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A theory of nonadiabatic donoEX) —acceptor A) two-electron transfefTET) mediated by a single
regular bridge B) is developed. The presence of different intermediate two-electron states
connecting the reactant sta@™ "BA with the product stateDBA™~ results in complex
multiexponential kinetics. The conditions are discussed at which a reduction to two-exponential as
well as single-exponential kinetics becomes possible. For the latter case tKg¢ais calculated,

which describes the bridge-mediated reaction as an effective two-el&trértransfer. In the limit

of small populations of the intermediate TET stal@sB~A, DB~ A, D" BA™, andDB" A",

K+er is obtained as a sum of the raté$§$e” and K{&). The first rate describes stepwise TET
originated by transitions of a single electron. It startsDat” BA and reache®BA™~ via the
intermediate statdd "BA~. These transitions cover contributions from sequential as well as
superexchange reactions all including reduced bridge states. In contrast, a specific two-electron
superexchange mechanism frdn “BA to DBA™~ definesk{&?. An analytic dependence of

K S and K{EP on the number of bridging units is presented and different regim@-o& TET

are studied. ©2004 American Institute of Physic§DOI: 10.1063/1.1644535

I. INTRODUCTION which the overall SET rate follows by additive contributions
from the sequential and the superexchange SET
Two-electron transfefTET) processes and Processes . .hanisn?®
which incorporate even more elec_trons are common for en- Turning back to TET reactions, it has to be considered as
zyme regulated reactions in biological systems. For example

) . . d continuous problem to correctly characterize the different
multielectron transfer could be clearly attributed to different . L
: o : . “mechanisms contributing to the observed overall processes.
enzyme complex mediated oxidation-reduction reactions

TET reduction process have been reported for different typeAt present, there are some basic results on the description of

of reductased? oxidases ® and hydrogenasés®All these iET mtp(t)rllar I|q;J_|ds| wth%rg the tr:f\rr;f_er d|ret-ctly p.rocsléjtlj%%. |
reactions involve numerous intermediate statés!! and urrent theoretical studies on reactions in biologica

proceed in a much more complex way as single-electroﬁyStemS concentrate on electronic structure calculations of,

transfer(SET) processes. Protein film voltametry representse‘g" the active centers of enzymes and their dependency on

an experimental technique which enables direct observatiowe positio4n1(5)f the trgnsferred electrérisr on possible TE_T_
of such electron transfer reactiots3 pathways-*1° To estimate the rate constants characterizing

In biological systems, SET, TET, and higher multielec-the TET process, so far phenomenologigal versions of _the
tron reactions incorporate charge motion along specific strud\iarcus theor$f have been used. In particular, the matrix
tures like peptide chains and DNA strands as well as comelement responsible for the concerted two-electron hopping
plete redox chains. In the various types of fumaratdransition has been introduced as a phenomenological
reductases, for example, the redox chains are given either t@aramete?? Such treatments of TET reactions indicates the
the chain of hemes or by Fe—S clustérSuch structures need for a theory, which is founded on nonequilibrium quan-
form molecular bridges and mediate the electron transfefum statistics and, in this way, gives a correct description of
across large spatial distances. To account for the influence #he concerted as well as stepwise TET pathways mediated by
molecular bridges on electron transfer reactions representstbe molecular bridge.
long-standing task of theoretical chemical physics. We con-  In the following we will present such a theoretical de-
sider it as a particular challenge to formulate a theory ofscription of nonadiabatic long-range TET reactions. The re-
bridge-mediated multielectron transfer reactibhs.’ action to be investigated starts with two electrons located at

In recent studies on nonadiabatic bridge-mediatedhe donor D). Both are transferred through a chain of bridg-
SET®-20the derivation of kinetic equations could be dem-ing molecules B), and thereafter they are captured at the
onstrated as well as rate constants which account for diffeacceptor A). The whole course of the reaction will be cov-
ent transfer mechanismsgsequential and superexchange ered by a description which generalizes earlier approaches
SET). As a particular result conditions could be specified forderived for the study of nonadiabafic-A SET (for an over-
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view see, e.g., Refs. 23—29 and the textbd®i&). It is just

the nonadiabatic character of the transfer process which en
ables us to utilize a coarse-grained approach and to simplify
the necessary rate equations consider&ti>*

The paper is organized as follows: In the next section we
set up a model for the TET process covering all two-electron
configurations of thé&BA system. This is continued by the
description of a particular density matrix approach which
enables us to derive rate equations and respective rate col
stants for the nonadiabatic TET. The latter include expres-
sions originated by the sequential and the superexchang
electron transfer mechanism. A reduction of the TET kinetics \ \ ’
to two-exponential and single-exponential ones is carried out \ \ ;
in Sec. Ill. The conditions to be fulfilled to have this simpli- v \ !
fied behavior are specified. Section IV is devoted to an \ -
analysis of the bridge-length dependence of the stepwise an “ / D B,..ByA
the concerted part of the overd—A TET rate. A detailed \
discussion of those mechanisms originating the bridge- D B,..ByA
assistedd—A TET is given in the concluding Sec. V. Com- \ DB,..ByA™~

putational details are displaced to the Appendix. D

DB; B;..ByA «¢¢ DB,..B,..B,,..ByA «¢e DB,..By ByA

D B;..ByA e+« D B..ByA | | DB[..ByA™ ... DB,..ByA

Il. COARSE-GRAINED DESCRIPTION OF TET FIG. 1. Pathway scheme of bridge-assisted TET reactions. Thick dashed
lines indicate the sequential single-electron pathways. Sole and double solid
As it is well-known nonadiabatic SET takes place acrossines display single-electron and two-electron superexchange pathways, re-

different sites of electron localization. Due to the weak inter-sPectively. ‘Th_e thin dashed lines correspond to the pathways via twofold
site electronic coupling the transfer proceeds against th&duced bridging states.

background of considerably faster intrasite relaxation pro-

cesses, and the whole mechanism is known as the sequential

SET. If the SET occurs betweerDaandA center connected In the present paper, we consider a generalization of this
by a molecular bridge long-range superexchabgeA SET  TET model to the case of long-range TET mediated by a
may represent an alternative charge transfer mechafisth. bridge of N units connecting th® and theA. According to
Since for both mentioned mechanisms the characteristic time possible large number of bridge units the number of acces-
scaleAt of the overall electron motion exceeds the charac-sible two-electron configurations become also laigfe Fig.
teristic time 7, Of intrasite relaxation the SET kinetics can 1). Let us start with those states in which the bridge has not
be described by a simplified set of coarse-grained rate equéeen reduced. To these types of states belongs the initial state
tions (see Refs. 18 and 20The sequential and superex- of the TET reaction

change mecha_nisms enter yia respective rate expressions. We IDY=|D" BB, By - ByA), @)
must expect similar conditions for nonadiabatic TET reac-

tions if the characteristic transfer timeygr, substantially —the intermediate state

exceedsr,. Therefore, the inequality I1)=|D" BBy By ByA ™) 3)
Trel< TTET () and the final state of the reaction
represent the precondition to employ a coarse-grained de- |AY=|DB1By By --ByA ™ 7). 4)

scription of TET processes on a time scale> 7. . ) ) )
Furthermore there exist two categories of states including a

singly reduced bridge,

. Theorgtical studie; on TET processes iDA complex IB,)=|D BB, B+ -ByA), (5)
dissolved in a polar liquid are based on the use of three
distinct two-electron configurations. The TET starts at theand
initial configuration,|D~ ~A), with the two electrons at the =\ e -
D site. It is followed by the intermediate configuration, [Bn)=[DB1B--B, -+-ByA™). ®)
ID"A7), and the TET ends at the final configuration, Every category has to be subdivided ilModifferent states.
IDA™7), with the two electrons located at the site?>?>  If both transferred electrons in the bridge, we arrive at the
This course of TET directly corresponds to the stepwisemanifold of N?> doubly reduced bridge statésote that a
mechanisnD ™ "A=D A" =DA™ 7, which has to be con- double occupation of a single bridge unit is not forbidden
fronted with the concerted TED ™ ~"A=DA™ ". Thus, the in- B m
intermediate electronic configuratiah™ A~ is of basic im- [Brnn)=[D"B1Bz-+Bry+By -+ ByA). ™
portance for the TET process between the contacting redokhe possible TET routes are depicted in Fig. 1. Below, how-
centers. ever, we will exclusively restrict our studies to TET pro-

A. Basic model
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cesses where doubly reduced bridge states do not take paare zero we will denote the respective energyHyy. If an
In particular, this would be the case for TET through shortenergetic bias is present we assumeE,,—E E
bridges where the Coulqmb repulsion between the_t.rans-_~En+l and may write(for a regular bridge
ferred electrons strongly increases the energetic position of
the stat¢$Bm) relative to all other TET statesee also the E,=Eg—(m—1)A, E,=Eg—(n—1)A. (12)
discussion in Ref. 36

Resulting from this restriction, the mechanisms of TET(There is a variety of reasons far. Its presence may result
namedstepwiseTET from now on can be characterized asfrom externally applied as well as internal intermembrane
follows (see Fig. 1 It consists of two sequential SET routes electric fields acting along the bridge. However, the bias can
each related to a single-electron hopping transitions betweefiso be introduced by slightly changing the chemical struc-
nearest neighbor bridge units. The first type of a sequentidure of the bridge units or of the groups surrounding the

m+1= En

SET route, ie., the sequence of reactions:bridge) Moreover, non-Condon effects are neglected and the
D™ "B;---ByA=D B; ---ByA=D BB, :--ByA= - coupling matrix elements are approximated by

D B;---ByA=D B;---ByA™, represents an electron ,

transfer from the initial stat¢D) to the intermediate state Vi g, = Mun(rml ), (12)

[I). Then, the second type of sequential SET let move the , o )
second electron from the D to the A: where({vy|vy) denotes the vibrational overlap integral. The

D B, ---ByA =DB] - ByA =DB;B; ---ByA = -+ transfer matrix elements Ay, y=(M|V,|/N) characterize the
DB;---ByA =DBA . In the scheme of state Eqe)—  transitions between the electronic statsk) and |N), Egs.
(6) the overall TET is completed by the transition from the (2)—(6) of the wholeDBA system. We shall specify these
intermediate statHl ) to the final statgA). matrix elementsﬂutilizing the tight binding model where the
Apparently, the transitiongD)—|l) and |I)—|A) can transfer operato¥, describes the single-electron transitions.
also proceed directly via th@ingle-electronsuperexchange It allows to expressM,,y via the couplingsV,,  between
mechanismsfull lines in Fig. 1). It will be the particular aim  the molecular orbitals related to the neighboring bridge sites.
of the following derivations to present an approach whichFor instance, if[M)=|D) and [N)=[B;), then Mpg,
accounts for stepwise TET as well as includes all possible=v/,  and if [M)=|I) and|N)=|B,), then Mz, =V, .
superexchange mechanism. Beside the described SUper%alogously, one ObtaiﬂMmN:VAN andMATsN=VAN- In

change we have also to expect the so-catledcertedTET h f lar brid t for all sites in the brid
leading directly from statéD) to state|A) (double solid line € case of a regular bridge we set for afl sites In the bridge
Mg g . =Mp =Vimm:1=Vp.

in Flg 1) m Pm=1 n .nrl_

In order to derive rate equations which incorporate the ~ All bridge-assisted electron transfer processes caused by
different types of TET pathways, in a first step, we have tothe smgle-electron. couplings, are dep!cted in Fig. 2. The
set up a respective Hamiltonian. We abbreviate all two-Presence of two single-electron stepwise pathways can be

electron states, Eq€2)—(6), by [M) (M=D,B,,1,B,,A) clearliy |fdent|f|ed. Thﬁ direct couhplln_g'Emtsnc'iAT,A ardg tré:e
and get TET Hamiltonian as result of a superexchange mechanigrh the Appendix C,

Egs.(C1) and(C2)]. The energetic position of all considered
Higr=Ho+V, ®) TET states are represented in Fig. 3.

with the zero-order part
B. Derivation of kinetic equations

Ho=>, HulMYM], 9) Our considerations on TET reactions will be based on
M the fact that inequalityl) is fulfilled. The related fast vibra-

here thed .. denote the vibrational Hamiltoni hich b tional relaxation within every electronic state of the TET
where wm denote the vibrational Hamiftonian Which be-oq 15 in  electron vibrational level broadenifigand

IHong LO tthe stﬁe#g/_lf}f. Thtetcoupllln?s(tralzs:‘er mtegra?sd (gephasing?.e‘e‘a Here, we denote the broadening of the en-
wn between the different two-electron states are includeq o 1avelE(M . y,) by I (M, vy).

in the interaction Hamiltonian, It has been discussed at length in Ref. 18 how to com-
pute the electron vibrational dynamics in a case characterized
V:E (1= Sy ) Hun MY(N. (10) by Eqg. (1). In a first step one has to set up equations of
M.N motion for the electron vibrational density matrix,

However, only thoseH, are included for which the state Py Ny (D =(M vl p(O[Nv), (13
M) and|N) can be translated into one another by a single-
electron exchange. wherep(t) is the related reduced density operator. The in-

Let us introduce the eigenstates and energies of th#uence of an additional heat bath causing fast vibrational
Hamiltonian Hy, as [Mvy) and E(M,»y), respectively, relaxation has been taken into consideration by energy relax-
where vy, denotes the quantum number of the vibrationalation and dephasing rates. Next, one changes to a time region
state belonging to the electronic stéid). In the case that which is large compared to the fast vibrational relaxation
all vibrational quantum numbers of the electronic state processegcoarse-graining approximatianThis change is
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BRIDGE: [B,,=(D B;...B,...ByA) |

E;

I
(D'B,...ByA )

Ep

D
(D" B,..ByA)

Tb1 FIG. 2. Energetic scheme of tl2BA states participat-
ing in the TET. The single-electron transitions along the
first, (D" "BA)=(D " B;A)=--- (D ByA)
=(D"BA"), and the second, O BA")
=(DB;A7)=--- (DByA")=(DBA™ "), stepwise

(b) pathways are showfpanels(a) and (b), respectively.
BRIDGE: [’Bn =(DB,...B,..ByA ) | Wavy lines if:ldicate the fast relaxation within the vari-
ous electronic state.

(D B,...ByA )

Ea

A

(DB;...ByA )
Tia

achieved in reducing the exact density matrix equations talephasing. The related dephasing rates enter the equation via
the following approximate versions valid for the diagonal As(M vy ,Nv()=E(M,vy)—E(N,v)—i(T'(M,vy)

density matrix elements: +T(N,vy)).
J i Equationg14) and(15) will be used to derive rate equa-
21 PMuy Moy (D= g(M vml[V,p()]-[Muy), (14)  tions for the electronic state populations
and the off-diagonal density matrix elemeftste in particu- Pu(t)=> Py, ()= > Py, Mo (D) (16)
lar M # N) Ym Ym
(Muy|[V,p(t)]_INvy) where the transition rates are obtained as expansions with

PMwy 1NV,Q(t): (15) respect to the transfer integralg,y . In order to derive the

) ) ~ related perturbation theory we first introduce the projector
The reduced set of equations of motion assumes that the time

dependence of the diagonal density matrix elements is exclu-

sively determined by the coupling to other TET states PA:VE Aoy Moy | M) (M, (17)
whereas relaxation processes do not contrilftitey are just "

finished at every time steépln contrast the time derivative and the orthogonal complemen@=1—"P. The latter
has been removed in the equation of motion for the off-projects any operatoA defined in the electron vibrational
diagonal density matrix elements. This approximation resultstate space on the part which has only off-diagonal matrix
in a determination of the time dependence mainly by theslements. A projection on the part Afincluding only diag-
dephasing rates and is justified by the rapidness of thenal matrix elements with respect to the staflbry) is

Ae(Mvy ,Nwy)
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S O - Ezg=E(D B A) but in any case they only contain an even number of inter-
- —A- actions.
T Es =E(DB A") Taking the matrix elements of E(R1) we obtain for the
AE; AE; electron vibrational state populations
VI | CB(TYRA J
E=ED BA) PV (0= 2 (M oy [ (RINV(NTL) M vy)
~ ~ N,I/’,\‘
AE, AE AEp AE
. lD lD * X Py (1), (24)
T F Ep=E(D " BA) According to the coarse graining approximation there is vi-
AE brational equilibrium established at every electronic state and
| o at every timet> 7. Therefore, we can assume the follow-

Neeooees Ex=E(DBA ) ing thermal equilibrium relation to be fulfilled:

FIG. 3. Energetic position&=E(M0y) of the states involved in the TET Py, (t)/Py, (t)=exp{—[E(M,vy)—E(M vi) 1/ kgT}.
together with respective energy gaps. M (25)

Changing to the total TET state population, ELg), we may

. . set(see, e.g., Refs. 18 and )34
achieved bypP. Furthermore, we change from the matrix no-

tation, Eqs.(14) and(15), to the operator notation Py, (D) =W(E(M,vn))Pu(t), (26)
J _ where
at PP=—1PLvQp() (18 W(E(M,vy)) =Zgt exd — E(M, vy) ks T],
and
Zyt=> exd —E(M,vy)/kgT], (27)
Qp(1)(1) =~ 1 QRL(Pp(t) + Qp(1). (19 v e

Note the introduction oLy =(1/4)[V,...]_. It allows to IS the statistical weight of the electron-vibrational state

replaceLyp(t) by LyQp(t) in the first equation. The resol- |Mvu). Noting Eq.(26) we obtain from Eq(24) the set of
vent superoperatoR=[5d7Sy(7) could be introduced in balancelike equations,
the second equation since it generates an expression as in Eq. .
(15) when changing to matrix elements. The newly defined ~ Pm(t)=— > KunPn(b), (28)
time-propagation superoperai®y is determined by the zero- N
order LiouvillianLy=(1/4)[Hg,...]_ as well as by a part with
describing dissipation.
To get the required rate equations, in a next step, we  Kyn=>, > W(E(N, () X{(Mvy|(RINv)
have to derive a master equation for the diagonal Parbf "M )
the density operator. This is easily achieved by formally SNV M), 29

solving Eq.(19) as
Now, noting the fact that the symbold and N indicate

Qp(=—1(1+1QRLY)Pp(D) (20 electronic state$2)—(6) related to the wholddBA system

and inserting the result into E4L8). It follows we obtain(see Appendix Athe set of coupled rate equations
P (A8)—(A16) with respective sequential and superexchange
Epp(t): —R’Pp(t). (22) rate constants.

Here R denotes the superoperator which describes any type
of TET. Its expansion with respect to the transfer couplinglll. OVERALL TET RATES

10), . .
(19 The concrete form of the balancelike equati¢@8), as
R=Ro+Rs+Re+--- (22)  given by the set of rate equations, E¢s8)—(A16), reflects

the rather complicated kinetics of the TET process, also

enables one to arrange the different TET Processes N & own in scheméa) of Fig. 4. Generally, such kinetics has a
proper order. The various terms of the expansion can be writ=

multiexponential character for each of thi 2 3 state popu-

ten as i ~ =
Iat'OnSPM(t) (M:D,I,A,Bl,...BN,Bl,...BN),
R =—(—i)2kf d7p f d7p f dr 2ne
2 R P P Pu()=Py(=)+ > B exp—Kt). (30)
1

r=

X PL _L -
PLyQSo( 21— 1)LvQSo(ak—2) The steady-state populationBy, (<) =Ilimg_ (sFu(s)), as
XLy QSy(71)Ly, (23)  well as the overall transfer raté& can be deduced from the
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@ If the total bridge state populatioRg(t) remains small
1 kD’A during the TET reaction the solutidB81) describes TET only
> > between the electronic statd3), |1), and|A). Just the in-
{ kpi l kia equality
le kNI kIl kNA v

- A G G W e N
@@@ @@@@ e @ pB(t):rgl(Pm(t)+Pr~n(t))<l (32

“— —— <— «—— ——— — «— «——
t4kp B B Bk a BB B kay
X kD H Kar l represents a necessary and sufficient condition for the reduc-
< < tion of the multiexponential TET kinetics to a two-
Kgp v exponential process. f— the inequality(32) can be re-
@ written as
(b) N
kpa lim sFg(s)= >, (lim sFy(s)+ lim sFx(s))<1. (33

s—0 m=1 s.0 s—0

@ '@ '@ This relation has to be considered as a necessary condition

for the appearance of two-exponential kinefisse also Ref.
18). Since all the Laplace-transformed populatidhg(s)
have a rather complicated form this is also valid for the in-

Kap equality (33).
@ To get analytical expressions for the two smallest trans-
(©) fer ratesK; andK, we shall start from the exact Eq810)
_ ke, which, however, only determine the Laplace-transformed
@ @ populations of theDBA stategD), |I), and|A) [the bridge
‘T populations are given by Eqd1) and(B2)]. If this reduced

set of rate equations is transformed back into the time do-

FIG. 4. Complete kinetic scheme of the bridge-assisted TET prdpass  min e get the following three kinetic equatiofsee the
(a)]. For a small bridge-state population the kinetics is reduced to the tran-

sitions between the three electronic stai@), |1), and|A) [the related scheme(b) of Fig. 4]:
transfer rates are also shown, pdni]. If the population of the intermediate

state|l) becomes also small the three-state kinetics redude-t& TET IIDD('[): - (k$1)+ kpa)Pp(t)+ kE)l)P,(t) +KapPa(t),
kinetics with an effective single forward and single backward rate eyt .
©- P ()= —(kP+ k)P, (1) + KPPy (1) + kPP A1),

(34)

Pa(t)= — (K +Kap) Pa(t) + K{IP (1) + kpaPo(t).
exact solution of the se{A8)—(Al6) for all Laplace- ) _ N _
transformed populationg,(s) (the solution is given in Ap- The rates introduced here have to be identified with Laplace-

pendix B. In most cases a numerical computation of thetransformed expressions as introduced in the Appendix B,
overall transfer rates becomes necessary. However, furth&a- (B10),
analytical considerations are possible whenever the interme- k$1)Jr koa=Rop(0), k$2)+kf)1)= R, (0),
diate states become less populat@dhis has been discussed
at length for SET which is reduced to a single-exponential  k{?+kap=Raa(0), kiP=R(0), (35)
D—A SET kinetics?®) Therefore, we will concentrate on the L , )
description of such a simple overall time behavior. A two- kiV=Rp(0), Kk{?=Rx(0), k{P'=Ria(0).
exponential TET process will be described in the following Using the Egs(B3), (B4)—(B6), and (B11) as well as the
section yvhereas single-exponential behavior is discussed ¢ \rsion formulgB7) we may identify the rates of the Egs.
the section afterwards. (34) with basic rate expressions of sequential and superex-
change transitions
(1) —  (sea)y 1 (sup) (1) — (sea)y | (sup)

A. Two-exponential TET kinetics kir=kor ko™, kT =kip T kip

Accordin i kSFP=kpiky @Dy, kSP=kp, (36)

g to the general solution, E0), of the rate DI DI

equations (A8)—(A16), two-exponential TET kinetics re- k(= ki BV /D K(SUP)— ¢
quires the existence of two rates which are much smaller '° ~ "P7IN L 7ib D
than all other ones. Let these rateskbgandK,. Then, the and

exact solution(30) reduces to
n30) k(D)= (SR (SP) () fseay y(sup)

Pu(t)=Puy(=)+Bfyle” 1+ B{le™ !, (31) .
. . ) _M _ _ _ k(*P=k 1knaa YDy, K(XP=kia, (37)
which, of course, is only valid in a time domaih (seq) - (sup)
>Ka Kt Ko Kar P=kykanB" /D2, Kai™=Kar,
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where ands=—K, [M,N=D,I,A; Ryn(0)=(dRyn(s)/ds)s—q]-
_ N-1 N-1 B Then, one can see that the multist&tB A system shows a
Di=kyia™ "+kipS™ "+ kipkni D(N=2), two-exponential TET kinetics, Eq31) only if
p Yy
Do=knaa"t+ky BN+ ky kyaD(N=2).

[Run(0)]<[du n—K[ "Run(0)]  (1=1,2. (45)
The main bridge length dependence of rates of transfer i
originated by the function

(38)

2\ comparison of this inequality with the condition, E&3),
for a small steady bridge population indicates their complete

1= yMrL correspondence.
D(M)=D(s=0;M)=a""———m, (39
1-vy B. Single-exponential D—A TET kinetics
where So far we arrived at a description of bridge-assisted TET
y=pla=exp —AlksT)<1 (40) where the two forward K{" k{?) and two backward

_ _ (KM k{?)y transfer rates contain additive contributions from
denotes the ratio of the backward and the forward site-to-sitg, o single-electron sequential and the single-electron super-

rate constants. In Eq40) A is the intersite energy big-
troduced in Eq(11)]. The transfer rate€36) and(37) define
two overall TET rates,

exchange mechanisms. Remember that this additivity is a
direct consequence of the small population of all bridging
states. This two-exponential TET corresponds to an effective

K,=1[a;+d;+ \(a;—dp)2+4ayd,], three-state system. If the intermediate stajecarries a pro-
(41) nounced population the overall transfer rateg and K,
Ky=3[a;+d;— V(a;—dy)?+4a,d,], (note thatK;>K,) contain a mixture of rate expressions

caused by the single-electron stepwise and the two-electron
superexchange (concertel mechanism. The situation
a,=kiP+ kP +kap, ar=kpa—ki?, changes substantially when

(42 KK, (46)

where we have introduced the following abbreviations:

di=kiP+k{N+kpa,  dy=kap—k{".

Having determined the two overall TET rates we mayWhich indicates that the TET process, E8l), is determined
present the other quantities entering the E@4) for the by two strongly separated kinetic phases, a fast and a slow
time-dependent populations. They read one with the characteristic imeg=K; ! and7,=K *, re-

(1) @ spectively. Ift< 7, we have exp{ K,t)=1, and, thus, the fast
agky '+ dok; phase is defined by the time-dependent factor
K1K, ' exp(—K,t) for all three populations,Pp(t), P,(t), and

K1K2—(a1+a2)k§,1)—(d1+d2)k§2) PA(t). The first phase of the TET is finished for 7, but

Pp(®)=

P, ()= ' (43) t<r,. As a result, a redistribution of the initial populations
KiKz Pw(0)=du p took place, and forr,>t> 7, the transient
4k 4 2. kD populati(_)nsPM(_t> 71)=Pn(+0), have been formed. They
A(o0)=—— 2D are easily derived from Eq(31) at exp(K;t)=0 and
KiK> exp(—Kyt)=1.
as well as [=1,2) Below we present concrete expressions for the overall
i ) transfer. rateX,; and K, as we_II as for the(intermediate
B(j):(_l)j+1(al_Kj)(kb —Kj) +dok; populationsPy,(+0), bearing in mind that the enerdg,
D Kj(K;—K3) ' exceeds the energigsy and E, (cf. Fig. 3. For such a
1 condition, the following inequality is satisfied:
(h— (g B Kk —Ky) (1) k@Dl @)
Bi'=(-1) K (Ki—Ky) ki ki“=>ki™ ki kpa . Kap - (47)
az(kf,l)— Kj)+k§2)(d1+d2— K)) Note that in line with Eq(41) the inequality(46) is reduced
to
K (Ki—Kyp) ' 44
(ay+dy)?>4(a,d;—a,d,). (48)
_ - kiP(dy—K)) +an(kiV—K;) _ _ .
B,(Al)z(—l)J+l KK —K Therefore, the following approximate expression for the
i(Ki=Ko) overall transfer rates can be presented
At this point of our discussion let us formulate the conditions adi—asd
for which the exact solution, Eq$B10) becomes identical Ky~a;+d;, Kz“M (49)
with that of the kinetic equation84). Therefore, we have to a;+d;

consider the quantitieRyy(s) which have been introduced According to the inequalitieé7) this can be rewritten as
when considering the Laplace-transformed rate equattins

Appendix B. We expand th&R,y(s) with respect tos and K1~k£1)+k$2),
assume that the approximatioss- Ry y(S)~s+Ryum(0) WL2) 4 L)1)
ki ki + kg ky

+sRym(0)~s+Ryu(0) as well as Ryn(s)~Run(0) Ko~ ——m—o— + Koa+Kap
+5sR,(0)~Ryn(0) are fulfilled for both rootss= —K; ki '+ Ki

(50
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and the transient populations take the following form: states of a whole DBA system. Using the definitid&8) and

(39) one can rewrite the sequential contribution as
Po(+0)=1—(k{"+kpa)/ (k" +k{?),

K{A()se)
D)D) 41 (2) —_—
Pi(+0)=k{M/ (kD + k), (51 I(DI(IA) 1+§1(2)R(N)’
1@ (1) 1 (2) 5
PA(+0) =k (k5D + k). seqy b0 1= (1= Y)RIN)] o7
From these expressions it is seen that the ratio ~'P(AD 1+&)R(N)

P,(+0)/PA(+0) is determined by the ratio of the stepwise
and the concerted rate constante’/kp,. Note that
P,(+0) gives the maximal value possible for the population
of the intermediate state (cf. Fig. 4). But inequality (47) R(N)=(1—yN"H/(1-1y), (58
tells us also thaP,(+0)<1, i.e., the population of state
remains very small at any time

It follows from Eq. (57) that theN dependence of the se-
quential mechanism of SET is concentrated in the factor

provided thaty+0 and that the sequential decay parameters
&1 and ¢, are not too small.

Pi(H)<1. (52) The quantities
This inequality indicates that at Kl_1 the two-exponential (1 seq)_ kp1Kni (1 seq)_ Kinkip
P ; ; : kip S®V=—"—, ki >V, (59
kinetics(31) is reduced to a single-exponential one, kni+Kip 0 kni+Kip
Pp(t)=Pp(®)+(1—Pp(x))e” Kret, and
— oKt (53
Pa(t)=Pa(*)(1—e "TET), (2 seal Ki1Kna | zsea KanKy 60
Knat Ky Knat Ky

This kinetics describes B—A TET with an overall transfer
rateK,=Krgr. The latter can be represented as the sum of @efine rates of sequential transfer through a bridge with a

stepwise and a concerted contribution, single unit. The related decay parameters read
Krer= rrer=K{EPH+ KIEr. (54) _kip(kni—a(1-7)) 61)
=
SinceKgr=Kk;+kj, contains a forward and a backward part a(kni+kip)
[cf. scheme(c) in Fig. 4], K{P) and K& separate corre-  and
TET TET
spondingly. We have
(P ) 4 KD £,= Ky (kna—a(1=17)) 62)
KYe P Kstep+ Kstep* 2 a(knatky) .
55 . .
0y KK o KPR 59 Note that due to a single-electron character of sequential
Kstep™ remral Kstes™ 1 @M@ pathway the rate constants in E¢59)—(62) are identical to
b f the hopping rate constants between the nearest sites of elec-
and tron localization. Therefore, e.g., the r&ig; (k) character-
K(Conc) K 4 k® izes the hopping of an electron from the state with two elec-
conc” “rconc trons (single electrop at the D to the adjacent wire unit
K —k Kb — (56 while the ratekan(kin) characterizes the similar process
conc DA conc AD -

with respect to the.
To derive the single-electron superexchange contribution
to the stepwise transfer raté36) and(37) one has to specify
We consider the derivation of the overall TET rates andthe superexchange rate constakigp) andkjaar . These
the description of the conditions at which a multiexponentialfate constants are defined in Appendix A, E&7), and are
TET is reduced to a two-exponential as well as a smglepr0p0rt'0”a| to the square of the superexchange couplings

exponential TET as the main result of the present studiesToil> @nd |Tia|?, respectively. Here, we restrict ourself to
Additionally, it could be shown in which way the overall the consideration of a small intersite bridge blgsvhere the

transfer rates are expressed by the sequential and the supgftective transfer couplings are given by Ed€21) and

IV. DISCUSSION OF RESULTS

exchange rate constants. (C23), Appendix C. A small change in the notation leads to
When considering distant electron transfer it is of inter-the following expressions:
est to describe the dependence of rate expressions on the k(sup) k%(Z) supy—¢1(N—1) (63)

number of bridge units. Concentrating on thsingle-

exponentigl D—A TET this dependence is contained in the and

stepwise and concerted components of the overall transfer k(SR — (L(D)stPlg—2o(N-1) (64)
rate (54). First let us consider the stepwise channel of the IACAT) '

D—A TET. The stepwise transfer raté36) and(37) contain ~ Here, the rat&SU"P(kS"P) characterizes the distant coherent
contributions from the single-electron sequential and singletransfer of an electron from the state with two electrons at
electron superexchange transfer rates betweerjDheand  theD(A) to the state with one electron at tAéD). The rate
the 1) as well as between thg) and the|A) electronic  k{EP(k{§"?) describes the reverse proce§€ompare the
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definition of DBA electronic state$2)—(4) and the scheme )y be the single characteristic frequency accompanying
(a) of Fig. 4] The superexchange decay parameters the M — N electronic transition anay,y be the correspond-
ing reorganization energy. Then Jortner’s form of the rate

|Vg| -
= constani{A7) can be written agsee also Refs. 18, 25, 30, 31,
H=-21In (AECAE)! (65) )
I ] and 33
and _27T |VMN|2 2
r |VB| ] MN_7 ﬁwMN YMN? ( )
=-2In| —— 66
& (AE A2 €6) where we have introduced
MmN/
are mainly responsible for the distant dependence of the su- =exr{ _s coththN 1+”(“’MN)) M2
perexchange rate. Note that in the presence of an energetic ~ "MN MN kgT N(wpmn)
bias in the bridge an additionBl dependence also appears in
the quantities ’ PP X1l (2Sun (@) (14 N(0yy)) 14 (73)
27 |Vp1Vial2 The expression contains the modified Bessel funciigr),
k(@ S”p):f ZE g (FCoino) (67)  the Bose distribution functiom(w)=[expfiw/ksT)—1]"2,
D ! and we have SﬁMNEA’MN/thN’ VMNEAEMN/ﬁwMN'
and First let us discuss the reduction of the multiexponential

S o TET kKinetics to the two-exponential one. In line with the
(1(2) sup)_27T VoaVial theory proposed, such a reduction is only possible at a small
kbo __—(Fc)lA(Al)' (68) . . . . . . I
i AEAAE, integral bridge population, which is completely justified by
the results of Fig. 5. Moreover, the derived analytic results
The N dependence is located in the Franck—Condon factorgn the two-exponential kinetickcf. Egs. (31), (41)—(44)]
through the driving forcea\E,p and AE s [cf. Eqs.(C10  coincide completelycf. Fig. 5@] with those obtained by a
and(_Cll)] characterizing the corresponding single-electronnymerical solution of the basic set of E@A8)—(A16) pro-
reaction. vided that(32) is fulfilled during the TET process. Note that
Two couples of decay parameterg; (¢;) and ({2,£2),  the bridge population evolve in time as widf. the numeri-
characterize the efficiency of the first and the second singleqg| results depicted in Fig.(5)]. But due to the small popu-
electron bridge-mediated stepwise pathway, respectively. Altion of each bridging state this kinetics is well separated

the same time, the efficiency of the concerted pathway irom the kinetics of the population®p(t), P,(t), and
defined by the two-electron superexchange rate constants,t).

kpa and kap [compare Eq.(56)]. Introducing the two- If in the course of the TET process the bridging states
electron superexchange decay parameter as |Bm), Eq.(5), and|B,), Eq.(6), as well as the intermediate
Vg|2 state|l), Eq. (3), have a small population, then the TET is
{=-21In (69) reduced to a single-exponenti@-A TET. This statement is
(AERpAEAAERAEL)Y? supported by the results shown in Fig. 6. Again, despite the

fact that both types of bridge populatior3,,(t) and P;(t)
[denoted in Fig. @) by the numerals 1 and 2, respectivily

as well as the intermediate state populati®{t) show a
kDA(AD)zkg),i(AD)e*“N*”. (700 time dependence according to their respective transfer rates
the basic population®p(t) and P(t) display a single-
{axponential kinetic$53) with overallD—A TET rate(54).

and utilizing Eq.(C25), a respective simplified notation of
each concerted rate can be given,

Here, the rate&kpa(kap) characterizes the distant coherent
transfer of two electrons from the state with two electrons a Figures 7—10 show thB—A TET rate in dependency on

the D(A) to the state without extra electrons at D). the numbem of bridging units. Special attention is put on

Such a process is possible owing to a virtual electronic con; . . ) )
: : o . : the temperature dependence since it determines the contribu-
figurationD "BA™ corresponding to the state with one elec-

tron at theD center and one electron at thecenter. tion by the thermally activated stepwise transfer mechanism.

In the case of a bridae with an enerav bias the factor Figure 7a) demonstrates that the stepwise contribution to the
9 9y overall transfer rat&K 1, Eq. (54) exceeds the concerted

o0 IVo1VnaVh1Vial? one, so thaKgr=~K{$EP). Indeed, the analysis of the inter-
k(DOA)(AD):— = state transfer rate86) and(37) indicates that at a given set
i AEpAEAAELAEAAEpAE s of parametergspecifying the elementary rate constafig)]
«(FO) 71 the inequalityk!?)>k{" [cf. Fig. 7(b)], is fulfilled, and thus
DA(AD) the stepwise transfer rate, E&5) follows as

includes an additionaN dependence originated by the en-
ergy gapsAE,p andAE,, as well as by the Franck—Condon
factor[through the driving force\Ep, of the TET reaction, This expression indicates that the limiting step of the step-
cf. Eq. (C12)]. wise TET process is related to a single-electtr)—|I)

In order to demonstrate the bridge-length dependence dfansition. Note that a noticeable contribution in this ther-
the rate we take Jortner’s fofthfor all rate constants. Let mally activated transition is given by the superexchatae

K< k(D exp(— AE,p /KgT). (74)
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FIG. 5. TET kinetics in a bridge with five units, without energy bias and for FIG. 6. D—A kinetics of a TET reaction in a bridge with five units, without

a small populatiorP,,(t) andP5,(t) of the two types of bridge states. Ana- energy bias and for a small bridge state population and a small population of
lytic results for the populationBp(t), P,(t), andPa(t) according to Egs.  the intermediate state. Analytic resylts. Egs.(53) and(54)—(56)] and the

(31), (41)—(44) and the numerical solution of the set of E¢A8)—(A16) numerical solution of the set of Eqéh8)—(A16) completely agredpart
completely agreépart (a)]. The bridge populations related to the fifd) (@]. The bridge populations related to the fit&) and the second type of

and the second type of bridge stat@sshow their own kineticgpanel(b)]. bridge states?) as well as the population of the intermediate stahow
The calculations are based on the E@)—(73) and by choosing the fol-  their own kinetics[panel (b)]. The calculations are based on thd
lowing parametersAEp=0.29 eV, AE,=0.27 eV, AE,=0.21 eV, AE, =0.29eV, AE,=0.09 eV, AE,=0.03 eV, AE,=0.3 eV, AE=0.07 eV.

=0.26eV, AE=0.03eV; Np=Ay=Ap;=0.6€V, X i1=Aya=M\a All other parameters are identical to those used for Fig. 5.
=0.4eV, App=0.8 eV, Ay m=1=A5=0.8 €V; wyn=wo=100cm; Vp;
=Vya=V51=Via=0.03 eV,Vg=0.04 eV.
channel to the interstate transfer rat@haracterizing the
stepwise pathwaystrongly increases at decreasing tempera-
N=1-4) and the sequentiét N>4) single-electron path- ture. This means that at low temperatures even the stepwise
way [compare theN dependence of both contributions plot- pathway is used since it covers single-electron superex-
ted in Fig. 1b)]. At lower temperatures the contribution of change channelevhich however have to be thermally acti-
the concerted mechanism increafesmpare Fig. ® with  vated in contrast with the two-electron superexchange
Fig. 8@ and Fig. 8b)]. For instance, af =150 K[Fig. 8a] channel.
the concerted mechanism dominates the TETNatl-2 Figure 10 displays the influence of the energy kiasn
while atT=100 K the same mechanism works effectively upthe concerted and the stepwise bridge-assisted superex-
to N=4 [Fig. 8b)]. In contrast to the stepwise mechanismchange contribution to the overdll-A TET. At low tem-
the concerted mechanism works also at small temperaturggratures under consideration just the single-electron and the
down toT=0. Note that the stepwise pathway also includestwo-electron superexchange channels determine the ther-
a superexchangésingle-electroin contribution. But due to mally activated stepwise and the concerted pathway of the
the thermally activated origin of the stepwise rate, &a),  electron transfer, respectively. It is seen thaNat1—4 the
the superexchange single-electron contribution can onlgoncerted contribution exceeds the stepwise one, while at
work at the presence of thermal activation. This fact reflectdN>4 the distance dependence of Ke:t is determined by
the specificity of theD—A TET process(However, in the the stepwise mechanism of tBe-A TET. This means that at
case of single-electrolD—A transfer the superexchange low temperatures the main contribution to the-A TET
channel contributes down ©=0.) Therefore, in the case of stems from the single-electron and the two-electron superex-
D—A TET the contribution of the concerted mechanism in-change mechanismstepwise and concerted pathways, re-
creases at decreasing temperature. spectively. Figure 10 also shows that a changeAofjener-
It follows from the comparison of Fig.(B) with Fig. 9  ally affects the stepwise transfer rate. This follows from the
that the contribution of the single-electron superexchangéact that atN>4 for which K¢y is given by Eq.(74), the
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FIG. 8. Bridge length dependence of the ove@H-A TET transfer rate
Ker as well as its stepwise<{$?) and concertedK{S'%) components at
different temperaturegother parameters like those of Fig). Part(a) T

=150 K, part(b) T=100 K.

FIG. 7. Bridge length dependence of the ove@lA TET transfer rate
K+er (at room temperatujeas well as its stepwisek¢isP) and concerted
(K$re) componentgpart (a)]. The different contributions to the stepwise
transfer rate K{S (single-electron transfer channels, superexchange
channel—up tdN~3-4 bridge units—and the sequential transfer channel
at N>4) are shown in partb). The calculations are based on the Eqgs. Kinetics of the TET process, E¢30), is reduced to a two-
(54)—(73) and by choosing the following parametersEp=0.20 eV, AE, exponential kinetics, Eq(31). The respective two overall
=0.10eV, AE;=0.05eV, AE=0.15€eV; Ajp=Ay=Ay=128€V, Ap, transfer rateK; andK, are given in Eq(41). It has been

=0.8eV,Ana=14€V,X,=056eV,App=026V, A m=1=As=0.5€V.  demponstrated that such a reduction becomes possible if the
wyn=wo=800cn; Vp=Vya=V5 =V ,=0.02 eV,Vg=0.07 eV.

1011 § T .\I T T T T T T T T
main dependence &zt on A is concentrated a&kE, , EQ. 10_: '\ £ 20.00074, {.=1.40 ]
(C10 rather than in the rate constak§’, Eq. (36). This 1073 . £.20.00026, {,=1.12
circumstance indicates directly that the stepwilseA TET %, 1 = \.
process is originated by a thermally activated mechanism. Ln'—j 103 \. \. +kb£)’ 3

< o] \- \ —o—k ]
V. CONCLUSION ] N NG
w )

The present paper has been devoted to the study of nonégs 107 \ \. -
diabatic two-electron transféTET) in a donator D) accep- Z \ e ]
tor (A) complex mediated by a molecular bridge. Focusing = 1084 o100 K \- ]
on nonadiabatic reactions the intersite electron transitions E e
take place on a time scalet> 7., wherer, characterizes o N N
the time of intrasite vibrational relaxation. Therefore, the 0 1 2 3 4 5 6 7 8 9 10

whole analysis can be based on the coarse-grained kineti

equationsA8)~(A16), valid for 12> 7iq. FIG. 9. Bridge length depend f the fastest interstate transfeifa
: : FIG. 9. Bridge length dependence of the fastest interstate transfeikgates
An analysis of the exact solution based on the I'aplaceand k{?) characterizing the transitions from the intermediate staite the

tr_a_nSformed state populations allpwed to formmate the_ CONfhree-stateDBA system[see scheméb) in Fig. 4]. The calculations have
ditions, Egs.(33) and (45), for which the multiexponential been done with the same parameters as in Fig. 7.

BRIDGE UNITS
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T T a single electron in the bridge are involved in the TET pro-

‘06‘; 3 cess the general form of the nonadiabatic rate const@gts

10° 4 —8— =0 1 [see also the more general expressiéi)] does not change.

104 O as01kT | 3 [In particular, the square of the superexchange couplings are
E A Ak T further defined by Egs(C1)—(C3).] Only the energy gaps,

3 ]
107 Egs.(C4)—(C12 as well as the reorganization energies have

1021% 1 to be modified. In the present paper, however, we assumed a
10" 4 . strong screening of thB and A redox centers by surround-
E A\ E

ing polar groupgas it is often the case in enzyme$here-

OVERALL TRANSFER RATE K _ (s”)

o] E
10 1 A\‘\A\} fore, any Coulomb interaction of the transferred electrons
1074 1 with these centers could be neglected. Studying TET in a
1074 T=60K \:\ 1 bridge with an energy bias a deviation from the standard

wr - — .\? . ] exponential law ~exd —¢(N—1)] characterizing the de-
1 2 3 4 5 6 7 8 crease of the superexchange rate with the number of bridge
BRIDGE UNITS unitsN has been obtained. This deviation could be explained

by the change of the ener ap for every bridging unit.
FIG. 10. Low temperature bridge length dependence of the overal\ y 9 gy gap y ging

TET rateK,g7 at different values of the bridge internal energy hlasThe The k_ey result of the present pap_er is the SpeC|flcat|on of
calculations have been done with the same parameters as in Fig. 7. the stepwise and concerted contributions to the overall trans-

fer rate which characterizes the nonadiabBtieA TET pro-
cess mediated by a molecular bridge. This has been done in
the framework of a tight binding model where the electronic
energies and intersite couplings enter as phenomenological
parameters. Such a model allowed us to derive the analytic
dependence of both contributions on the bridge lerigtim-

er of bridging unitsN). Note that the examination of the

integral population of the bridging states remains srtlafis
then 10°?) during the whole TET process.

If, additionally, the population of the intermediate state
[I), Eqg. (3) (with one electron at th® and one at théd),
remains also small, then the two-exponential kinetics turns tg .
a single-exponential onkcf. Eq. (53)] characterized by a rldge-_length dependenpe of the ovgrall transfer rate is the
single overallD—A TET transfer rat& ;. Certain condi- most direct way to specify the stepwise and concerted elec-

tions have been derivddf. Eqs.(45) and(46)] at which the tron transfer routes in a concre_te system. queyer, even for
transfer rate&K g can be given by a sum of the stepwise ang® SET process such an e_xperlmentgl examination has been
the concerted transfer rates, E54). done only recent!y(see dlscus§|on in Refs. 19 and)20
Within the model of a regular bridge, we have presentedT_herefore’ a detaﬂed test of brldge-ler)gth eﬁegts on nona-
analytic expressions for both mentioned transfer rates, Eq _|abat|c TET reactions by comparing with experlmelntf’:ll d"’?ta
(55) and (56) as well as Eqs(57)—(70). The stepwise trans- 1S to be postponed to the future. Ar}other way to d|§t|ngU|sh
fer rate characterizes the single-electron pathway®-of the stepwise and concerted routes is an examlnatlo_n_ of the
TET. It contains two contributions related to the sequentiapH depen(_jence_ of the overall transfer rate charactgrlzmg the
and superexchange mechanism of bridge-assisted singl ET reactions in enzymes. Re_cently, we used this I\g;y to
electron transfer between the st (both electrons at the analyze the reduction of micothione r_eductase by NADPH.
D) and the statél ) (one electron at th® and another elec- 't NS been shown that such a reduction takes place along the
tron at theA) as well as single-electron transfer between theconcgrtgd route. _Probably, further progress in the.theoretl_cal
state|l) and the statéA) (both electrons at tha). descnpuop of br|dge—as_S|sted TET cou!d be ach|§aved with
Since the single-electron pathways follow from thermalthe combination of semiphenomenological analytic expres-

activation the stepwise contributions torer are strongly sions (containing the precise bridge-length dependence of

suppressed with decreasing temperature. In contrast, the Coﬁgnsfer rates and quantum-chemical ~estimations of

certed transfer rate, which is originated by a specific two-° ectronic energles_and of the variofsite-to-site and super-
electron superexchange couplifisetween the state with two _exchang}a electronic - couplings. (In the_ case of SET,
electrons at th® and the state with two electrons at tAg, Just such methods allowed o specify smgle—electro_n
can act at low temperatures down Te=0. Therefore, the pathways bew‘gejn redox-centers  of number protein
contribution of the concerted mechanism to e A TET macromolecules.*)

increases with decreasing temperature.

The model of a regular bridge has been used to derivéCKNOWLEDGMENTS

analytical results on thé&l dependence of the stepwise as  Thjs work is supported in part by the Fund of Funda-

well as concerted contributions to the ove@H-A TET rate. mental Research of NASU and the Volkswagen-Stiftung
The Coulomb interaction between the transferred eleCtm”@ermany(priority arealntra- and Intermolecular Electron

located within the bridge as well as at tBeandA induces a Transfe).
shift of the site energies. This may also happen for the
bridge-site reorganization energieg, -1 Which can differ
from Ag. (In the case of a single-electr@+A transfer this
problem has been already discussed in, e.g., Rej. 40. The concrete form of the kinetic equations follows from
however, among all possible bridging states only those withEq. (28) if the expansion(22) is introduced into Eq(29).

APPENDIX A: DERIVATION OF KINETIC EQUATIONS
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The first termR,, of this expansion corresponds to the stan- ~ Substituting Eqs(A4)—(A6) in Eq. (28) we get
dard(second-ordgrBorn approximation. It leads to rate con- : L
stants which describe the sequential pathway of TET. Po(t)= = (Ao +Koa) Po(1) TkipP(t) Tkip Py (1)

Higher-order terms result in superexchange single-electron +KkapPa(t), (A8)
and two-electron rate constants. A similar result has been
presented earlier in Ref. 18 for the derivation of SET rate  P1(t)=—0;P1(t) +kpiPp(t)+ BP,(1), (A9)
equations. Therefore, we do not repeat details of the deriva- .
tion. We only present the superexchange couplings for the ~Pm(t)==0Pm(t)+aPpy_1(D)+ BPy.a(1), (A10)

transitions between the two-electron staes and|l), |I)

Py(t)=— + +aPy_
and |A), as well as|D) and |A). Moreover, we will only PN(D= = anPr(D +hinPi(t) +aPy-a (1), (ALD)
consider pure electronic energy gabg,,\ (in Fig. 3 these P,(t)= _(ql(l)+q§2))pl(t)+kNle(t)+lepD(t)
gaps are shown for a bridge without energy hias B
Let|M) be the donor statd). Then, the Born approxi- +kq Py(t) +KkaPa(t), (Al12)
mation of the quantitiedCpy, Eq. (29) follows from the _ _
general expressiof9) as 1(1) = =01 P1(t) + k1P () + BP3(1), (A13)
Kon=K 58™= 8y,0kp1— dn,1Kip - (A1) Pr(t)= —qPs(t) + aPs_7(t) + BPr.3(1), (A14)
Here ks =kip exH ~(Ea~Ep)/ksT] and PR()=—TPR(D) +KanPa(D+aPR_1(D),  (A15)
2 )
k1D=72 2 IViu, oo PXW(E(Lvy))L(E(1py) Pa(t)=—(da+kap)Pa(t) +knaPR(t) +kiaPy (1)
o V1
+KkpaPp(t). (Al6)
—E(D,vp)). (A2)

) _ _ Note that in the Eqs(A10) and (Al14), m,n run over
The quantityl (x) denotes the Lorentzian-type broadening 0f2,3,_ .. .N—1. Furthermore, we used the abbreviation

the é function. Employing the Condon approximation, Eg. -B _B h . . ith p
(12), and following the approach given in Ref. 18 we can ™’ andn =B, so that we can identiffPn(t) wit Bm(t)

write the rate constari¢; in the standard form: and P5(t) with Pén(t)'
The Eqgs.(A8)—(A16) have to be complemented by the

27 ; At ; e
k1D=7|V1D|2 (FO)1p- (A3) following abbreviations for the different rate expressions:

do=kp1tkp;, di=kipta, an=Kky+p,
Here, (FC)p is the Franck—Condon factor for the—1D _ _
electron transition. In the considered case of nonadiabatic di1=Kuta, Un=knath, da=Kantkai,  (AL7)
electr_on transfer any rate constant chgra}cterizing electron qV=kn+kp, qP=ki+ka, q=a+p.
hopping between adjacent sites has a similar form.

Higher-order expansion terms in E2) result in two ~ Here a=kmpme1 and f=kp 1 (m=12,..,N-1), are
effects, the renormalization of those rate constants derived i€ rates characterizing the forward and backward jumps of a
the Born approximation and the appearance of superexdingle-electron between neighboring bridge units.
change rate constants. In the case of nonadiabatic electron
transfer the rate renormalization is of less importance and\ppENDIX B: EXACT SOLUTION OF THE LAPLACE
will be neglected. The superexchange contributions, if reTRANSFORMED SET OF RATE EQUATIONS
lated to theD, are of the single-electron tydeate constants
kp, andk,p) and of the two-electroiiconcertedl type (rate
constantkpa andk,p). Therefore we get

The solution of the Eqs(A8)—(Al16) can be con-
structed by changing to the Laplace transforffy,(s)
=[5 exp(—siPy(t) dt of all electronic populations.

Kon=K 8o fcSup 1)y g (Sup2) (A4) Noting the initial conditionPy,(0) = 6 p the solution of
the Laplace-transformed rate equatiofs9)—(All) and

here the first term is given by E¢AL) while
W I s gV y EGAL) whi (A13)—(A15) governing the bridge populatior®,, and P

K 5P D=8y pkoi = nikip (A5)  are obtained as

and Fm(s) l[k M ICn(M)Fp(s)
S)= —— @ m s

K5\ 2= 8y pkpa— O, iKap - (AB) " Dy(s) ™" § °
In Egs.(A5) and(A6), the superexchange rate constants take +kiyBNMCL(M)F(s)] (BY)
the form and as

2 5 1 ~
K= I Tunl“(FOun (A7) Fi(9)= grg iz Cn(mFi(s)
2

where expressions of the square of single-electron and two- N— =
electron superexchange couplings definingdheA TET are TKanB™ "C1(N)FA(S)]. (B2)
given in Appendix C. The following abbreviations have been introduced:
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Di(s)=sD(s;N—1)+[s(kyp+ky;)+ Bkip+ ak 1
: stiao o) lao T ek Fo(S)= Baygy (S~ Ru(S) (s~ Rax(s))
+Kipkni ID(S;N—2) — aB(kip+kyy)

XD(s;N—3), (B3) —Ria(s)Rai(s)],
Da(s)=sDIs:N—1) +[sCku k) + By + aka F1(9)= g [Ro(5) (5 Ras(S) + R kol
+ K1 knalD(S;N=2) = aB(ky +Kyp) (B12
X D(s;N—3) (B4) 1
as well as Fa(s)= m[kDA(S_ Rii(8)) +Rip(s)Ra((S)],
Cn(m) = (ky;— a)D(s;N—m—1)+D(s;N—m), where we introduced
(BS) Det(s)=(s—Rpp(8)) (s~ Ry(S)) (s~ Ra(S))

Ci(m)=(kip—B)D(s;m—2)+D(s;m—1),

and —[Ria(S)RaI(8)(s—Rpp(s)) +Rpi(S)Rip(S)
X (s—Raa(s)) +kapkpa(s—Ryi(s))]
(B6) —Rp(S)Ria(S)kpa—Rai(S)Rip(S)Kap]-
(B13)

Laplace-transformed bridge populatios,(s) and F5(s),
are expressed by those of the donor, acceptor, and interme-

D(s;M)=(s+a+B)D(s;M—1)—aBD(s;M). (B7) diate state populatiofFy(s), F,(s), and Fx(s), respec-

Cn(n)=(kya— @)D(s;N—n—1)+D(s;N—n),

Cy(n)=(ky —B)D(s;n—2)+D(s;n—1).

In the Egs. (B3)-(B6), we introduced a new function
D(s;M), which obeys the recursion relation

tively].
It follows The exact solution for all Laplace-transformed popula-
w1 SINHA(S)(M+1)] tions Fy(s) [M=D,l,A1,...N,1,... N], Egs. (B,
D(s;M)=(ap) SinhA(S) \ (B8)  (B2), and (B12) permits a description of the TET kinetics
within all time domains(provided thatt> 7). Solving
where Det(s) =0 (at least numericallyone obtains ®+2 nonzero
_ 2 roots s;,S,, - . ., Son+2 Which determine the transfer rates
eXpA(S)= (st at p)I(2ap)™™ (B9) according toK;=—s;, Ky,=—=5,, ..., Kons2=—Sons2-

Introducing the expressioriBl) and(B2) into the Eqs(A8),  Therefore, state populations follow as E§0).
(A12), and (A16) results in three coupled equations for the

Laplace-transformed population of the stat®s, [I), and  APPENDIX C: SUPEREXCHANGE COUPLINGS
|A). The equations read AT D-A TET

(s—Rpp(8))Fp(S) —Rp(S)F(s) —KkapFa(s)=1, Next we present the square of the superexchange cou-

_ plings characterizing the distant single-electrd® Y=|1)
Rin(S)Fp(S) = (5~ Ri(S))F1(8) + Ria(s)Fa(s) =0, and |1)=2|A)) and the distant two-electron|)=|A))

(810 transfer. Their precise form follows from the specification of
kpaFp(S) + Rai(S)F|(S) —(s—Ran(s))Fa(s) =0, the transfer matrix element§yy, Eq.(29). It yields
with the abbreviations Ty, 2= Vo1V Vial? 1
DIl = N ’
R  kipkp1Cn(1) R  kypkingN Tt Mim=1AEmpAEmi
DD(S)_W, DI(S)_W, |VI VN*lV/ |2
IT oA 2= D1VB NA! (C2)
~ Y
R (S):klemaN_l R (S):kNAkANCl(N) -1 AEmAEmA
' Dl(s) ’ AR Dz(s) , and
Ra((S)= M RiA(S)= M 2 Vb1V~ Vial®
Al(S) D,(s) 1a(S) D,(s) | Toal?= N
l_[mzlAEmDAEmAAEID
klelNC:l(N) ’ N—1y,7 |2
Ri(s)=(kiyv—KkKp)— ——=——=——+(k1—k Vp, VgV
II( ) ( IN ID) Dl(S) ( 11 IA) % N| Di B ~NA| . (03)
= l_[mzlAEmDAEmAAEIA
klIkIICN(l) . .
T T, (B11)  The gaps in the EqgC1)—(C3) are defined as the energy
2

differences between the corresponding electron vibrational
Then, by solving the Eq$B10), expressions for the Laplace states but taken at the vibrational ground state. If an energy
transform ofPy, P,, andPp are obtained as bias in the bridge is absent, a part of the energy gaps is
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represented in Fig. 3. From this we may conclude that |V61Vr'\1A|2 A N-1
AEmD:AED, AEm|:AE|, AEmA:AEAI AEmD:AED! |T|A|2: - — — — (C18)
AEm|:AE| y AEmA:AEA' AElAEA AEIAEA

If a bridge with an energy bias mediates tBe-A TET,  [Note that the same expressions follow from the general
the energy gaps take a more complicated form. For instancéorm (C14) if the energy difference between the electronic
if the energy gapsAE;p=AEp, AEy=AE,, AE;  states|D), |I) and|A) is small, so that\E, ~AE and
=AE,, andAEy,=AE, are fixed while the electronic en- AE,,~AE,p.] Equation (C16 reflects the fact that the
ergies of the interior bridge units change in line with Eq.two-electron superexchange through a bridgéaiinits re-
(11), one has to take sults from two single-electro®—A superexchange path-
ways associated with the couplinds,, and T 5. In other

AEmp=AEp—(m=1)4, (C4 words, the two-electron superexchange is originated by re-
AE =AE,— (m—1)A—(N=1)A, c5 peated single-electron superexchange transitions.
mP p—(m=1)A~( ) €9 In the case of a regular bridge and at a small intersite
AE,=AE,+(N—m)A, (Ce)  energy bias\ the basic expressiof€1)—(C3) can be trans-
_ _ formed into a more appealing form. Therefore, we rewrite
AE,=AE —(n—1)A, (C?  the denominators of the expressidi@l)—(C3) by utilizing
AE, a=AEA+ (N—m)A+(N-1)A, c9) the relations(C4)—(C11). Let us start with the specification

of the productll}_;AE,,p. According to the identity
AE A=AEA+(N—N)A, (C9) N N
ngl AEmD:(AED)an_:[l [1-(m—1)(A/AEp)]

and
AEp=(AEp—AE|)—(N-1)4A, (C10 N
AE;n=(AEA—AE)+(N-1)A, (c1D :(AED)NeXp{mEl Inf1=(m=1)
AEpp=AE+2(N—-1)A. (C12

. . . ><(A/AED)]} (C19
The relations(C4)—(C11) allow to derive an analytical de-

pendence of the superexchange rate constants on the numl&eﬁrd by noting the limit of a small intersite energy bids (

of bridging unitsN (see below —1)A<AEp, one can expand [i—(m—1)(A/AEp)] with
using Eq. (C1) and Eq.(CZ). one can represent the respect to fn—1)(A/AEp). The lowest order contribution
square of the two-electron couplii@3) as gives
| Toal?= Toln” (C13 . N (1/2)(A/AER)N(N—1
DA AE,pAE A ngl AEp=(AEp)Ne (1/2)( pIN(N-1) (C20

Here we have introduced In the same way one can specify the approximate form of the

5 N productl‘[,’}'FlA Eqm - Therefore, in accordance with E1)
Toil?=Toil? [T (AEm/AEmW), one may derive
m=1
2
-~ N (C14 T |2~ %ewlmmewmmwu (c21)
Tial?=ITial? 11 (ABmi/ABmp)- DA

Here the superexchange decay paramgtés defined by Eq.
If an energetic bias is not present in the bridge the lattef65). We have also introduced an additional parameter
guantities simplify to give

1/ A A
~ 1 B -
[Toil?=Toil(AE /AEQ)", {1=3|1E, AED) 0 (C22
|T|A|2: |TIA|2(AE| /AED)N. (C19 which modifies theN dependence of the superexchange cou-

pling. Analogously, by using the approximate form of the
It follows from Ehe definition gf the electronic statésee also productllN _,AE,,,AE A one can represent E¢C2) as
F|g 3) tha.t AED:AE|D+AE| y AEA:AE|A+AE| y a.nd

= ! ! 2
thus if AE,p<AE, andAE,,<AE,, we may identify ToAl2= IVp1Vial o aN- DgliaNN- 1) 3
T |2:M 16 AE|AE,
M AE DA’ Here, the superexchange decay paramgjeis defined by
where now Eqg. (66) while
2 N-1 1/ A A
T |2:|VD1VNA| Ve (C17) {pa=—| ———|>0. (C24)
DI AEDAE| AEDAE| ! 2 AE| AEA
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Note that due to the inequaliieAE,<AEp and AE,
<AE, (cf. Fig. 3 the correction parameters,, and ¢a
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