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Nonadiabatic donor-acceptor (DA) two-electron transfer (TET)
is described by a model where the intersite electronic transitions
are assumed to proceed against the background of fast relaxations
(a) within the electronic substates as well as (b) between those
substates related to the same electronic state. It is shown that
the DA TET appears as a single-exponential reaction between the
initial and final electronic states, and the corresponding overall
transfer rate can be represented as an additive contribution of
the concerted and sequential electronic pathways. T'wo specific
two-electron superexchange mechanisms of DA TET are proposed
(the repeated and direct mechanisms), and the conditions of their
realization are discussed in detail.

If the electronic substates are associated with protonated and
deprotonated states, the used model allows one to derive the
dependence of the overall transfer rate on the actual pH-value,
and thus the pH-dependence of the proton-assisted TET can be
explained.

Introduction

One of the important problems of enzyme-catalyzed
oxidation-reduction reactions is related to the
understanding of the stepwise (sequential) and concerted
electron transfer (ET) pathways which couple distant
redox-centers of proteins. Typically, such reactions are of
the multielectron type and, as a rule, are accompanied by
a proton delivery or a proton uptake (see, for example,
reviews [1, 2]). The reactions take place via a number
of intermediate steps which reflect conformational
transitions and ET processes. Although the theory of
single-electron transfer reactions in protein structures
is well-established [3—7], a complete description of
multielectron transfer processes has to be elaborated.
The goal of the present paper is to derive the kinetics
of two-electron transfer (TET) when the total TET
process is characterized by strongly different transition
rates so that each kinetic stage is described by a two-
exponential or single-exponential overall transfer rate.
Note that such a reduction of a multiexponential kinetics
to a series of more simple kinetic steps is typical of a
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number of enzyme-mediated TET reactions in substrate
enzyme (SE) complexes [8—11]. In the case of a single-
exponential kinetics, the overall transfer rate is shown to
be represented by the sum of sequential and concerted
contributions.

1. Coarse-grained Description of the Transfer
Process

Despite the fact that a number of intermediate electronic
states characterize each enzyme-catalyzed oxidation-
reduction reaction, there exist definitely fixed ET steps,
where each step is described by one or two exponents
and thus can be described in the framework of a two- or
three-state model, respectively. Generally, in biological
systems, every electronic state contains more than one
electronic substate. The specific form of substates can
be a manifold of states including the associated and
dissociated states of an SE complex. For example,
different conformational states of the SE complex as well
as the states with a different number of accepted protons
can form the substates. Thus, the problem appears
to derive an appropriate method which takes into
consideration the substates and leads to a reduced set of
kinetic equations describing the ET process between the
precisely fixed electronic states. One of such reduction
methods is based on the coarse-grained approach for the
description of nonadiabatic ET [12].

Nonadiabatic ET as well as TET is characterized
by intersite electron transitions (with the characteristic
time 7rpT) which are slow compared to the fast intrasite
vibrational relaxation (characteristic time 7ye;). Just
such an inequality is typical of TET reactions in most
SE complexes, where the overall transfer time 7rgr
and the characteristic time for the transitions between
the substates, 7gubst, largely exceed 7. Therefore,
employing the reduction method that was proposed in
[12], we arrive at the following set of coarse-grained
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kinetic equations describing a nonadiabatic electron
transfer process:

Pi(t) = = [kjs P (t) — ks Ps(t)] - (1)

s#j

Here, the quantity P;(t) denotes the integral population
of the jth electronic state. This state indicates the site of
electron localization and specifies also the number of the
transferred electrons located at this site. The transfer
rate

N;

N
kis = kjne =3 > QU ki, (2)

lj=11,=1

characterizes the transfer as a single-electron or two-
electron transfer which may take place between the
7’th and s’th sites. Furthermore, the rate accounts
for different ET channels between the [;’th and /,’th
substates which belong to the j’th and s’th electronic
states, respectively. In the case of nonadiabatic transfer
processes, the corresponding rate constants can be
represented in the standard way as the product of a pure
electronic contribution and the Franck—Condon factor

(FC) i.e.,

27
kji;—s1, = flels it; P(FC)jt; s, - (3)

Here, Vi, ji; is the electron coupling between the [;’th
and /;’th substates. Moreover, each ET channel related
to the transfer from the [;’th substate is weighted with
the factor

Ql(f) = ijj/Zj; (Z;=>Zj,), (4)
L

where Zj;; is the partition function of this substate. Its
specific form depends on the character of the substates.
For instance, in the case of two substates which
correspond to the protonated (I;=p) or deprotonated

(I;=dp) form of certain groups, one gets Qéj) = féB)
and Q((i]p) = f(gls), where

£ = [HY] £ Ko (5)
p [HJF]-l-Kb’ dp [H+]+Kb

are those functions which characterize the probability
of proton binding to the B-group ([HT] is the proton
concentration in the solution, and K3 is the dissociation
constant of the B-group).

Finally we would like to underline that the set of
coarse-grained kinetic equations is of basic importance
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for the description of various nonadiabatic ET processes
whenever the inequality

Trel K Tsubst K TTET (6)

is fulfilled for the ET reaction. It only remains the
problem to specify the couplings Vg, ji;, the weights

l(f), and the Franck-Condon factors (FC)ji, s, -
This represents a well-established procedure for single-
electron ET [3—7] but such a procedure is less
investigated for multielectron transfer reactions. In the
following, therefore, we will restrict ourself to the
exclusive consideration of donor-acceptor (DA) TET
processes.

2. Formation of Sequential and Concerted

DA TET

It has been already mentioned in Introduction that
ET reactions in SE complexes may proceed as single-
or two-exponential ET processes. This means that
each elementary step of the ET reaction can be
represented as an ET process which generally occurs
with the participation of an intermediate state. If the
intermediate state is well populated, one observes a
two-exponential transfer kinetics; otherwise the transfer
appears as a single-exponential kinetic process with a
certain overall transfer rate. Just the single-exponential
kinetics corresponds to a DA ET. For a single-electron
transfer, the transformation of two-exponential kinetics
to single-exponential kinetics has been described in detail
in [12].

In the case of TET, we can define the states
D™ and A~ as two-electron states where both
transferred electrons are located at the donor and
acceptor of the ET system, respectively. And the
TET process D™~—A~~ itself can be understood
as an oxidation-reduction reaction which has two
alternative electronic pathways, the sequential pathway
D"+A— D +A — D+A"~ and the concerted
pathway D=~ 4+A— D+A~ . Therefore, three different
electronic states participate in the TET, the state 1
= (D77A), the state 2 = (D~A7), and the state
3 = (DA~7). Since biological macromolecules are
characterized by electronic states which split off into
manifolds of substates, TET reactions have to be
described by taking into consideration these substates.
Here, we assume that the relaxation between the
substates is related to each specific electronic state, and
thus the TET process can be evaluated using the set of
kinetic equations (1). The specific expressions for the
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Fig. 1. Distant TET reactions through a single bridge (a) and two
bridges (b)

corresponding intersite rate constants (2) in Egs. (1)
are defined by the character of the transfer system.
Nevertheless, one can establish some general properties
of TET reactions without specifying the rate constants.
To this end, we consider DA TET in a three-state
transfer system with the initial state (1), the transient
state (2), and the final state (3). The corresponding
coupled set of kinetic equations follows from set (1) and
reads

Pi(t) = —(kis + k13) Pu(8) + ka1 Pa(t) + ka1 Pa(t)

Ps(t)

(k21 + ka23) P2 (t) + k12 P1(t) + k32 P5(t)
Ps(t) = — (kg1 + kso)Ps(t) + ki3 Py (t) + kosPa(t) . (7)

The exact solution Pj(t) = Poo) + Ajjexp (—Kit) +
Asjexp —(Kst), (j = 1,2,3) of this set of rate equations
can be found in [12]. Here, we only note that if the rate
constant K largely exceeds K, then, at times ¢ > Kfl,
one observes a single-exponential TET with the transfer
rate

ki2kos + k3akor

K =Ko~k k —_ = = 8
TET 2 13 + k31 + Toor & Foas (8)

This expression for the TET rate is correct if
ko1, k23 > k12, k32, k13, ka1 - (9)

Bearing in mind that index 2 refers to the intermediate
state, we may conclude that, according to inequality
(9), the population of the intermediate state 2=(D~A™)
becomes very small in the course of the TET, and thus
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the TET appears as a DA TET with an overall transfer
rate given by Eq. (8). In line with the definition of the
electronic states 1, 2, and 3, rate constants ki3 and k3
characterize the concerted forward (D~"+A—D+A"")
and concerted backward (D~ +A<+«D+A" ") TET,
respectively, while the remaining rates k;;; characterize
single-electron hops between the initial (the final) and
intermediate electronic states. These remaining rate
constants form a sequential pathway for the TET
process. Therefore, we can represent Eq. (8) as the sum
of concerted and sequential (stepwise) contributions

(con

Krer = Tpy = KTET) + Késg%) ) (10)

where

Kipy = KO + K&, K = ks, K& =ha,

con

Kot = k) + k),
() _ kizkes ) ks2kar
U koy + koz U Koy + kog

(11)

(In Eq. (11), the forward and backward transfer rates are
indicated by the symbols f and b, respectively). Egs. (10)
and (11) form the basis to characterize the concerted and
sequential pathways of the DA TET reaction. It only
remains the problem to specify the specific form of the
rate constants for the specific type of a TET reaction.
Below we will consider the details of the formation of
bridge-mediated superexchange pathways for sequential
and concerted TET.

3. Length Dependence of Transfer Rate for
Distant Sequential and Concerted TET

Let the D and the A center be separated by a
single-bridge chain as shown in part a of Fig. 1.
At the small bridge population under consideration,
the rate constant of the elementary single-electron
transfer consists of the sum of the sequential and
superexchange contributions. Here, we will consider the
role of superexchange mechanism only since, at short
bridges, the superexchange mechanism dominates the
ET (for details see [12]).

The sequential pathway of TET.
The single-electron rate constants ki2, k21, ka3, and k32
are given by expression (2), where the partial ET rate
constant (which relates specific substates of different
electronic states) is given by Eq. (3) with

Ve, Vit |?
| sls ]l1| SDSA.

Vi, i, |? = —oe 3
| lleJ| (2VB)2

(12)
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Here, Vj;, is the matrix element of the single-
electron transition between the D(A) center and the
adjacent terminal bridge unit while Vg is the similar
matrix element connecting neighboring bridge units (we
consider a regular bridge with identical sites). The factor
) iv: sin N”—i‘l sin J’(,Lﬁ
N+1 — ap(a) — COS —1\7rr£1

Sp(ay = (13)

%
characterizes the dependence of the single-electron
rate constant on the distance when the ET proceeds
between precise electronic substates. The quantities
Sp(a) strongly depend on the parameters

ap(a) = AEpa)/2Vs, (14)

where AEp4) denotes the energy gap between the
D(A) electronic substates and the bridge electronic
substates. For instance, in the case of the D~ +A—
D~+A~ reaction, we have AEp= AEp(lly — 2ls),
while, for the D™4+A~—D+A~ reaction, the similar
energy difference follows as AEs= AEA(2lo — 3l3).
Note that, for the superexchange DA ET, the parameter
ap(a) exceeds unity. As far as the sequential TET rate

K&fﬁ%‘) is completely defined by the single-electron rate

constants kio, ko1, ka3, and ksz, there does not appear
any principal problem to evaluate the dependence of
the K39 on the number of bridge units since it is
contained in expression (13). Note that, despite the fact
that TET proceeds along a sequential pathway, each
single-electron step of this pathway is originated by the
superexchange mechanism.

T he superexchange p at h-
way of TET. To clarify the formation of such a
pathway, we consider certain substates I = a, Iy = £,
l3 = v which belong to the electronic state 1, 2, and
3, respectively. Let E(D~7) + E(A), E(D™) + E(A™),
and E(D) + E(A~7) be the energies of these substates.
In the framework of the proposed model, the single-
electron coupling V3, between the substates a and 3
is caused by the superexchange mechanism. Therefore,
the concrete form of Vg, follows from Egs. (12) and

(13), where ap = a%) = AES)/QVB and a4 = ag) =
AEI(;)/2VB. [The energy gaps AE(Dl) and AEI(;) are
shown in Fig. 2,a.] The single-electron coupling V. with
ap = ag) = AEg)/ZVB and ay = af) = AEf)/ZVB
has an analogous form. (The energy gaps AE(D2) and

AES) are shown in Fig. 2,b.) When the energy E(D~)+
E(A™) of the substate 8 largely exceeds the energies
ED ")+ E(A) and E(D) + E(A™ ") of the D and A
substates, one can consider the substate § as a virtual
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Fig. 2. Scheme of energy levels valid for the first (a) and the second

(b) single-electron pathways forming the repeated superexchange
pathway

one. It means that a specific superexchange coupling,
Vya, is formed between the initial (a) and final (v)
substates. Just the square of this coupling,

|V |2 _ |V5’YVB@|2
78 AEAE,’

defines the rate constants k13 and ks;. (Here we give the
simplest form of the coupling by noting that only a
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Fig. 3. Behavior of the factor, Eq. (21
dependence of the rate), for different energy gaps. Curves 1, 2, and
3 correspond to the set (a1 = 1.2, ap = 1.4), (a1 = 1.8, a2 = 2.2),
and (a1 = 3.2, a2 = 3.6), respectively

) (determining the length-

single virtual substate I = [ participates in the
formation of the coupling V,,. Of course, in a
more general case, the sum over all possible virtual
substates Iy has to be taken.) The energy gaps AE;
and AFE, are shown in Fig. 2. The two-electron
coupling V,, is expressed via the product of two
independent single-electron superexchange couplings,
Voo 1, = V3o and Vi, 91, = V3, and thus the quantity
Vai; 1, = Vo characterizes a repeated single-electron
superexchange through a single bridging molecular
chain. Correspondingly, the two-electron DA coupling
Vya defines a concerted mechanism of TET through a
single bridge.

Changing to the case of two bridges (see Fig. 1,b) we
have to note that an additional two-electron pathway
is formed. For the sake of simplicity, we consider two
identical bridges with N = N'. Bearing in mind the
presence of these two bridges and taking into account
Egs. (12), (13), and (15), we may realize that the earlier
described single-electron mechanism of the formation of
a concerted DA TET leads to the following expression
for the square of the two-electron coupling between the
D and A centers

1 1 2 2
VAV POV
(2VB)*AE| AE,

VP2 =4
xS sl g2 g2 (16)

Here, Vl(,l(z)) denotes the coupling Vs, (the electron is
transferred from the D~ (D™) to the adjacent bridge
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unit). A similar notation, V1§1(2)), is used for the coupling
Vs,. We have also introduced the symbol “rep” to
indicate the repeated mechanism of the distant two-
electron coupling.

The presence of two bridges promotes the
simultaneous transfer of each electron along one of the
separated bridges (if the Coulomb interaction between
the transferred electrons is negligible). However, if the
Coulomb electron—electron interaction V,_. cannot be
neglected, it becomes responsible for the formation
of the specific two-electron matrix elements, Vp =
(la,1b|Ve—|D~7) and V4 = (Na, Nb|Ve_.|A~7). Both
matrix elements indicate that a pair of coupled electrons
initially located at the D(A) center can be transferred
to separate bridges a and b. As far as each bridge forms
a separated single-electron superexchange pathway, an
additional type of two-electron coupling between the
D and A centers, V§Sir), appears. The square of this
coupling has a form

VbV,
|V dlr)| |( D /;| SDDSAA, (17)
where the
D) 2
Sooun = (§757)
s N ' wu' N
sin Nj_‘l sin N‘j_l sin o7
3 Z © LM (1)

p=1p'=1 aD (4) T @p(a) —COSFFT — COS i
are the factors defining the length dependence of this
direct concerted two-electron pathway.

To clarify the contribution of the repeated and direct
mechanisms to the concerted TET, one has to compare
the quantities |V;5)|? and [V" |2. We consider a self-
exchange TET reaction, where D and A are identical

centers and thus V(l) Vlgl)_ 3(1) Vf) = V(2) = V(2),
Vb = Da= Vg, ag) = (1)_ ai, g) = afj): as,
sW_sW= g, sg>:sg>: Sy, Spp=Sas= S, and
AFE, = AE;= AFE. In this case, the ratio of the
corresponding overall transfer rates coincides with
[Vya
= @, QR(N) (19)
[Vya™|
where the quantity
V'S 8
Q= (20)

|Val|*(2VEB)2AE?
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does not depend on the number of bridging units.
Instead, this dependence is given by the factor
St53

g2

Fig. 3 indicates that, at a given choice of parameters
a; and ag, the factor R(N) exceeds unity. Thus, if
@ > 1, then the repeated superexchange mechanism
is responsible for a concerted TET while, at @ < 1,
either repeated single-electron or direct two-electron
superexchange defines the DA TET.

R(N) = (21)

4. The pH-dependence of the Overall Transfer
Rate for the Sequential and Concerted
Mechanisms of TET

The pH-dependence of the oxidation-reduction reaction
is specified by the weight Ql(j) of the substate [; in the
Jj’th electronic state. In line with Eq. (2), this weight also
determines the efficiency of the precise ET channel. We
can derive a concrete expression for QZJ ) if the substates
l; are associated with protonated and deprotonated
forms of those concrete sites which participate in the
ET. The character of these sites is determined by the
structure of a concrete SE complex under consideration.
However, without specifying these site, it is possible
to formulate a basic physical principle. It determines
the pH-dependence of the overall transfer rate if the
protonation-deprotonation process occurs independently
for each active group participating in the ET. Namely,
the Q @ become a product of distribution functions
(5) related to these active groups. As an example,
we consider the appearance of an pH-dependence for
the repeated superexchange TET through a bridge of
3 units (B;, By, and Bj). Let unit B; be in the
protonated form, while the two remaining units stay
in the deprotonated form. If the A center occurs in
the deprotonated form, then the possible TET channels
are associated with the type of protonation of the D
center. For instance, if the D center is in the protonated
form, we derive the following pH-dependence of the TET
transfer rate:

KO — garen) o)

1 con I1=1">

QuLy = £ B R 1P 1) (22)

If the D center is in the deprotonated form
while the A center is in the protonated form,
then

f 2 1
Ko, = K™V Q1L,,
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Ql(ll)zz — ffglr? )fIgB1)f((1]s2) IEBS) IEA) ) (23)
Analogously, one can derive the pH-dependence of
the TET rates for all possible protonated-deprotonated
forms of a common D — bridge — A system. Note
that pH-independent factors Kf(lrep) and Kf(2rep) are
different from each other, thus the efficiency of each
transfer channel is defined not only by the weights

Q(l).

Conclusion

In the present paper, we have considered bridge—
mediated nonadiabatic DA TET which occurs against
the background of fast relaxational transitions not only
within the global electronic states but also between
different substates belonging each to a particular
electronic state. These electronic states are defined by
the sites of electron localization at the donor and the
acceptor as well as at the bridge sites. The main results
have been derived in the model of three electronic
states which corresponds to the initial, 1=(D~"A),
the intermediate, 2=(D~A7), and the final, 3=(DA~ ")
state. Special attention has been put on the way how to
clarify the mechanisms of the formation of the concerted
mechanism of the D~ A—DA~~ TET process. Two
new DA TET superexchange mechanisms, the repeated
single-electron mechanism and the direct two-electron
one, have been proposed and the conditions are derived
under which each mechanism is more preferable with
respect to the other. Besides, the pH-dependence of the
TET rate is discussed in detail.

The results of the study can be employed to a
description of TET oxidation-reduction reactions in
concrete SE complexes. This will be the subject of
separate studies.
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JABOXEJIEKTPOHHI IOHOPHO-AKIIEITTOPHI
PEAKIIII IIEPEHECEHHS: CUHXPOHI3OBAHUI
TA CTPUBKOBUI HIJIAXU B BIJIKOBUX CTPYKTYPAX

E. I'. llempos, €. B. Illesuenro, B. 1. Tecaenkxo, B. Met
Peszwowme

Bysno npoBegeno onuc HeagiabaTUYHOrO JOHOPHO-AKIEIITOPHOIO
(TA) nBoxenekrponuoro mepenecenus (JIEIT) B ywmoBax, Komnm
MixKIeHTPOBi emekTpoHH] nepexoxu BigOyBaroThCs Ha QOHI mBHI-
KOI peslakcariil K B OKpEMHUX IIiICTaHAX, [0 HAJIEXKATH 0 PI3HUX
€JIEKTPOHHUX CTaHIiB, TaK i Mi>XK caMuMu mijgcraHaMu, siki BigHO-
CATBCS 0 OJTHOTO 1 TOTO 2K CaMOro eJIeKTpOHHOTO cTaHy. [lokazano,
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uo /TA JIEII BusiByisie cebe sik OJHOEKCIIOHEHTHE [TePEHECeHHS MixK
[IOYATKOBUM Ta KiHIIEBUM EJIEKTPOHHMMHU CTaHAMH, & BiIIOBigHA
MIBHIKICTH IEPEHECEHHsT MOXKe OYTH MPEJCTABJIEHA K CyMa CHH-
XPOHI30BAHOIO Ta CTPUOKOBOrO €JIEKTPOHHAX HOIISAXiB. 3AIPOIOHO-
BaHO MOJe/b ABOX crenudivanx (HOBTOPHOrO Ta IPSMOIO) ABOX-
eJIeKTPOHHUX cynepobMminamx Mexanizmis JIA JIEII Ta 3’scoBamo
YMOBH, 3a sIKUX BOHHU peaJsii3yrorscsi. Konu migcranu 3icTaBisiioTh-
Cs 3 MPOTOHOBAHOIO Ta JENPOTOHOBAHOI (DOPMAMHU TPAHCIOPTHOL
CHCTEMH, 3aIPOIIOHOBAHA MOJEJIb JO3BOJISIE MMOSICHUTH 3aJI€XKHICTh
mBuakocti JTEII Bix KOHIEHTpamnil IpOTOHIB y cepesoBHUIILi.

JABYXSJIEKTPOHHBIE JOHOPHO-AKIIEIITOPHBIE
PEAKIIVU [TEPEHOCA: CUHXPOHU3MPOBAHHBIN
1 IIPBIKKOBBIN [IYTU B BEJIKOBBIX CTPYKTYPAX

9. I. Ilempos, E. B. lleguenko, B. U. Tecaenxo, B. Met
Peszmowme

IIpoBegeno onucanue HEAAHAOATHIECKOrO JOHOPHO-AKIEIITOPHOIO
(JA) pByxsmexrponnoro unepenoca (JIII) B ycnoBmsx, KOrpa
MEKI[EHTPOBBIE JIEKTPOHHBIE IEPEXOABI IPOUCXOAAT HA (HOHE OBI-
CTPOIl pesjlakCaliu KaK B OTAEJBHBIX HOJCOCTOAHUAX, HIPUHAJIE-
KalouX PA3JIUIHBIM JIEKTPOHHBIM COCTOAHUAM, TaK U MEXKAy Ca-
MHMH TOJCOCTOSHUSIMHA, OTHOCSIIAMHACI K OJOMY ¥ TOMY K€ DJIeK-
TpoHHOMY cocTosiHmO. [lokazano, uro JJA JIDII nposBasercs xak
OIHOYKCIIOHEHIIHAIHHBII IEPEHOC MEXK/Ty HAYAJIHHBIM U KOHETHBIM
JIEKTPOHHBIMU COCTOAHUSAMHU, a COOTBETCTBYIOIIAasA CKOPOCTH IIe-
PEHOCA MOXKET OBITH IPEJCTABICHA KAK CYMMa CHHXPOHU3HUDOBAH-
HOI'O M IIPBI?)KKOBOI'O 3JIEKTPOHHBIX IryTeit. IIpenjoxkena mozmens
aByx crenudraeckux (IOBTOPHOrO B HPSMOrO) JBYXIIE€KTPOHHBIX
cynepobmenHbIx MexaHu3MOB JIA JIDI] u BbISCHEHBI yCIOBHUS, IpA
KOTOPBIX OHHU Peasu3yioTcs. Korma mofCcoCTOsSHAS COMOCTABIISIOT-
Cs C IPOTOHUPOBAHHONW W JEIPOTOHWPOBAHHON (DOPMAMH TPAHC-
MOPTHOM CHUCTEMBI, IPEJIOXKEHHAsT MOJEJNb H03BOJIsieT 00bsICHUTH
3aBHCUMOCTD cKopocTu JIDII oT KOHIIEHTpAIUuu MPOTOHOB B Cpeje.

ISSN 0508-1265. Ukr. J. Phys. 20038. V. 48, N 7



