothhw4/2ksT)

(27)
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Figure 2. Relative contribution of the thermally activated and the
superexchange mechanisms of R ET in dependence on the energy
gap AEg at room temperaturgé = 298 K and for a fixed number of
bridge unitsN (part a), and the maximal integral bridge population
Ps(t > 714) Vs the energy gapEg (part b). The curves are calculated
in using eqs 2224 and 26-30 with 4; = Shw; = 0.9 eV, 1, =
Shw, =1 eV,l3 =Shw;=1.2 eV,w1 = w, =200 CITTl, w3z = 100
cm L, [Vip| = [Vaal = 0.02 eV, andAE = 0.1 eV atVp, = 1 eV (a) and
Vo = 2 eV (b).

Here,AE; = Eg = €1 — Ep = AEg — 2Vpcosfr/(N + 1)] and
AE; = Eg + AE = €1 — Ea are the energy gaps for forward
and backward ET transitions, respectively, wE = Ep —
Ea is the driving force of the ET reaction amiEp = Ey —
Ep = AEg andAEAs = Eg — Ea = AEg + AE are the energy
gaps at vanishing electronic intersite coupling (cf. Figure 1).
Furthermore, we introduced in eq 282y, = (€. — Ep))/hw1),

vz = ABhws, and§ = Aj/hw;, wherel; is the reorganization
energy of the corresponding donetbridge { = 1), acceptor
—bridge { = 2), and donor— acceptor, (= 3), ET while w;
denotes the active mode of each mentioned transition.

In line with egs 23, 24, and 27, the overall transfer rate can
be represented al§ = K@ 4 K= (kS + K1 +
exp(—AE/kgT)]. Therefore, to compare the efficiencies of the
thermally activated and the superexchange mechanisms we
introduce the ratio

KED K ke Ky
KU S0P iy key

n(N) = (28)

The dependence on the numibeof bridge units is contained
in the transfer rat&@ mainly via the factora?(1(N)) and
Wa(e,) While it is located in the rat&©u)in the square of the
effective D-A coupling [Tap(N)|2. Its analytic form follows
from eqgs 7 and 25 resulting in

Tap(N)? = [Tap(1)I? exp[-25(N—1)]
ITap(D)1% = [VypVaalTAESAE, (29)

where the intersite decay constdnt /,(Ep + £a) is expressed
via the partial decay constants

2|Vl

Epy =1n (30)

AEpp) — AEZD(A) — 4V,

For the conditionAE < AEg, the expression§p and&a are
equal to each other. Hence, the measured intersite decay constant
reduces to the conventional fordh = &p = &a~ In[2|Vy|/

(AEg — +/AE3—4|V,|)].728 Figure 2a demonstrates the rela-
tive importance of both mechanisms for a given number of

bridge units and in dependence on the energy gap. It can be



Bridge Mediated Electron Transfer J. Phys. Chem. B, Vol. 106, No. 12, 2002097

4 ' e oy v KEUP) = KUP) exp[—2&(N — 1)] (31)

3
o BN with K§"? being the rate foN = 1. In contrast to the decrease
2 _ 0 N5 of the superexchange rate, the thermally activated mechanism
z | 3:, > results in a rise (at small number of bridge units) and a saturation
= | s (at largeN) of the rateK@®, Such a behavior is generally
S o 1~ 5 dictated by the dependence of the energy Bgp= AEg —
7

2Vocosfr/(N + 1)] on N as well as by the variability of the
energetic distance between the nearest bridge energy levels
‘ SN qol Li / €. — €1 (cf. Figure 1) with respect ti\. If the number of
0,0 0'2E 3’4 06 0 100 200 300 bridge units increases, the gap reduces to a limiting vjue
AE (V) T AEg — 2V, while the energetic distance mentioned before
Figure 3. Relative cont_ribution of the ther_mally activated a_nd the pecomes so small that the condition expl, — e,-1)/keT] <
superexchange mechanisms of B ET for a fixed number of bridge 1 i5 satisfied for any pair of neighbored energy levels. Just this

units N in dependence on the driving force of the ET reactddhand . . . .
at room temperature (part a), and in dependence on temperature folcircumstance is responsible for the saturation of the thermally

AE = 0.1 eV (part b). The curves have been calculated in using eqs activated transfer rate with increasing bridge length as well as
26-30 with Vo = 1 eV, AEs = 2.2 eV. All other parameters are  for the temperature effect, which is more pronounced for longer
identical with those used in Figure 2. bridges, cf. Figure 3b.
The quantitative description of the crossover region between

wl. @] ®© T the two mechanisms of the-PA ET is a valuable tool for the

3 ] analysis of experimental data. Due to the decreasing role of the
superexchange mechanism and the increasing role of thermally
activated ET (cf. Figure 4a) an overallHA transfer rateK
exhibits a nonmonotonic dependence Mrwith a minimum
around 4-6 bridge units, i.e., in the vicinity of the crossover
pointN = 5. It is very important that just for such small number

N=3

K(SUP)

LTIy eey

KR, et

Y
(=1
S
2

—v— exact . . . .
—« reduced of bridge units an approximate analytic form kf) can be

--------- analytics | found if only the strict condition

K(act)

KE (in 5™

TRANSFER RATES (ins™)
=)

exp{ —[e;(N) — ex(N)J/kgT} < 1 (32)

N S— : LI S N is satisfied for the bridge with a limited number of units. Indeed,
0 5 10 15 20 25 0 5 10 15 20 25 at such a condition, only the very lowest bridge levels, Figure
N N 1, are populated by the transferred electron and thus the main
Figure 4. Formation of the overall BA ET rate as the sum of  contribution to the rateg; andx,, eq 26 follows from the term
superexchange and thermally activated transfer rates given by theﬂ = 1 of the common sum. Figure 4b shows that uplte: 12
general expressions of eqs-224 along with eqs 26 and 27 (part a), i eyact and the reduced description (with the single term

and comparison of the exact form f&2®) (see eq 26 foky) with . e - . .
the reduced form (the sum in eq 26 has been limited to the single term + 1N the sum) coincide with an extremely high accuracy. This

with = 1), and the approximate analytic form eq 33 (part b). The Pehavior enables one to introduce an approximate analytic form

curves are calculated using the same parameters as in Figure 2. for K& that can be applied for a qualitative analysis of the ET
process taking place in a bridge with a small number of units.

clearly seen that the influence of the activated mechanism onlt reads (notevo > 0)

the overall transfer rate increases substantially with the number

of bridge units. At realistic reorganization energigsof the K@D ~
order of 1 eV and an energy gaéyEg ~ 1 eV (cf. refs 1, 2, 4, @y 2 . 7T
7), the thermally activated mechanism can exceed the super- Ko N + 1SIHZ[N + 1] exp{ 2Vocospr/(N + 1)l/kg T} (33)

exchange one (log(N) > 0) if at Vo = 1 eV the number of
bridge units becomes larger than 7. It is very important that for The ratnga“)pIays the role of certain parameter which can be
the same parameters the maximum integral bridge populationestimated from the general (exact) formula at a condxete
Pg(t > 714) is rather small (e.g., o =1 eV,AEg =2.6 &V Figyre 4bK® has been estimated fot = 7 to achieve the
whenKewPJKEe ~ 1072, cf. Figure 2a, the populatioBe(t > pest coincidence of the analytic form (eq 33) with the exact
71y) amounts about 104, cf. Figure 2b). result, especially for the crossover regiors4N < 10. When
The effect of the driving force of the BA ET reaction is the bridge number increases and thiki€®) saturates, the
demonstrated in detail in Figure 3a. At a fixed number of bridge condition in eq 32 is no longer fulfilled. Therefore, the simple
units, the contribution of the superexchange mechanism to theanalytic expression, eq 33, does not hold. To evald&® one

overall transfer rat& becomes more important for largee. has to take the general expressions (eqs 23 and 26). Neverthe-

Nevertheless, even &fE = 0.3 eV the thermally activated |ess, the analytic expressions egs 31 and 33 for the transfer rates

mechanism can dominate i > 7. are suitable to analyze experimental data, especially in the
Below we will discuss the influence of the bridge length on vicinity of the crossover point.

the overall ET rate. Figure 4a shows that the ®transfer rate Next let us estimate those conditions for which the crossover

K, eq 22, is given as the sum of two contributions. The point can be observed. If the superexchange rate decreases with
superexchange contribution reflects the exponential decrease othe D—A distanceR according to exp(R) a distant-decay

the transfer rate with increasing bridge length. In line with egs constant$ is used as the main characteristic of the ET
26 and 29 it can be represented by a simple analytic expressiomprocess:° The constang varies in a broad interval from 2
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B < 3 A1 for model compoundsand modified proteirf§ up — . | -
t00.9< B < 1.15 A tand 1.25< < 1.6 A1 for the -sheet —~ 10°1 e
and a-helix regions in native proteins, respectivé®for the
DNA, f-values between 0.2 & and 0.9 A or between 1.2
A-%and 1.6 A have been reported 2023

Let a be the distance between the neighboring units in a
regular bridge (in the case of a helical-bridge, the paraneeter
is the distance between the nearest turns). For example, we refer
to a rigid peptide bridge given by a polyproline oligomer which
has a through-bond distance per residua ef 4.2 A°L (a =
3.1 A for the shortest through-space distance), while a value
a, = 1.4 A corresponds to an average length of the covalent 10
bond. When measuring the distariRén units ofa one obtains 0 5 10 15 20 25
R = Naand thus exp{2&N) = exp(—fR) where& = ap/2. If n
an eIeCtron_pathway Is present along Coval_ent bérids,’ the Figure 5. The dependence of the overalH3 transfer rate on the
corresponding through-bond decay consgis deduced from number of hydrogen bonds, and for a fixed driving forceAE if the

exp(-EN) = exp(—Eonp), wheren, = sN denotes the total g1 occurs along hydrogen bonds. The curves are calculated using the
number of covalent bonds forming the-13 pathway whiles general expressions of eqs-227 for Vo = V¥ = 0.72 eV, AEs =

is the number of covalent bonds that are responsible for the ET1 .64 eV, andr = 298 K. All other parameters are identical with those
within a single bridging unit. Consequently = s&,, and thus used in Figure 2.
the measured distant-decay consfantn be expressed via the . . .
calculated covalent bond-decay constgpsf = BuS(ay/a). by s = 4 ands = 3 covalent bonds per single bridge unit,
In Figure 4a, the intersite decay parameter is equélta0.88. respectively.) Noting eq 34, we obtaif®” = 3.65,. There-
It means that, for example, at= 3.1 A the distance-decay fore, a crossover between the superexchange and thermally
constant amounts the value = 0.57 A-L. If the ET occurs activated ET mechanism is only possible if an electronic
through covalent bonds with= 2 bonds per bridge, then the  pathway along covalent bonds exist where the inter-site coupling
covalent decay constant is given By= 0.63 A~ while &, = \/870") amounts values less than 1 eV. However, quantum
0.44. Both constantg = 0.57 andB, = 0.63, correspond to a  chemical computations show the®") ~ 2.5 eV42 This fact
rather slow decrease of superexchange transfer rate (comparéndicates that an activated ET mechanism is not realized in
the above given explanation f@). But even in this case the  systems where the ET proceeds along covalent bonds.
superexchange mechanism is already replacét-at6—7 by Finally we will discuss the case where the bridge is formed
the mechanism of activated ET. via a hydrogen-bond network (the hydrogen bonds will be
In molecular bridges wherg exceeds 1 A! (for instance in considered as specific covalent bohtfs*). The corresponding
peptides and proteins) the crossover point has to be shifted dowrcoupling decay parameter can be estimated via the relation
to N = 2 — 4. The presence of the crossover point strongly ¢, = exp(—&n) = eﬁ exp[-1.7R — 2.8)], whereR is measured

(] —&— AE=0

¥, S
\ /

OVERALL TRANSFER RATE (ins™)

depends on the relation between the energy Baand the in A.946 In the case of ET reactions along hydrogen bonds, a
intersite couplingvo. Let ET occur at a small driving force so  possible value of the distant-decay consfamiay be positioned
that AE < AEg and thusi ~ &p &~ £a. Then, in notingAEgs = in a rather wide range around-2 A-1.10We will consider the
2V + Eg (cf. Figure 1) and eq 30, we have the condition situation wheres, &~ €, = 0.6946 Such a relation is valid if the
effective tunneling lengtiR = ay is equal to 2.51 A. Ak, =
2, =E, 14 0.6, one derives, = 0.51 and thug, = 2&p/a, ~ 0.40 AL,
0 1—vy The correspondence with the measured vauellows from
2 expl-£) the inequalitys = sBhan/a wheres, is the number of hydrogen
y=————"— (34) bonds that corresponds to an elementary leagtlong a linear
1+ exp(-2%) bridge. In the case of a helical bridge, this length coincides with

] ) the distance between the nearest turns. The condition in eq 34,
A_t any fixed _decay paramet@_r(orﬂ_= 2&/a) the expressions taken att = & = 0.6, indicates thavghyd) ~ 3.67E,. Thus, if
gives a relation between the |n'E<alrS|te electron coupﬁagrjfl the ET occurs along hydrogen bonds the crossover between the
the energy gaf,. For.ﬁ =13 A7 (£~2.02) ands =1 A superexchange and thermally activated ET mechanism is
(5 ~1.55), eq 34 yieldsVo ~ 0.17 and Vo ~ 0.3%,, possible for any/? < 0.8 eV, provided thaE, = AEg —
respectively. At room temperature, a thermally activated ET can VYD does not Oexcee q valués of 6:0.25 e\g/ Figure 5
b Q. .

be effective only ifEg does not exceed 0.3 eV. Let, for example, ;
gdemonstrates the appearance of the crossover point for the case

Eg = 0.2 eV. Then, the crossover between the superexchang )
and activated ET becomes possiblé/at~ 0.03 eV §§ = 1.3 of ET along the hydrogen bonds. The crossover is shown to be

A-1) andV ~ 0.07 eV 8 = 1 A-1). However, for such a very take place at about, = 4 (i.e.N~ 2—3 if the ET occurs along
small electronic intersite coupling, the electron-vibrational 2 Nelical-bridge).

interaction completely destroys the extended bridge states. TheIV Conclusion
ET through the bridge takes place as a nonadiabatic reaction ™ *

and a competition between the superexchange and the sequential We consider it as the main result of our computations that

ET mechanism results (for details see refs 23, 26, 27). bridge-mediated BA ET can be described as a single-
Now we will assume that the two decay constghts 1.3 exponential kinetic process, independently on the number of

A-landB =1 A-1used above are related to ET reactions across bridging units. The corresponding overall transfer rate (eq 22)

covalent bond842-45 For the typical decay factas, = exp(— includes the contribution of the thermally activated and the

&) = 0.6 it yieldsB, = 0.72 A"1 (§, = 0.51). (This means that ~ superexchange mechanisms of ET (cf. eqs 23 and 24). The
distant decay constanfs= 1.3 A~ and = 1 A1 are formed derivation of the set of kinetic equations (eq 13) and the
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corresponding solution (egs 224) has been based only on Each channel contributes via thermal activation of an electron
the fundamental inequalities of eqs 2 and 9. In particular, thesefrom the D(A) center. As a result, strong electronic intersite
equations do not depend on the concrete interaction of the DBA couplings in the bridge can provide an effective thermally
system with the heat bath. However, the given single-exponentialinduced coherent ET through the bridge, even though the overall
(coarse-grained) description is valid only if the overall bridge electronic population of the bridge remains smalNIf 5—7,
population (eq 20) becomes very small (less than*LGSuch the rate of activated transf&@c) becomes independent of the

a small bridge population can be achieved if the extended bridge-number of bridge units reflecting the predominance of the
states couple weakly to the D and A states, i.e., if the coupling specific thermally induced coherent mechanism of ET compared
matrix elementsVip and Vya are small compared to the with the superexchange (pure coherent) ET. Thus|\Mgg| >

intrabridge coupling¥, .1 as well as to the energy gaps — hrr’e,l the combined action of the sequential (incoherent) and
Epp) (cf. Figure 1). Furthermore, the D-level has to be superexchange mechanism of-B ET is replaced by the
positioned below the lowest extended bridge level. interplay between the thermally activated coherent and purely

As already stated, there does not exist the general possibilitycoherent superexchange mechanism of ET.
to get the exact solution for the ET reaction as a single Concentrating on ET reactions in proteins, we demonstrated
exponential kinetic process which appears to be independentthat if the main ET pathway in proteins is associated with the
of the number of electron-vibrational levels in the DBA system electron motion along covalent bonds, the superexchange
and which is valid at any timé. Therefore, the recently =~ mechanism dominates, even for a small energy gap between
published results of refs 479 on a unified description of  the donor level and the lowest extended bridge level (of the
bridge-assisted BA ET have to be considered to be incorrect order 0.2 eV). If, however, the pathway is determined by ET
since they are based on the assumption of a single exponenglong specific hydrogen bonds, then the crossover from super-
valid in the whole time region & t < co. exchange to thermally activated transfer takes place already at

Realistic conditions for DBA-ET have been given where the & number of four hydrogen bonds. The mentioned considerations
thermally activated ET mechanism becomes much more effec- also indicated that the condition for activated-B ET can be
tive than the superexchange one, even if the bridge populationfU”i”ed in a-helical andf-strand structures if the ET occurs
is of the order of 105 to 1011 (cf. Figure 2). We consider this along hydrogen bonds. But thermally activated ET can also take
as a novel result since within the conventional approach Place along the key amino acid residues. This statement is
thermally activated B-A ET (or sequential ET in the case of supported by the results of quantum-chemical calculation on
nonadiabatic reactions) is taken into account only if the the electronic coupling®: o o
transferred electron populates the bridge levels with a suf- Therefore, our central conclusion is that the specification of
ficiently high probability (0.1 to 0.01). The thermally activated €lectron pathways through complex macromolecular structures
mechanism is especially important for long bridges. For such réquires the comparison of three different types of ET mech-
systems the overall ET rate is dictated by the different @nisms, the superexchange mechanism, the sequential mecha-
dependence on the numbiirof bridge units of the rate of ~ Nism, and the mecha'msm of thgrmally activated qoherent ET.
thermally activated ET and of the rate referring to the super- Possibly the sequential mechanism can become important for
exchange ET. The given analytic formula (eq 33) offers a good Small intersite couplings\ in the order of 0.0+0.1 eV), while
opportunity to estimate for a given ET experiment whether the the activated mechanism dominates the ET reactiof ffes
thermally activated or the superexchange ET mechanism in the range of 0.1 eVupto 1 eV. In both cases, the energy gap
dominates. This can be achieved by comparingNhgepen- Eq should not be larger than 0.3 eV to allow for thermal
dence on the basis of the expressions given in egs 31 and 33activation of coherent channels at room temperature.
It is only necessary to remember that eq 33K is valid if

the condition of eq 32 is fulfilled (e.g., folo = 1 eV, it works Acknowledgment. We thank J. Jortner for some insightful
up toN = 10). comments. Generous support of this work by the Volkswagen-

tiftung, Germany (priority area “Intra- and Intermolecular

If one remembers that the superexchange and the sequenti lectron Transfer’) is also gratefully acknowledged.

ET ratesK©uP) andK(sed) drop with the rise of the bridge length
as expf£&N) andN~2, respectively while the rate of activated
ET K@increases up to its saturation value (cf. refs 5, 23, 26),
there is an excellent possibility to clarify which type of ET takes In Section Il we introduced the ET Hamiltonian, eq 1, which
place in a given system. In particular, one can specify the gives the basis for all following considerations. Here, we will
mechanisms of distant-BA ET in complex molecular systems  concentrate on the bridge part of eq 1 and briefly indicate how
such as DNA strands or proteins. In the case of the DNA, it to obtain this Hamiltonian. The site representation (diabatic
has already been stressed that just the sequential mechanism igpresentation) uses the LUMO levels of the localized bridge
responsible for long-range E2F:23.25.3050Considering peptide-  units with energieE, (n = 1, 2,..N), whereN denotes the
mediated D-A ET as measured in ref 51, it could be also number of units within the bridge. To be more concrete, we
interpreted in the framework of the superexchange and sequenconsider a DBA complex where the intrabridge gayds, =

tial mechanism8%27 Note that the interplay of the sequential E, — E,+1 are small compared with interbridge electronic
(incoherent) and superexchange (coherent) ET mechanism iscouplings Vant1 (cf. Figure 1). Large intersite electronic
valid for small ratiome ng (See the discussion at the beginning couplings can be found, for example along covalent bonding

of Section II). Since the most effective transitions occur at (V) > 2 eV) and hydrogen bridges/{’?, < 1 eV)42-44

Ema ~ Eng, the inequalityime ns << 1 roughly reduces to the  The supposed inequalithE,| < |Vhn1| indicates that just the
simple condition|Vmil/h < 7. In contrast, if the relation  extended LUMO levels give the most adequate representation
[Vinnl/A > rr;'l is valid for all bridge units, therN specific to study ET through the bridge (cf. the discussions in refs 5,
coherent ET channels through the extended bridge levels are23, 28, 29). These levels can be understood as adiabatic states
formed. Just these coherent channels are responsible for theof the whole bridge, leading to adiabatic potential energy surface

mechanism of activated-BA ET studied in the present paper. (PES) as introduced in Section Il. Of course sophisticated

Appendix A: Diabatic vs Adiabatic Representation
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guantum-chemical methods have to be applied to calculate thesgositions that refer to the diabatic and not the adiabatic states.
adiabatic PES. In such quantum-chemical framework the Therefore, the equilibrium position§ obtained via the
derivation, which will be given in the following, corresponds introduction of extended states might be incorrect.

to a simple Hekel approach where the bridge energigand For an application in the next appendix we give the electron-
the bridge stategu[are found from a diagonalization of the  vibrational representation of the DBA-Hamiltonian, eq 1 (or of
bridge Hamiltonian (electronic part). Consequently, we have its approximate version, eq A3). This representation is based

the following one-to-one correspondence: on the vibrational eigenstatégn,[and| .« of the Hamiltonian
e Hm(Q) andH,(Q), respectively. The related eigenenergies are
Hg = Z[Enén,n’ + Vo (O iy + 0y p D] ININ| = denoted agm,, for the D and A site, and,q, for the bridge
n,n

states. Accordingly, one can introduce a zero-order dgif
ZG”WD]M (A1) the DBA-Hamiltonian, eq 1, a paxt; which is responsible for
a transitions into and out of the bridge state, and a Wartvhich

is responsible for intrabridge relaxation processes. Therefore,

which is established by the unitary transformatigei] = we write

> nu,(n)[nO(for the case of a bridge witN identical units and
identical electronic couplings between the neighboring units, Hpga = Ho + Vi T Vi (A4)
the u,(n) have the well-known form given in eq 25).
Next we briefly indicate how the electron-vibrational coupling The first part simply reads
is affected by this transformation. To do this we include
vibrational degrees of freedom but neglect any vibrational Hy= Z z EmamlxmamE]]mD]ﬁn|B&mam| +
modulation of the electronic intersite coupling. Therefore, to m=D,A tn
get the complete bridge Hamiltonid#s the energieg, in eq € A5
Al have to be replaced by the vibrational Hamiltontdn = ; az” ,4%|Xm”mumﬂt|5€ﬂ%| (A3)
Tvib + Un(Q) with the kinetic energy operatdr,, and the PES
Un(Q = U9 + Shoi(Q — Qj(n))2/4 written here in a The transfer part has the following form
representation of dimensionless normal-mode oscillator coor-
dinates Qj(”) denotes the replacement of vibrational mgde Ve = Z z z z (Tmum ;w'Xmammmmm%«ow' +ho)
To establish a connection to the bridge part of the ET MDA Gm p o

Hamiltonian, eq 1, we proceed as follows. First we split off (AB)
the PES according td,(Q = UY + Fho Q"4 — For the relaxational part we obtain

Z,—thQj(“)Q,-/Z what enables us to introduce the site energies

En = UQ + YhwQ™%4 and a reference vibrational Hamil- Viel = Z Z Oric, W, T | Bl | (AT)
tonianHyip = Tyip + Zjh&)ijZ/4. Using the electronic statés(] il ouPu ‘

the bridge Hamiltonian can be written in the following form 14 ajectron-vibrational matrix elements introduced in the two

. , , foregoing expressions directly follow as the vibrational matrix
Hg = Z{ Oy0(€, F Hyip) + Zhwjgi(“’ﬂ JQ}Hu| (A2) elements off,m and 6,,¢, respectively.

ot ! To derive kinetic equations for the electronic level populations
where the electron vibrational coupling constant has been We use the density matrix approach together with an introduction
introduced according taj(uu’) = — zmu*(m)u,,v(m)Q-(m)/Z of a coupling of the given electron-vibrational DBA system to

: X 2. o . SYS

Their separation into those parts being diagonal with respect to@" additional thermal bath. The respective coupling induces
the electronic quantum numbers and those being off-diagonaIV'brat'O”al relaxation within the electron-vibrational level of
offers the possibility of a second type of notation for the bridge the D and A as well within the bridge states and is writter(
Hamiltonian. A simple rearrangement of the part of eq A2 being P A # counts the whole set)
diagonal with respect to the electronic quantum numbers

_ _ (s)
suggests the introduction of a new type of PESQ) = ¢, — Veg = > (1= 04 5) P Yoo TSIty | (AB)
S SIY'S
3w (up) + Tho(Q + 2g(u )4 = UP + SifiolQ + :
QY)?/4. This finally gives the Hamiltonian, eq A2 in the new  Appendix B: Electron-Vibrational Density Matrix
form Equations and Coarse Graining Approximation
H. = O H +@1—=0 )5 hoguu)Q ' The aim of the following appendix is to briefly explain how
B Z{ nat P '“"‘)JZ 19 (e YQ} | to derive the set of kinetic equations (eq 3) for the overall donor,

e (A3) acceptor, angith bridge population®p(t) = Y «pPpos Doo(t)s

Pa(t) = Yaapaas Aca(t), aNdP.(Y) = 3 o,0ua, ua,(t), respectively
with vibrational HamiltonianH, = T, + U,(Q) and vibra- (more details can be found in refs 26 and 27 where the same
tionally induced interlevel coupling represented by the last term approach has been applied to the case of nonadiabatic ET). As
of eq A3. This Hamiltonian may serve as a certain approxima- indicated in the given expressions for the populations, they
tion for the more general one introduced in eq 1. If one follows should be defined via diagonal elements of the DBA electron-
this line, one can identifyz, and the nonadiabatic coupling of  vibrational density matrix (remembers = D,Au)
eq 1 withH, and the interlevel coupling;(z.u'), respectively.

In particular, one can study in an easy way how the extended Pss s, () = [Ba p(t)IS ol (B1)
states change with an increase of the number of bridge units.

The whole derivation seems to be consistent and has been use¢for notational details see the second part of the foregoing
in the literature (see, e.g., ref 23). Nevertheless, it is based onappendix). The respective equations of motion are obtained from
an expansion of vibrational coordinates around equilibrium the GME for the reduced density operatg(t) of an open
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guantum system interacting with a heat bath. The derivation of factorized distribution (eq B5) into eq B2, it results in the
the GME has been well documented in various textbooks (see,following equations for the integral populations (details of the

e.g., refs 8, 13, 32) and reads in the present notation
) i
Psx 5p(t) = —lwgy ¢pps <p(t) — ?1 g(Tsa ke Pe <p(0) —

1
Tie 95 P e(0) — (1= 0g5) (Tar + T21)Par 550) —

0500y Wil = W e(t)) (B2)

This type of equation is sufficient since non-Markovian
contributions are of no interest for the time scale of distant ET.
The quantityr;al defines the inverse lifetime of the stgte.]
and reads

1= Z w®
Tey = - (B3)
- oo
The rates
W = ol =

)
—iw®) —j (S) o i Sy,
_ dfe lw uatl} IHTI/h(I)a) auéHTT/h®w aa[l (B4)
h* =

characterize the relaxation between the vibrational states
and|sa’[J which belong to the same electronic level and which
are separated by the transition enekgy — Esw = hwff?x The
quantitiescb‘s) eq A8, contain the bath degrees of freedom

oa'?
and, thus, define the coupling of DBA vibrational states to the
heat bath. In eq B4, the bracket[denotes the thermal average
with respect to the equilibrium state of the thermal (heat) bath
(the respective Hamiltonian is denotedHys. If s= D,A then
Tpa)« defines the characteristic time of relaxation within the
diabatic level 75", while ats = u, 7,4 Specifies a relaxation
time 7% within the uth adiabatic level of the bridge. In line
with the basic inequality of eq 2, the ET proceeds on the
background of fast intraterm relaxation. As a result, a quasi-
equilibrium distribution within the D and A centers, as well as
within each adiabatic bridge term is generated in the course
of the distant B-A ET reaction. Noting the definition of the
density matrix elements, eq B1, one can state thatat5?,
7 all off-diagonal matrix elements related to a given site
D(A) or a given adiabatic bridge term vanish while the

diagonal matrix elements, i.e., the partial site populatiens

derivation can be found in ref 26)

. i
Ps(t) == ;l Z ; (Tsa kePke sa(t) - Tsz saPsa kg(t)) (B7)

The equations for the off-diagonal elemepts sg(t), (s = S)
follow from the GME (eq B2) according to

1
psas’ﬁ(t) == %(iAEsas’ﬂ + Ty S/S)psa sﬂ(t) -
é 3 (aschc 50 ~ T sppase®) (89)

where we changed from the transition frequencies and inverse
lifetimes to transition energieAEy, sp = hws, sp and the level
broadenind’s, sp = (h/Z)(r;Il + rQ/}). The characteristic times

for the change of the off-diagonal elemenss% s), T

and ., largely exceed the characteristic times of intralevel
relaxation processesio”) andz!). Therefore, we can neglect
in eq B8 the time derivative ofs, sg(t) in comparison to the
first term on the right-hand side. It follows

Pso. Sﬂ(t) =
1

; (Tks $BPso. kE(t) — T kePke sﬁ(t)) (B9)
AEg, s iTg sp ; » » )

Equations B7 and B9, along with relation B5, offer the basis
for a coarse-grained description of bridge-mediated ET if strong
electronic intrabridge coupling is present. The small interlevel
coupling matrix element$s, sp (ats = s) are responsible for
interstate transitions and thus just these small couplings define
the specificity of the procedure to derive the closed set of
equations for the integral populatioRgt). The equations are
obtained in two steps. First one has to iterate eq B9 to get density
matrix elements that are diagonal with respect to the irglex
And second one uses an expression similar to eq B5 to replace
a density matrix element such ag, ¢4(t) by the integral
populationPg(t) and the thermal distributioM(Eg,). It results

an iteration procedure characterized by small parameters such
as|Te spl(AELg; + T2p); details can be found in ref 26.
The perturbation expansion leads to the set of Pauli-like kinetic
equations (eq 3) with the interlevel rate constants defined by
egs 4-8. A similar form can be derived for the transfer rates
k., Which describe the transitions between the adiabatic terms

s«(t), describe a thermal equilibrium (Boltzmann) distribution 4 and &' of the bridge. It is only necessary to define the

versus the statelys,[] Accordingly we can set
Psy s@(t) = 6&,,6’W(Esa) Ps(t)

where thePg(t) denotes the above-mentioned integral popula-
tions. Furthermore, we introduced the Boltzmann distribution
for the vibrational states of electronic level

WE,) = exp(-Eu/k TV exp(-Ex /i) (B6)

(BS)

Equation B5 reflects the main assumption of the chosen coarse

grained description based on the strong inequality of eq 2.
According to the fast intersite relaxation, the site populations
Powe Da)e(t) and the populations of any extended bridge state
puan uau(t) vary only via an alteration of the integral site
populationPp)(t) and P,(t), respectively. If one inserts the

corresponding coupling matrix elemerfig, .5 = [Za|0|u'fO
via the operator of nonadiabaticify eq A7 (see also, e.g., refs
8 and 40).
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