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Abstract

Nonadiabatic two-electron transfer (TET) mediated by a linear molecular bridge is studied theoretically. Special attention is put
on the case of a irregular distribution of bridge site energies as well as on the inter-site Coulomb interaction. Based on the unified
description of electron transfer reactions [J. Chem. Phys. 115 (2001) 7107] a closed set of kinetic equations describing the TET
process is derived. A reduction of this set to a single exponential donor—acceptor (D-A) TET is performed together with a derivation
of an overall D-A TET rate. The latter contains a contribution of the stepwise as well as of the concerted route of D-A TET. The
stepwise contribution is determined by two single-electron steps each of them associated with a sequential and a superexchange
pathway. A two-electron unistep superexchange transition between the D and A forms the concerted contribution to the overall rate.
Both contributions are analyzed in their dependency on the bridge length. The irregular distribution of the bridge site energies as
well as the influence of the Coulomb interaction facilitates the D-A TET via a modification of the stepwise and the concerted part of
the overall rate. At low temperatures and for short bridges with a single or two units the concerted contribution exceeds the stepwise

contribution. If the bridge contains more than two units, the stepwise contribution dominates the overall rate.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Distant electron transfer (ET) mediated by a molec-
ular bridge (B) is one of the basic processes responsible
for oxidation-reduction reactions in chemical and bio-
logical systems (see, e.g., [1-12]). Among the various
types of bridge-assisted ET reactions, the donor-accep-
tor (D-A) single-electron transfer (SET) process repre-
sents the most basic type. D-A SET was the subject of
intensive theoretical studies during recent years pro-
moted by experimental findings on the distant depen-
dence of ET reactions through polypeptides [13] and
DNA strands [14]. In particular, results based on a
unified description of nonadiabatic SET [15-18] (see
also [19-21]) allowed to derive an analytic expression for
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the bridge-length dependence of the overall D-A SET
rate. Conditions could be also derived at which the rate
reduces to a sum of contributions related to the multi-
step sequential (hopping) and the unistep superexchange
(coherent) transfer [15].

The transfer process becomes more involved if it
proceeds as a bridge-assisted multi-electron reaction. So
far such types of reactions have been only studied for the
the case of a nonadiabatic D-A two-electron transfer
(TET) mediated by a regular molecular bridge [22-24].
Particularly, it could be demonstrated that the D-A
TET proceeds through the bridge B= BB, ---B,,--- By
(B, denotes the mth unit of the bridge) along stepwise
and concerted routes. The stepwise route is originated
by single-electron hopping transitions between neigh-
boring sites of the DBA system. This type of transition
starts from the reactant state D”"BA with the two
electrons at the D. It reaches the intermediate state of
the TET reaction D BA™ =D B|B,:---ByA™ via
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single-electron hoppings along the bridging states of type
D™ B™ A (this notation abbreviates the manifold of states
D B;B,---ByA, D"B,B; ---ByA,... and D"BB; -
ByA). The second part of the process starts from the
intermediate state D" BA™ and reaches the product state
DBA™ via single-electron hoppings along the bridging
state, DB”A™ (which read in detail DB B,---ByA™,
DB|B; ---ByA~,... and DBB,---ByA~). Thus, the
reactant state D™ BA and the product state DBA™™ of
the TET reaction are related one to another by the in-
termediate state D" BA ™. The formation of this state is of
fundamental importance for the TET (as already noted
for TET reactions which proceed in the absence of a
bridge [25]). In addition to the introduced states one
expects some contributions from doubly reduced bridge
states. It has been discussed in detail in [23] under what
conditions these contributions are of minor importance.

In contrast to the stepwise route the concerted TET
route follows from a direct unistep transition between
the reactant and the product state (cf. [23]). This unistep
transition is originated by a specific two-electron su-
perexchange coupling between the D and the A via the
above-mentioned types of bridging states D"B~A and
DB™A™, as well as the intermediate state D™ BA™.
Moreover, an analytic dependence of the overall D-A
TET rate on the number of bridging units could be de-
rived in [23]. Concentrating on the special case of a
regular bridge, different regimes of D-A TET have been
studied.

It is the aim of the present paper to extend the ap-
proach of [22,23] to the more realistic situation of an
irregular bridge. We will consider the influence of an
intra-bridge energetic bias as well as the effect caused by
the Coulombic coupling between the sites of electron
localization within the DBA system. The energetic dif-
ferences between the sites of the bridge may result from
an externally applied electric field. Slight changes of the
chemical structure of the bridge units or of the groups
surrounding the bridge may also cause such differences.
(In the various types of fumarate reductases the redox-
chains of hemes or Fe-S clusters are characterized by a
notable energetic bias [26]). The importance of the
Coulomb interaction for bridge-assisted D-A SET has
been already underlined in [27]. In the case of the bridge-
assisted TET discussed here the Coulomb interaction
leads to different contributions to the total DBA energy
depending on the position of the two transferred elec-
trons in the DBA system. The localization of the
transferred electrons at the D, the A as well as the
various bridge units By, B, ..., By changes the site-site
interaction in the DBA system. To clarify the impor-
tance of this inter-site Coulomb interaction for the effi-
ciency of the distant TET is one task of the present
paper.

The paper is organized as follows: In Section 2, the
model is introduced for the description of nonadiabatic

TET through a molecular bridge and the coupled set of
corresponding kinetic equations are given together with
respective rate constants. The reduction of the complete
set of kinetic equations to those describing the direct D—
A TET process is shortly explained in Section 3. An
analytic expression for the overall D-A TET transfer
rate is given as well. Section 4 is devoted to the analysis
of the bridge-length dependence of the stepwise and
concerted contribution to the overall rate. A general
discussion of the mechanisms leading to bridge-assisted
D-A TET and a comparison of the results obtained for
an irregular as well as a regular bridge are presented in
Section 5.

2. Kinetic equations of nonadiabatic bridge-assisted TET

It is a basic property of bridge-assisted nonadiabatic
ET reactions that they proceed against the background
of fast intra-site relaxation processes. If the latter are
characterized by the time-constant 7., then the in-
equality At > 1. holds, where Atz is the characteristic
time of the ET process. Accordingly, a coarse-grained
description of the ET can be carried out [15,17]. It is
based on the introduction of the total electronic state
populations Py (¢) = >, (viM|p(t)|Mvyr), where p(t) is
the density operator of the DBA system and the sum-
mation has been taken with respect to all vibrational
substates vy, related to the electronic state |M).

In the case of bridge-assisted TET under consider-
ation the states |M) refer to all involved electronic
configurations. Those cover the donor state
ID) = D" B;B,--- B, ---ByA), the intermediate state
|I) =D BB, ---B,,---ByA™), and the acceptor state
|A) = |DB;B;---B,,---ByA™), as well as two types of
singly reduced bridging states |B,)=|D BB;---
B, ---ByA) and |B,) = |DBB,---B,, ---ByA™) (m =
1,2,...,N). Here, D" (A" ") and D™ (A™) denote the
D(A) site with, respectively, two excess electrons and
one excess electron, while B, stands for the mth bridge
unit with one excess electron. Of course the given elec-
tronic states have to be supplemented by those of a
doubly reduced bridge. However, we will restrict our
considerations to bridges which are surrounded by a
nonpolar environment like lipids or nonpolar residues of
a protein. Then, because of the Coulomb repulsion
among the transferred electrons the doubly reduced
bridge states are positioned far above the energy levels
of all other states and can be neglected (for more details
see [23] as well as [28,29], where this effect has been
discussed for molecular wires). Accordingly, we denote
the TET Hamiltonian as Htgr = Hy + V, where the di-
agonal part

Hy =" Eyy, |My) (Myy| (1)

M m
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is defined by the electron—vibrational states |Mv,,) and
the respective energies E,,, (M and v, denote the
electronic and vibrational quantum numbers, respec-
tively). The off-diagonal part of the TET Hamiltonian,

V=3 > Ma{vu|V) M) (N vy (2)

) J
MN vyvly

is responsible for electronic transitions between different
states [Mvy) and |[Nv},). It is written by using a Condon-
like approximation (which works well in the case of
bridge-assisted nonadiabatic ET). Accordingly, .y =
(M|V;,|N) denotes the electronic coupling and (vy|vy)
gives the vibrational overlap integral. The .#,y are
specified by employing a tight-binding model. If one
restricts on a DBA system with the D and the A inter-
connected by a linear bridge one obtains [23]

!
Mo, = Vo1, My, = Vpy, My = Van,

/ (3)
Mg, = Vay, My, = Mg 5

m1 _— = V;nm:tl-

The expressions show that any transition between two
different electronic states |M) and |N) is originated by
SET processes between neighboring sites of electron

BRIDGE

s ~
Vb1 (V1) Vi Va Vain Vva (Vivg

3
Ip a a

Fig. 1. Linear donor-bridge-acceptor (DBA) system. The quantities
Ip,a and 5 denote the distances between different units. (The single-
electron couplings 1, Yva, ¥, Vya> and Py are discussed in the
text.)
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localization in the DBA system with the .#,,y expressed
by inter-site single-electron coupling matrix elements
Vour (cf. Fig. 1).

Based on the TET Hamiltonian one may derive ki-
netic equations which describe the process of bridge
mediated nonadiabatic TET. Details of the derivation
can be found in [15] for the case of SET, and in [23] for
TET reactions. The coarse-graining procedure results in
the following kinetic equations for the populations of all
involved electronic states |M)

Py(t) = —quPu(t) + ) kar P (), (4)

N#M

where indexes M and N indicate the noted electronic
DBA-states |D), |B,,), |I), |B,,) and |A). The quantities

gp=gp+hkpi+kpr, gu=gn+trn (m=12,...)N),
ga=7atkar+kap, ¢@. =8 +7 (m=12,...,N),
G =g +n+kp+ka

(5)

are the total escape rates from the respective states. They
are expressed by the rate-constants k), describing the
transitions from electronic state |M) to another states.

The rate constants of sequential single—electron
transitions between neighboring DBA sites are indicated
in the scheme (a) of Fig. 2 and read gp = kpg,, gv =
keyt, &n =kg,B,..» &1 =kp, v =k, &n = ki,
(and analogously for ; and 7;). The general form of this
type of rate expressions is given by

2n
kvn = 7 |4y P (FC) (6)

where (FC),,, is the Franck—Condon factor for M — N
transition [1,11,15,30].

(@

(b) (c)

Single—exponential
kinetics

Two—exponential
kinetics

Fig. 2. Reduction of multi-exponential TET kinetics to single-exponential D-A TET kinetics. Scheme (a) involves multi-step transitions between the
DBA electronic states (with rates g, 7, &8s, /) and unistep transitions (with rates kj.y). The scheme (b) shows the transitions between three basic
electronic states, and scheme (c) represents the D-A TET kinetics with an overall forward and backward transfer rate.
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Apart from the sequential transitions the kinetic
equation (4) include processes of distant single-electron
(D=21and I 2 A) and two-electron (D 2 A) transitions
with rate expressions

2n
kny = n | Ty | (FC) gy (7)

where the T, denote the respective superexchange
coupling matrix elements. In the case of the SET pro-
cesses D21 and I 2 4 the squares of the related su-
perexchange couplings read

T = | Moy, My,p, - My, By Mpy| (8)
HZ—[ AE‘mDAEmI
and
My My - My 5 My |
|EA|2 _ 1B, BB, By_1By By4 ) (9)

HZ:1 AE'mlAE‘mA

The quantity responsible for the two-electron D2 A
transition takes the following form:

2
|TDA|2 o |‘%DB|%Ble e ‘%BWIBN'%BN”
- N
Hmzl AE‘mDAE‘mAAE'ID
2
oA gy Ml
7 = =
[1,_: AE,DAE, AAE A

(10)

Note that we have used the abbreviations AE,pia) =
AEg, paa) and AE,paa) = AEg, paa)-

3. Overall transfer rate of the D-A TET process

The processes connected with the TET reaction are
described by the 2N + 3 linear rate equation (4) and are
depicted in scheme (a) of Fig. 2. Every state population
Py (M =D,1,A,B;,...By,By,...By) has a multi-ex-
ponential time-dependence Py (f) = Py (oc0) + Z,ZZT z
Bx,) exp(—K,t). The Py(co) are the steady-state popula-
tions and K, K>, ...,Kyyvio denote the 2N + 2 nonzero
transfer rates. Of course, analytical expressions for the
rates K, can only be derived in particular cases. One of
them is the (direct) D-A TET where the populations of
all bridging states |B,,) and |B,) (m,n=1,2,...,N) as
well as of the intermediate state |I) remain small during
the TET. For such a situation multi-exponential kinetics
are only met for the bridging states and the intermediate
state which all less populated [17,23]. However, the
population of the reactant state |D) and the product
state |A) show a single-exponential time-dependence
(M =D, A, the Py (0) denote the initial populations)

PM(I) = PM(OO) + (PM(O) — PM(OO)) eXp(—KTETI). (1 1)

The resulting TET kinetics described by this two-state
equation are shown in Fig. 2(c). The overall transfer rate
Ktet, as demonstrated in [23] is given by the smallest
rate of the set K, K>, ..., Kyys. This fact will be used to

derive an expression for Ktgr in the general case of an
irregular bridge (in [23] an analytic expression for Ktgr
has been only derived for the case of a regular bridge).

First let us change to the Laplace transform of the
kinetic equation (4). According to the relation Fy,(s) =
IS exp(—st)PM(t) ds we obtain a linear set of algebraic
equations

A(s)F(s) = C. (12)

The vectors F(s) and C are defined by its components
Fos),Fi(s),-. Fals) and Pp(0),Pr(0),...,PA(0), re-
spectively, and A(s) denotes the rate matrix. The con-
dition det(s) = 0, where det(s) is the determinant of 4,
determines all 2N + 3 TET rates. They read K| = —sy,
Ky = —s3,...,Koyi2 = —soyy2 With s, being the roots of
det(s) (one root, denoted by sy, is equal to zero). Next
we note that A(s) depends on s only via its diagonal
elements Ay (s) = s+ qu. Therefore, the Ay, (s) are
dominated by the escape rates g if |s| < ¢). Assuming
that the energetic position of the bridging states as well
as of the intermediate state is above the donor and the
acceptor level, the escape rates q;, v, ¢1, gy and g are
much larger than ¢gp and g4 (see Eq. (5)). As a result, the
smallest nonzero transfer rate Ky, = Ktgr strongly
deviates from all other rates. Considering the diagonal
elements A (s) at s = —Krgr we may conclude that
A (s = —Krer) =~ qu for all bridging states |B,,), |]§m>
as well as for the intermediate state |I). Hence, we may
set Ay (s) = Aynr(0), what exactly corresponds to the
“steady-state” approximation for finding the popula-
tions (in our case the populations of the bridging states
as well as of the intermediate state). Thus, setting
P,(t) =0, Pi(1) =0, P(t) =0 and utilizing the initial
condition Py, (0) = dyp we obtain the solution, Eq. (11)
with PD(O) =1, P,=0, PD(OO) = kb/KTET, PA(OO) =
ke /KteT, andKter = kp + ky. Note that the forward (k)
and the backward (k,) component of the D-A TET rate
KrET,

ki) = kﬁ?ﬁip) + kf(ff)’;' ? (13)

contain contributions associated with the stepwise and
concerted transition within the whole DBA system. The
stepwise contribution is given by

késtep) _ KpiKia 7 (step) _ Ka1Kip .

Kip + Kia Kip + Kia
The rates K,y contain a contribution given by the su-
perexchange mechanism of SET K" and by a contri-
bution related to the sequential mechanism K29 (cf.
scheme (b) in Fig. 2). They read in detail

(14)

Kpiap) = K]()Slu(lg)) + Kgleﬁ)w
K5 = ko K51Y = gpgi -+ gv/D(1,N), (15)
Ky =hkp, Kip? =rry--ri/D(1,N)

and
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_ pr(sup) (seq)
Kaiaa) = KAI IA) +KAI 1A)

KSIUP) = ka1, K/(u Q) _ FaFy - - ~?1/I3(1,N), (16)
KX =kia, KXY =&+ &v/D(1,N).

The quantity D(1,N) is the determinant of the tri-
diagonal matrix

q1 - 0 0 ce 0
—&1 q> —r3 0 ce 0
N 0 —& q3 —ry4 0
D= . . . . .
0 0 —gv—2 gn-1  —In
0 0 0 —IN-1 qN

(17)

Moreover, D(1,N) denotes the determinant of the ma-
trix, Eq. (17) w1th the elements —g,,—r, and ¢, re-
placed by -g,,—7, and g,, respectively. The rate
expressions given in Egs. (15) and (16) essentially sim-
plify for a regular bridge with identical units. If an en-
ergetic bias 4 = E,,,; — E,, between neighboring bridge
sites is present all forward (and backward) inter-site rate
constants coincide so that

(18)

According to this specification the expressions for the
sequential transfer rates KDsquI>D and Kff&) take a sim-
pler form [23]. Furthermore, the contribution stemming
from the concerted TET mechanism and entering Eq.
(13) is defined via a specific unistep two-electron su-
perexchange process between the states |[D) and |A).
This yields

klgconc) _ kDA; k]gconc) _ kAD (19)

with the rates kpa and kap given by Egs. (7) and (10).

The expressions given in Egs. (11), (13)—(17), and (19)
completely describe nonadiabatic D-A TET reactions
mediated by a bridge of N units. Below we will con-
centrate on the analysis of the bridge-length dependency
of the overall transfer rate Ktgr in using a simple tight-
binding description of the bridge. In accordance with
this model all interstate couplings .4,y can be expressed
by the inter-site electronic couplings (cf. Eq. (3)). And,
the formulas for the superexchange couplings remain
valid if all energy gaps AEyy in Egs. (8)—(10) are positive
and satisfy the condition of deep tunneling:

Poul, [Pvals 7500 Vaals [Vamii] < AEm. (20)

[Note that AE,» = AE,p > AEpp, AEp = AEs, and
AEva AE mA > AEmI ]

3.1. Bridge-length dependence in the case of regular bridge

We denote the unperturbed energies which corre-
spond to the DBA-states |D), [A), [I), l ) and |B,,) by
Eg)), Eg), E;O), Eg = E,(,?>, and Eg = E,(,? , respectively. In
a DBA system with a regular bridge the energy gaps
AEyy = AEJ(Wjg> entering the denominators of Eqs (8)-

(10), can be expressed as AEf,ng) =FEp ](g = AEp,
AE™® —Ey—EV) =AEs, AE® E§°> = AEp—
AEI,(AEI_EB—E} ", AE,(,ff)g)_E —EY AE AE,;;g -
Ep—EV=AEx, AEY =E") —E\) —AEA—AE, AET® =

Eg—E\”=AE;, and AEf,ffgLEB— E"=AE; (cf. Fig. 3).
Moreover, we set V.1 =V3. In line with Egs. (6), (15),

(16), and (19), then, we may write (note that symbol reg
stands for a regular bridge)

sup — 2n
Ko™ =7 |75 (FC) it .
K(sup—reg) 27'[ Treg EC (reg) ( )
IAA) T | IA ( )IA(AI)
and
)
e = 2T POy (22)

where the squares of superexchange couplings read

2 0 2 _r _
|TDrIe%A( )= |T]§1)(IA)\ e fioW=1), (23)
T 0 V
TS (V)P = | T Pe D), (24
I ) E,
PP S EB
T
AE; AE;
Vo £
AE, AEp AE, AE,
0
_L - J, EY
AE
[C) J A— y R
R T Ep = Ep
A,
AEp l E%O)
AE\
1D
(b) ¥.__. { EO- £©

Fig. 3. Position of the electronic energy levels £y, = E(M, {0y}) of the
DBA system and respective energy gaps in the general case (panel a)
and in the case of a self-exchange D-A TET reaction (panel b).
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Concrete expressions for |71 |%, 171> and | TS| as well
as the decay parameters {;, {, and { can be found in [23,
Egs. (63)-(71)].

It follows from Egs. (21) and (23) that the superex-
change components of the SET rates Kpy(ip) and Kiaar),
Eqgs. (15) and (16) which specify the stepwise contribu-
tion to the overall D-A TET rate Ktgr, show a strong
exponential decrease with an increasing number of
bridge units. Analogously, an exponential decay occurs
for the concerted contribution which is originated by the
specific two-exponential superexchange coupling T](Dr;g)
(N), Eq. (24).

To derive the bridge-length dependence of the se-
quential components of Kpjp) and Kia(ary one has to
take into consideration the condition (18) as well as the
fact that for a regular unbiased bridge the forward and
backward intra-bridge rate constants coincide (o = f3).
Accordingly, we obtain

seq—re Ose
Ko™ = kirany /[1+ & (N = 1),

Seq—re; SEH (25)
KI(A(qAI) = kf/(i(fi?)/[l + &V = 1)),
where
k(Oseq) _ k(Oseq) _ 26
DI gogn/(gv + 1), ki nr/(gy +m), (26)

KOV = FaR /(8w +71), kY = gaw /(@ + 1) (27)

are bridge-length independent quantities. The change of
the sequential rates with a change of the bridge length is
determined by the decay parameters

él - O((g}v-i-l”]),

8N F18N

=— 28
P gy + i) 28)
3.2. Influence of energetic perturbations on the D-A TET
transfer rates

The derivation of transfer rates for the case of regular
bridge as given in the previous section has been based on
the supposition that the Franck—Condon factors are
independent on the distance between different units of
the DBA system. Such an assumption is justified by
experimental data on DBA systems with a regular
bridge which confirm an exponential dependence of the
(single-electron) superexchange rate (see the discussion
on SET through proline chains in [13,17]). However,
there exist systems where an exponential dependence of
the superexchange contribution to the overall D-A SET
rate has not been observed (cf. the SET through DNA
strands [14,16,31]). The absence of such an exponential
dependence in the case of SET through a regular bridge
may be related to the dependence of the reorganization
energy on the D-A distance as well as to the Coulomb
interaction between different sites (different redox-cen-
ters) [27].

It is the aim of the following discussion to account for
the latter effect in the case of TET. Due to the presence
of two transferred electrons we expect a distinct influ-
ence of the inter-site Coulomb interaction as well as of
an energetic bias. Below we will consider how the ex-
ponential bridge-length dependence of superexchange
rates and the hyperbolic bridge-length dependence of
sequential rates changes. In order to discuss the specific
influence of an energetic bias as well as of the Coulomb
interaction we assume a weak dependence of the reor-
ganization energies on the bridge length.

Let ¢y be the change of the electronic energy
E](g) = E,S%M caused by an inter-site Coulomb interaction
as well as by the presence of an energetic bias. Then,

0 . b
Ey = E); + ey. A concrete expressions for €y = 65\4 ias) |

e\"") are given in Appendix A. They cover the contri-

butions €\"* originated by an externally induced ener-

L . Coul .
getic bias as well as the expressions e/(‘/, oul) accounting for

the inter-site Coulomb interaction. The presence of €,
changes the energy gaps AE,(\;vg) to

AEMN = AEZ(\Z\/g) + AEMN. (29)
Noting the expressions Egs. (A.1)-(A.3), (A.13)—(A.15)

for €™ and €\S™™, respectively we may write
AE'mD = AE'D - (m - I)A + U]Sz‘,)\/I”DA — U](;I)/}”Dm
- UI(;2>/rAn1; (30)

AE, = AEp — (m— 1)4 — (N — 1) 4+ US) /rpa
- U](32)/rDm - U](gl)rAm; (31)

AE,s = AEx — (m — 1) 4+ 2(N — 1)4 + US) /rpa
— U Jrom — U Jram, (32)

AE,\ = AEx + (N —m)A + US) [roa — U [rom
— U [ram, (33)

AE,; = AEy + (N —m)4 + (US) — US)) /rpa
- U[(gl)/rDm - UIgZ)/rAm; (34)

AE,; = AE; — (m — 1)A + (U5, — US))/roa

~ U Jrom — U [ram (35)
and
AEpp = (AEp — AE;) — (N — 1) 4 + UL /rpa, (36)
AEin = (AEx — AEy) + (N — 1)4 + US) /rpa, (37)

AEpy = AE +2(N — 1)4  (AE = AEp — AE,). (38)

Eqgs. (30)-(38) demonstrate that the energy bias and the
influence of the Coulomb interaction leads to an de-
pendence of the energy gaps on the number of bridge
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units N, thus modifying the bridge-length dependence of
the superexchange couplings, Egs. (8)-(10). Moreover,
the driving forces (36)—(38) cause an additional N-
dependence of the Frank—Condon factors in the super-
exchange rate constants, Eq. (7). Hence, a modification
of the bride-length dependence of the superexchange
rate results from a change of the superexchange cou-
plings as well as from a change of the Franck—Condon
factors. Some numerical illustrations of this conclusion
will be given in the next section. Here, we will derive an
analytical expression which demonstrates a deviation
from the exponential bridge-length dependence as found
for the case of a regular bridge (cf. Eqgs. (23) and (24)).
We consider the case where Aeyy = €y — ey 1s small
compared to the respective energy gaps AE%,g) Then, on
the base of results derived in Appendix B (cf. Egs. (B.3),
(B.7) and (B.8)) we may represent the superexchange
rates, Eq. (7) in the following form:

kpia) = |T|()rle%A (N )‘2e7@1(2)(N)(FC)DI(IA)7 (39)
2 _
ko ~ | TSE (V) e ) (FC)py (40)

with |57 (V). |75 (V)| and |55 (N)[* given in Egs.
(23) and (24), respectively. The correction factors are
defined by Egs. (B.4) and (B.9).

The discussed bridge irregularities modify the se-
quential transfer rates in much more complicated way
than the superexchange rates. If, however, only an en-
ergetic bias changes the energies of a regular bridge Eq.
(25) can be transformed to

J(0sed)
K(seq) DI(IA)
DI(IA) — 1+ 51 (1 _ .VN—I)/(I _ y) )
41
J(0sea) N1 (41)
K(seqfreg) _ ID(AI)

U Sip(1=y"1)/(1 =) .

Now, the sequential decay parameters read

goonley—al=9) o A -l =) -y,
a(gy +11) (g +71)

where we introduced y = /o = exp[—A4/kgT] (kg and T

are the Boltzmann constant and temperature, respec-
tively).

4. Discussion of the results

According to Eq. (13), we may rewrite the overall

transfer rate as Krpp = K®P) 4 K(0n¢)  Noting
ky = krexp(—AEpa /kgT) one obtains
AE
K(step(conc)) =1 _ DA k(slep(conc))' 43
=+ exp Tl f (43)

Moreover, it follows from Eq. (43) that the bridge-
length dependence of Ktgt is located once in the driving
force of the D-A TET reaction, AEps (cf. Eq. (38)).
Furthermore, this dependence enters the forward rate
kP (via the single-electron stepwise transfer rates KDI
and Kia, Egs. (15) and (16)) as well as the rate k conc)
Eq. (19).

To let become the dependence on the bridge length
more obvious we specify the Franck—Condon factors for
the site-to-site transition rates eqs. (6) and (7) in using
the Song—Marcus model [32,33]. The model supposes a
strong coupling of the electronic transition M — N to a
single (intra-site) vibration with frequency wyy > 0
while the coupling to the surrounding bath is charac-
terized by the reorganization energy A,. In this case,
one obtains Jortner’s expression [34] of the Franck-
Condon factors which reads as (FC),,y = @uw/hoomy,
where

h(l)MN:| ( 1 + I’l(COMN) ) vy /2
@y = exp | — Syw coth
MN p { MN T n(@a)
% D) (28l () (14 n(ou))]?). - (44)

This formula contains the modified Bessel function /,(z),
the Bose distribution function n(w) = [exp(fiw/ksT)
—1]_1, and we have set Syy = Aun /oy, vy = AEyy/
hwyy. Now, we can specify all forward single-electron
sequential rate constants:

271', ‘VD1| 2TC |VNA|
; == Dy, 45
hz Wpi Pl 8N W on M (43)
2m |V, NG
= — 5 = — ¢ 5 46
81 2 on 1, &n [ Tl (46)
o | Vel Ak
mziiémm 9 m:77@_~ 1 47
hZ o +1 & h2 wp mi+1 ( )

Analogously, the forward single-electron and two-elec-
tron superexchange transfer rates read

2 | Toaa) 2 |Tpal’

" WID(IA) "

kipaa) = Pp1a), kpa =

(48)

Below we will discuss the results obtained so far in an-
alyzing the particular case of a self-exchange D-A TET
reaction. In order to relate the present computations to
our earlier ones of [23,24] the following calculations are
carried out with parameters similar to those of [23,24].
(Note that we took into account the fact that the reor-
ganization energies of TET reactions are, as a rule,
larger than those of SET reactions; for instance, in the
case of TET reactions in solvents the reorganization
energies may exceed those of SET processes by 1-1.5 eV
[35,36].) There will be only a single deviation from the
parameters used in [23,24]. To be able to compare the
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stepwise and the concerted TET mechanism also at
low-temperatures the vibrational frequencies have been
taken somewhat larger than in [23,24].

Fig. 4 shows that the contribution to Ktgr caused by
the stepwise mechanism exceeds the concerted one if
room temperatures are considered. However, for the
same energetic parameters (specifying the rates (45)—
(48)) the contribution originated by the concerted
mechanism increases if the temperature decreases to 150
K (compare Figs. 4 and 5). The concerted contribution
becomes comparable to the stepwise contribution for a
single bridge unit (N =1) at 7 = 150 K as well as for
two bridge units (N =2) at 7 = 100 K. It exceeds the
stepwise contribution at N = 1 and 7 = 100 K (compare
Figs. 5(a) and (b)). Here, we have to note that in line
with the Marcus-theory [37] the reorganization energies
Ap1, A1a and Jpa can depend on the D-A distance.
Therefore, the transfer rates for the case N = 1 does not
follow automatically from the above derived rate ex-
pressions for arbitrary N. In particular, a direct TET
between the D and the A would become possible which
can even transform a nonadiabatic reaction to an adi-
abatic one. So, the case N = 1 requires more involved
consideration if a concrete DBA system is considered.
Here, however, we would like to consider such DBA
systems where the nonadiabatic character of the reaction
is guaranteed by small inter-site couplings. Then, the
derived kinetic equations and the corresponding rate
constants can be considered to be correct, at least for
N> 1

The calculations performed with the chosen set of
parameters indicate that Ky > Kip. Therefore, in line

10° g
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T 10° 4 -
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Fig. 4. Overall D-A TET rate of a DBA system with a regular bridge
and for conditions where the stepwise component exceeds the con-
certed one at any bridge length. The calculations are based on Egs. (6)—
(10), (13)-(17), (43)—(48) for the case of self-exchange TET reaction.
The following parameters have been taken: AEp = AEx = AEp =
AEA =0.35 CV, AE[ = AE[ =0.25 CV, AE:O, /ll[) = ;LN[ = ;LDI = )v“ =
j-NA = ;LIA =0.6 CV, A-DA =0.8 eV, ;-mmil = /lB =0.3 CV; WyN = g =
800 cm™!; Vo = Vya = Vb1 = Vs =0.02 eV, 13 =0.04 eV.
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Fig. 5. Overall D-A TET rate of a DBA system as in Fig. 4 but for a
lower temperature. The stepwise component of the overall transfer rate
is caused by a single-electron sequential as well as a single-electron
superexchange mechanism (panel (a)). If temperature is decreased the
superexchange part in the stepwise transfer rate dominates the se-
quential part. Besides, in the case of a short bridge (N =1,2) the
concerted mechanism originated by a two-electron superexchange
process between the D and the A, strongly contributes to the common
rate Krgr (panel (b)).

with Eqgs. (14) and (15) one gets kﬁsmp) ~ K]()qu) + Kl(;}lp).
Fig. 5(a) shows that at 7 = 150 K just a single-electron
superexchange component, KS}‘P), forms the stepwise
D-A TET route when the number of units of a regular
bridge does not exceed N = 4. At T = 100 K, the same
component dominates up to N = 6 (cf. Fig. 5(b)). Note
again that the stepwise transfer rate, k" ) Eq. (14) is
defined exclusively by single-electron transitions which
are responsible for the formation of the superexchange
a(nfi )sequential component of the common transfer rate
k step .

' The rise of the concerted contribution with a decrease
of temperature is caused by the specific origin of the
concerted mechanism. It is based on the two-electron
superexchange process between the D and the A when
the intermediate state D" BA™ acts as a virtual state like
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the bridging states. Therefore, the concerted mechanism
works even at zero temperature while the efficiency of
the stepwise mechanism is strongly limited by the need
for a thermal activation of the intermediate state.

Fig. 6 demonstrates the influence of an inter-site en-
ergetic bias as well as of the Coulomb interaction on the
efficiency of low-temperature D-A TET. It is seen from
a comparison of Figs. 6(a) and 5(b) that the efficiency of
the D-A TET increases if an energetic bias 4 is present
within the bridge. We underline two peculiarities in the
dependency of Ktgr on N. There appears a slight devi-
ation from the exponential law for the concerted as well
as the stepwise components of the D-A TET rate.
Moreover, a notable alteration of the single-electron
superexchange decay constant can be observed. The first
peculiarity can be explained by the weak dependence of
the corresponding Franck—Condon factor on the bridge
length. The second one is related to the driving forces of
single-electron and two-electron reactions, AEp and
AEpa. Actually, as far as at a given set of parameters the
stepwise component of the overall transfer rate is mainly
defined by A™P ~ K5 one derives KP) x exp
(=AEp/kgT)kip. Bearing in mind the fact that
kip ~ |TD1|2 while AE1p contains the term —(N — 1)4
(cf. Eq. (36)) one concludes that KG®P) ~ exp
{[(4/keT — §)(N = 1)] = {;pN (N — 1)} Here, {; speci-
fies a rate drop for the case of regular bridge (cf. Eq.
(23)) while {p; = (1/2)[(4/AE;) — (4/AE)] > 0 gives a
correction to this drop. The estimations show that
(4/kT) > {paN. Therefore,

#(eff)

KB gt o6 V=), (49)
where the effective decay parameter reads C(leff) =
{ — A/kgT. As far as C(leff) < {, one observes a some-
what weaker decrease of K'®?) compared to the case of a
DBA system with a regular bridge. At the same time,
following from the property AEp = AEx = AEp = AE,
valid for a self-exchange D-A TET reaction (compare
the schemes (a) and (b) of Fig. 3), one can see from Eq.
(B.9) that @(N) = 0, and thus the bridge energetic bias
A does not alternate the two-electron superexchange
coupling 7Tpa, Eq. (40). Therefore, the bridge-length
dependence follows from the expression

K (cone) 1<(§Conc)e—§(N—l)7 (50)
which has the same form as that derived for a DBA
system with a regular bridge.

A slightly different situation occurs if the Coulomb
interaction between the centers of electron localization
in the DBA system is included into the consideration.
This interaction results in different energetic shifts of the
DBA system (cf. Eqs. (A.13)-(A.15)), and thus creates
an energetic irregularity of the bridge. A comparison of
Fig. 6(b) with Fig. 5(b) leads to the conclusion that the

Coulomb interaction modifies the energy gaps in
Egs. (8)—(10). It results an alteration of the stepwise and
concerted components of the overall D-A TET rate. In
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Fig. 6. Overall D-A TET rate of a DBA system with the regular ar-
rangement of the bridge energies disturbed by an bridge-internal en-
ergetic bias (panel (a)), and by the presence of the Coulomb interaction
between the centers of electron localization (panel (b)). The simulta-
neous presence of both mechanisms is considered in panel (c). The
calculations have been done with the same parameters as in Fig. 4
except the temperature and the quantities 4 =0.01 eV and 0=0.07 V.
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particular, the Coulomb interaction leads to a noticeable
deviation of the stepwise component from the expo-
nential law. At N <2 the rate KP) remains smaller for
an irregular bridge than for a regular. In contrast, at
N > 2 the rate becomes larger for an irregular bridge.
This fact can directly be deduced from the expression

KOP) a RIP) g 01(V-1) g 01(N) (51)

which is obtained from Eq. (39) with K06 =~
exp(—AEp/kgT )kip. Just the factor ©(N) given by Eq.
(B.4) (for 4 = 0) mainly modifies the bridge-length be-
havior of K?)_ [The difference between K", Eq. (51)
and K", Eq. (49) is caused by a different magnitude of
the driving force AEp; at Q =0 and Q # 0.]

Next let us consider the concerted contribution to the
total rate. It is given by Eq. (40) which can be written
as

K(conc) ~ KéCOHC) (N)C—Q(N—I)G—Q(N)' (52)

The dependence of K on N is mainly originated by
the same factor exp[—{(N — 1)] as in the case of a reg-
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Fig. 7. Enhancement of D-A TET transfer caused by an energetic bias
(panel (a)) and by the Coulomb interaction (panel (b)). The calcula-
tions have been done with the same parameters as in Fig. 4 except the
temperature and the quantities 4 and Q.

ular bridge. However, corrections to this N-dependence
are due to the multiplier exp[-@(N)] with
O(N) = —(4Q/AEp)[3p(N) — 2N /(N + 1)]. [Note that
the Franck—-Condon factor in K°"(N) related to su-
perexchange transitions shows a negligible dependence
on the bridge length.] Since @(N) <0 for all N (re-
member the specificity of the bridge with N = 1) we can
conclude that the Coulomb interaction between the
centers of electron localization facilitates the concerted
component of overall D-A TET rate. Fig. 6(c) illustrates
the combined influence of a bias as well as of the Cou-
lomb interaction on Ktgr. A comparison with Fig. 5(b)
shows that this influence promotes the efficiency of D-A
TET processes across longer bridges. Fig. 7 supports
this conclusion for the case of a DBA system with a
given number of bridge units (N = 3). It shows that even
a small increase of the energy bias 4 (up to 0.01 eV) or
the Coulomb interaction Q (up to 0.1 eV) can increase
the overall transfer rate up to one order of magnitude
compared to the case with 4 =0 and Q = 0.

5. Conclusion

The general expression for an overall D-A TET rate
Kter (cf. Egs. (13)~(17) and (19)) and as well as the
simplified analytic forms for the superexchange cou-
plings (Egs. (8)-(10), (39) and (40)) and the sequential
transfer rates (Eqs. (41) and (42)) have to be considered
as the main results of this work. The derived formulas
allowed us to understand the stepwise and the concerted
mechanisms of the TET between the D and the A in-
terconnected by a bridge B = B;B;--- By which may
have a regular or an irregular energetic structure. It has
been shown that the origin of the stepwise mechanism is
the two-step single-electron transition between the do-
nor state |D) and the intermediate state |I) (the first
transfer step which is characterized by the rates Kpy and
Kip), and between the intermediate state |I) and the
acceptor state |A) (the second transfer step which is
characterized by the rates Kj5 and Kay). The first and the
second step are mediated by the set of bridging states
IB,,) and |B,,), respectively. During each step a single
electron is not only transferred along the sequential
pathway (multistep single-clectron hopping between the
neighboring sites). Rather the superexchange pathway
(unistep single-electron hopping between the D and the
A centers) is used as well.

Additionally, the common two-electron stepwise
route could be identified as a thermally activated elec-
tron-transfer reaction via the intermediate state
I =D BA™ (cf. scheme (b) in Fig. 2). In contrast, the
same state D”BA™ appears as a virtual state for the
concerted D-A TET. Hence, the concerted route is as-
sociated with the two-electron superexchange unistep
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hopping between the states D”"BA and DBA ™. Such a
D-A TET can take place even at 7 = 0 K.

The derived analytical expressions for Ktgr are quite
appropriate to analyze the influence of the bridge ener-
getic bias on the D-A TET and the effect of the Cou-
lomb interaction between different sites which can be
occupied by the transferred electrons (i.e. between the
sites D, A and By, B,,...By). Both effects may modify
the identical energies of a regular bridge. The resulting
irregularity can either facilitate or complicate the D-A
TET depending on the strength of the perturbation and
the number of bridge units.

In the present work main attention has been focused
on the analysis of those D-A TET processes for which
the stepwise route is determined by single-electron su-
perexchange hopping transitions. This decision has been
caused by the necessity to compare the efficiency of the
stepwise and the concerted route at conditions where the
routes are defined by single-electron and two-electron
superexchange hopping transitions. Although the two-
electron superexchange process decreases with the
bridge length much stronger than the single-electron
process, it could be shown that the concerted mechanism
may exceed the stepwise one for a very short bridge
(N = 1,2, cf. Figs. 6(b) and (c)). This becomes possible if
the energy bias and/or the Coulomb interaction perturb
the regular arrangement of the site energies in the
bridge. Such a result indicates the need to account for
both mentioned effects when considering distant TET in
molecular structures.

Finally, we point to another factor which may in-
fluence the D-A TET. In biological systems the rate
of a TET process essentially depends on the pH-value
of the surrounding solvent. [For instance, it has been
found that just the concerted mechanism of a D-A
TET can be responsible for the pH-dependence of a
two-electron reduction in micothione reductase [24].]
And, it is well known from the classical studies by
Marcus [37] and others [38-41] that the reorganization
energy essentially determines the efficiency of the SET
in solvents (see also more recent results [1,4,5,8,42]).
Therefore, TET reactions in polar solvents are very
specific and where the polarizability of the solvent
may strongly influences the TET process [25,43].
Moreover, TET in polar solvents may proceed across
more then one intermediate state so that a more
complex concerted mechanism as discussed here can
be formed in the course of TET [35]. We consider all
this as a main challenge for further studies.
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Appendix A. Energy level scheme for an irregular DBA
system

If an energetic bias 4 is present between neighboring
units of an otherwise regular bridge the energies of the

bridge states become E,, = Ep +€5,? ) and E, = Eg+
e (m,n=1,2,...,N) while Ep =EY, Ex = EV)+
™) and E; = E\”) + €™ The various energetic shifts

read in detail (see also [23])

e(tl)aias) _0, 6Xzias) = —2(N - 1)4, (A.1)
egbias) — (N - 1)4, effias) =—(m—1)4, (A.2)
bl — (N — 1)4— (n— 1)4. (A3)

In order to specify the energetic shifts caused by the
Coulomb interaction between the sites X and Y of
electron localization we employ the following semi-
phenomenological model. We assume that already in the
absence of the two excess electrons each site X is char-
acterized by an effective charge ¢(X). Hence, the inter-
site Coulomb interaction reads

p(Cou) (xy) = % (A.4)

Here, € is the medium permittivity and Ryy is the dis-
tance between the sites X and Y. Replacing X and Y by
D, A, and B,, we get the Coulombic interaction energy
of the DBA system at the absence of excess electrons. If
the latter are introduced into the system the charge of
the sites changes if occupied by a single excess electron
or by both. In the first case, we replace X and Y in Eq.
(A.4) by D", A", and B,,. If a double population of the
D or the A is present we have to introduce the notation
D77, A7 into Eq. (A.4). Accordingly, we may calculate
the related energetic shift €\,*") of the electronic state
|M). As an example we consider the change of the en-

ergy Ep:
(Coul) __ q(D__)q(A)

‘D o 4TC€RDA + 4me

The expression implies a bridge with identical units
where ¢(B) = ¢(B;) = ¢(B,) = - - = q(By). In line with
the scheme of Fig. 1 we obtain the distances between the
redox-centers as
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RDA:lD—i—a(N—l)—i—lA” RDm:lD—l—a(m—l),
Ranm =1Ia+a(N —m), R,,=a(lm—n]).
(A.6)

These relations indicate that Eq. (A.5) depends in a ra-
ther complicated manner on the number of bridge units.
An essential simplification, however, appears for a DBA
systems with a neutral bridge (¢(B) ~ 0). Accordingly,
only the first term in Eq. (A.5) remains. In what follows
we assume ¢(B) = 0 and obtain

(Coul) q(D__)L](A)

D - 4TC€RDA (A7)
comy _ q(D7)g(A7)

€

1= IV A8
4meRps (A-8)

dcow _ 9(D)g(A ) (A9)

4TE€RDA
6(Coul) _ q(D_)q(A)
" 4TEERDA

q(4)q(B”)
4TE€RAm

E(Coul) — q(D)q(Ai)
" 4TE€RDA
q(A")g(B")

47'CERA,, '

If the presence of two electrons at the D or at the A
transform both centers into neutral states one has to put
qg(D77) = ¢q(A" ") =0. Below we present the energetic
shifts for this case by additionally assuming ¢(D7) ~
qg(A")=¢q; >0, and thus ¢(D) =~ q(A)=¢> > g > 0.
Noting that ¢(B, ) = gg < 0 and introducing the quan-

q(D")gq(B7)
4TC€RDm

(A.10)

q(D)g(B”)
4TC6RD,,

(A.11)

tities

@) _ q191(2) Ul _ |g8l9102) A12
DA dnea ’ dnea ’ ( )

one obtains

=0, A0 N = U, (A13)
e = UG fron — U [rom — Ug [ram, (A.14)

2(Coul) /,,DA _ UB /,,Dn — UB ) Iran- (A.15)

Here, we have introduced the dimensionless distances
rpa = Rpa/a, rom = Rpn/a, and ra, = Ry, /a.

Appendix B. Corrections for the superexchange matrix
elements

To derive analytic expressions for the matrix elements
we start from Egs. (8)—(10) supplemented by Eq. (3) and
consider the product [[Y_, AE,p. According to the
identity

] At = (460)" TT0 + (A /450
= (AEp) exp{EN: AemD/AED)]}
: (B.1)

and by noting the condition |Ae,p| < AEp, one can
expand In[l + (Ae,p/AEp)] with respect to (A¢,p/AEp).
The lowest order contribution gives

[TAE.n = (AEb)" exp { > (A /AED)}. (B.2)

m=1

In the same way one can specify the approximate form
of the product [[Y_, AE,;. Therefore, in accordance with
Eq. (8) one derives

[ Tor|* = | T (N)Pe . (B.3)

To determine factor ©,(N) = 3"_ [(Ae,n/AED)+
(A€,1/AE})] one has to use Egs. (29), (30) and (34). As
an example, we consider a DBA system where
Ip=a= 1[04 (cf. Fig. 1) and q2—2q1 >O qB——ql.
Then, one obtalns (cf. Eq. (A.12)) UDA = 2UD =20
and U = =20 (Q = q}/4nea). Therefore,

2Q Q N o 0

<o)+ (g5 e (B

where the distance dependence is contained in the
function (C =~ 0.577 is Euler’s constant)

¢ 1
WM=2 =2 N
1 1
~CH+IN oo e (B.5)

2N 12N(N — 1)

and in the function

(m=1)=> (N -m)

M=

P (N) =

1

NN - 1). (B.6)

= 3

Analogously one obtains
|Tial® ~ | T (V) e, (B.7)

with an expression for ©,(N) which follows from Eq.
(B.4) after replacing AEp and AE; by AEs and AE], re-
spectively. The same way allows to transform Eq. (10)
into
[Toal* = | T3 (N) e (B.8)
with
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0 0 0 0 >
O(N) = — = =
( ) (AED+AEA AED AEA
N
+< A B A L A B A ) (V)
AEA AED AEA AED 2
A A
———— |IN(N -1 B.9
+ (3~ 25 V0 -1 (B9)
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