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A Unified Description of Superexchange and Sequential DonerAcceptor Electron Transfer
Mediated by a Molecular Bridge

I. Introduction

Originally proposed by McConnell,the superexchange
mechanism of distant doneacceptor (B-A) electron transfer
(ET) mediated by a bridging molecular chain has received
constant interest during the past decades. The concept could b
successfully applied to the analysis of ET reactions in chemical .
as well as biological systems (see, e.g., the overiehand
the textbook&19). It has been already realized in the late
seventies that the superexchange type of ET occurs in combina-
tion with thermally activate®'*14 or hopping>2° ET. Such a
theoretical conclusion has been supported by recent experiment
where DNA fragments act as the bridging systén#* To
evaluate the contribution of each mechanism, and in this manner
to specify the details of bridge-assisted ET (oxidaticeduction
reactions), one needs an approach that simultaneously accounts
for all ET mechanisms.

First results in this direction have been published by Mukamel
in the late eightie’$:1° (see also the more recent descrip-
tion10.14.17.29 \ithin this approach so-called Liouville space
pathways could be introduced that correspond either to the
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To describe nonadiabatic bridge-assisted demaceptor (B-A) electron transfer (ET) kinetic equations for

the electronic site, populations are presented that simultaneously account for the sequential as well as the
superexchange transfer mechanism. The derivation of the kinetic equations is based on the precondition of
fast intrasite vibrational relaxation, which is used to introduce a coarse-grained kinetic description. If the
electron hopping across the bridge units is fast compared to the overdl BT, the number of kinetic
equations can be reduced additionally. A set remains that covers only the donor, acceptor, and the integral
bridge populations, independently on the number of bridging units. The case of a small bridge population is
studied in detail. In such a situation, the-BB. ET process can be described by single-exponential kinetics
with a transfer rate that is the sum of the overall sequential and superexchange rate. The ratio of these overall
rates is analyzed in the framework of the Song and Marcus model for the vibrational spectral function. If the
reorganization energy of the-PA ET amounts to about 1 eV the sequential mechanism can dominate the
superexchange ET, even though the population of the bridge by the transferred electron is of the order of
10 to 10°'°. The dominance of the sequential ET mechanism increases not only with increasing bridge
length but also with increasing frequency of the ET reaction coordinate. Finally, the whole approach is applied
to earlier experiments on-BA ET through a peptide bridge formed by proline oligomers of varying lefyth.

The measured fast decrease of the overall transfer rate with an increase of the bridge length for short oligomers
(trimers and tetramers) followed by a much weaker decrease for larger oligomers can be completely reproduced.

reduced density matrix equations are solved numerically. The
respective density matrix describes ultrafast ET by incorporating
into the description a very restricted number (1...3) of active
vibrational coordinates. The latter can be understood as reaction
coordinates of the ET and are coupled to passive coordinates
at form a heat bath152530 (see also the various contributions

in ref 31). Unfortunately, the numerical solution of the density
matrix equations becomes practically impossible if one tries to
treat systems with more than 3 or 4 active vibrational coordi-
nates. A further attempt to derive ET rates has been given in
the framework of the path integral technique applied to the spin-
Doson modet? But these treatments are restricted to systems
with a small number of electronic states (at least two in the
case of the standard spin-boson model).

However, a solution of the mentioned reduced density matrix
equations becomes possible if the ET is not of the ultrafast type.
This would be the case if the characteristic time of the ET
reaction, zgt, becomes larger than the characteristic time of
(intrasite) vibrational relaxatiore, i.€.,

Tet > Trel (1)

superexchange or to the sequential mechanism -6ALET.

Therefore, these pathways allow for a classification of the

various rate expressions and lead to a universal form of the
corresponding ET rates. An alternative derivation of such general
ET rates has been given in an approach where properly defined

It is just this type of ET reaction we will exclusively concentrate
on in the present paper. In particular, inequality (1) suggests a
coarse-grained description of bridge-mediated DET. Ac-
cording to the coarse-graining procedure, the huge set of density
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matrix equations for the whole DBA system is reduced to a
dramatically smaller set of Pauli-like equations for the electronic
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characteristic timeye is typically of the order of 0.£10 ps20:25

the coarse-grained description is valid for those ET systems
where the rate constants do not exceed values &td. Q0

sL. Such a situation is typical for nonadiabatic bridge-mediated
ET where the electronic couplings between neighboring sites
are too small to form an electronic band covering the whole
bridging system.

As shown in the subsequent considerations, inequality (1)
paves the way for a correct description of-B ET across a
bridge with an arbitrary number of bridging units and with each
single unit characterized by a complicated vibrational structure.
A characterization of the relative importance of the superex-
change and the sequential ET mechanism for bridges with a
rather large number of units becomes possible. For appropriate
chosen energetic parameters it can be shown that the sequential &,
mechanism may strongly dominate the superexchange one. E
Especially for systems with a large number of bridging units,
this dominance can be demonstrated even though the population

of the bridge by the transferred electron is very small (of the _. .
der of 10 to 10-1° depending on the energy gap and the Figure 1. Linear molecular DBA nanostructure composed Nf
or Yy bridging units. Part a: The sequentigl, @ndr,) and superexchange

various COUP”“Q parameters). In this manner the resulfs'df (., and_s) rate constants are indicated only. Part b: The ET occurs
are generalized to BA ET reactions mediated by a molecular  as the result of the off-diagonal couplin®s,,ne, = Vi mo|nas)

bridge with an arbitrary number of units. In particular, our between the energy levels,, ~ Emw,, related to neighboring sites
approach avoids the use of certain projection operators that fixandm, (n, m=D, 1, 2,.N — 1, A) and as a result of the superexchange
the considered type of vibrational distribution from the very COUPIiNg Tas,ou, between the separated donor and acceptor centers.

beginning. _ _ processes establish a Boltzmann distribution among the electron-
The paper is organized as follows. In the next section the vibration statesmoof eachmh site. As a consequence, specific
basic ideas to derive the kinetic equations for the overall relations can be established among the elements of the density

electronic site-populations are given with the hint on Appendix matrix p, n5(t) of the whole DBA system. This type of density
A where the collection of technical details can be found. The matrix we have to deal with is defined as

assumption of fast intrabridge hopping processes is used in
section Ill to obtain an effective three-site system where the P () = [na p(t) (N30 3
whole bridge acts, beside the D and A, as a third effective site.
This simplification is valid for an arbitrary number of bridge wherep(t) denotes the reduced statistical operator of the ET
units and enables us to present an analytical expression for thesystem. It has been already discussed in ref 33 that for ET
ET rate. A discussion of the dependence on the various processes for which eq 1 is valid, the various elements of the
parameters entering the ET rate-expressions is given in sectiondensity matrix reach particular values. All off-diagonal elements
IV together with an application to ET experiments on DA pma mp(t) related to a single siten vanish, whereas the diagonal
systems where the bridge is given by polypeptide chains of elements, i.e., the populatiof(t) = pm« mo(t) Obey Boltz-
varying length. Our conclusion are presented in section V. mann'’s relationPm.(t)/Pmg(t) = exp[—(Em« — Enp)/ksT]. This
behavior can be cast into the following expression:

Prncc mp(t) = 0 sW(Err)Pr(1) 4)

Let us start with the standard model for bridge-mediated ET ) o .
(cf. Figure 1a) where the D and the A are interconnected by avyhere we |ntrod_uced the complete electronic site population
linear molecular chain dfl bridging units B. Each unit and the ~ (integral population),

D and the A are characterized by a set of local electron-vibration

Vigva, Vig2a, Tag,Da, Vaa,Na,

<

(®

Il. Rate Equation Approach

states|ma.Owith corresponding energieBy,. Here, m labels Pu® = z P o) (5)
the sites of the whole ET systerm(E D, 1, 2,...N, A, Figure «
1b), anda counts the respective vibrational levels. and the Boltzmann equilibrium distribution functions of site

As it has been mentioned in the introductory section, the
coarse-grained approach is based on inequality (1), which is _ 1 _
valid for the case ohonadiabaticbridge-mediated BA ET. W(Er,) = - exp(—En/kgT), Znn = Z exp(—En,/ksT) (6)
o

This type of ET is characterized by a weak coupling between m
E:f;c:]ron-V|bratlonal stategnallof sitemand the statef3Lof Relation (4) underlines the main property of the chosen coarse-

grained description. According to a fast intrasite relaxation, the

populationsPy(t) vary only via an alteration of the total site
Vine 8 = Vinnime Xng @ populationsP(t) caused by the weak intersite couplings (2).

The respective time scale, as well as that for the change of the
The quantityVm, denotes the electronic intersite coupling matrix  intersite off-diagonal elementgm, ns(t), coincides with the
element (cf. Figure 1b) where&sn. |xnsLis the overlap integral characteristic timegr of the ET reaction.
between the corresponding vibrational wave functions. Relation  The resulting set of coarse-grained equations follows from
() indicates that the ET occurs on the background of fast the generalized master equation (written out in tetradic repre-
intrasite relaxation processes. For the tiine- 1., these sentation via the elements {3}3151y by taking into consid-
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eration the property (4). Within this set of equations, the integral
site populations are coupled to the intersite off-diagonal elements

Pu() = = (i)Y ; (Vi P ma®) = Vies maPrma () (7)

P ) = — r'—lt(AEm 5= T ) ) +

%(Vm,kgpkg () = Vie s k(D) (8)

Here, we introduced transition energi®&m, ng = Eme — Eng
and a respective energy broadeniig, ng = (1/2)(T + 7o)
defined via the inverse lifetimes,; and,; of those states
involved in the transition. The lifetimes directly describe the
fast intrasite relaxation processes and thdg ~ 7w IN

Petrov and May

— (seq) —
Ki-p = Ki—p =K1

KN—A = "ﬁi(i) =Ky (14)
Knont1= Kfffﬂll =0, (15)

and
Kn—'nfl = Kggll = I’n (16)

If mandn in the rate expressions of eq 11 do not belong to
neighboring sites, they express the superexchange transfer rates
according to

(sup)
n—m

Ky = K a7

n—m

time-scalere, one can neglect the time derivative @, ns(t)
in comparison to the first term of the right-hand side. It follows
that

ATy 2 Ve P i) = Vi i () (9)

Equations 7 and 9, along with relation (4), constitute the basis
for an appropriate description of nonadiabatic bridge-mediated

ET. Itis easy to see from eq 9 that the coarse-grained description

is characterized by the smallness of the parameters

Vong gl

2z L2 =1
AE g T T g

(10)

eqgs Al7 and Al8.

The solution of the set (11) leads b+ 2 different transfer
rates that completely specify the ET reaction. The number of
rates can be drastically reduced if an ET reaction is considered
where the energy gapE, p) = Eno — Epayo is large compared
to the bridge internal energy gap&, v = Eqno — Eno, (, N =
1, 2,..N). In such a case the bridge interior rate constapts:
significantly exceed the rate constants-pp) and kpgay—n.
Accordingly, the D-A ET occurs on the background of much
faster hopping processes within the bridging with characteristic
time 7hop This behavior can be reflected by the inequality
(18)

Trel << thop < TeT

rel
which leads us to a second type of coarse-grained description,
valid on a time scalegr. On this time scale, according to the
fast hopping processes within the bridge the alteration, of the
bridge-internal site populatiorg.(t), (n = 1, 2,..N) is exclu-

These parameters can be attributed to the various steps of thé&ively determined by an alternation of the total bridge population

iteration procedure necessary to derive the closed set of
equations for the site populatiorid,(t). All details of the
derivation together with concrete expressions for the different
types of rates can be found in Appendix A (in particular, see
egs A1G-A12).

lll. Overall D —A ET Rates

The subsequent analysis of the-B ET will be based on
the standard type of kinetic eqs Ax®812, which will be written
here as (note, m=D, 1, 2,..N, A)

|f)n(t) = z (Kn—»mpn(t) - Km—»an(t)) (11)

Obviously, they are of such a type to guarantee probability

conservation, i.e., the site populations satisfy
Po(t) + Pg(t) + PA() =1 (12)

wherePg(t) = 22‘:1 Pn(t) denotes the integral bridge popula-

tion.
If the ET proceeds between the neighboring sites (cf. Figure

1a), the rate constants in eq 11 coincide with sequential transfer

rates

— (seq)
Kp—1 = Kp—1 =K

— (seq) _
KaeN= Kp—N= K2

(13)

Pg(t). Bearing in mind the rati®m(t)/Pn(t) = ZwZ, (Zm is the
partition function, cf. eq 6) valid at> tnop, We see that

Pg(t), Z= ri\zm

Introducing this expression into the set of egs 11, we obtain a
reduced set of kinetic equations

F)D(t) = = (-1 T 13)Pp(t) + x1Pg(t) + k_3PA(1)
F)B(t) = (1 T 22)Ps(t) + x_1Pp(t) + % _2Pa(®)
Ii’A(t) = —(1—2 T k_x)Pa(t) + 2Ps(t) + 15Pp(t) (20)

with effective transfer rates

Zm

P =— 19
m(® = (19)

Z 1N (sup)
=k =S Z S
1= 72 Zkn-p
Z N—1
Xzz;"2+z Zn"ﬁﬁ? (21)
s
and
N
A1=Kk 1t K(Dsi‘i?

n=
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N—1 (sup) the D—A ET appears at > K; " where only the small overall
A2=K_ o+ ) Kan (22) transfer rateK, specifies the B-A ET. Thus, the condition
= P{"™ < 1, which corresponds completely to inequality >

Kj, can be taken as the condition for the single-exponentighD

The superexchange transfer rates ET process. Now, the BA ET is described by

iy = kS ey = kD) (23)

Po(D) = (P,(0) = Py(«))e  + P(), (n=D, A, B) (30)
are defined by egs (A16) and (A18) with= D, j = A and

n = A, j = D, respectively. Taking the initial conditions
Pp(0) = 1, PA(0) = 0, andPg(0) = 0 the following analytical K=r1oi=K, =k +k, (31)
solution of the rate eqgs 20 is obtained er =Ko =

where the overall B'A ET rate

can be represented as the sum of the combined forward transfer

d
e [ LR |

X—12

1 Kot Kyt —Kqt — Kot _
+ A _ gy it 2 =K+ 32
K, — Kz[(al x)(e e ") +Ke Ke ] K= K3 Tt (32)
and the combined backward rate
P.() = dﬁ(zrl 1 (Ke ™ — Ke k| +
A K Ko |7 K —K!
a+ o=y 22 (33)
o T X2 (e Kt _ Klt) 21+ X2
K, —
Such a structure of the forward and backward transfer rates is
Pa(t) = 1 — Pp(t) — P,(t) (24) well known from the case of a bridge with a single unit only
(cf. refs 8, 34). Here, a generalization is given for the case of
The two overall transfer rates, an arbitrary number of bridging units. Just this result becomes
especially important for a comparison of the bridge-mediated
sequential and superexchange mechanisms-oAET.
= %(al +d, + \/(al — d,)* + 4a,d)) (25) duent uperex 9 I
IV. Results and Discussion
with The combined forward and backward transfer rates introduced
at the end of the foregoing section contain contributions that
=), txotes &H=kz3— ) result from pure superexchange (rate constagp@nd«_3) as
well as from the superposition of the sequential and superex-
h=xtyrite b=rs—n (26)  change mechanisms of ET (transfer rates) andy—1(2). In
_ o _ the following we will analyze the ET in BA complexes where
g]ve .a complete descrlptlon of the Coarse-gralnedADET the energy gapa\E,p and AE, A largely exceed the bridge
kinetics. internal energy gapAE,n, (n, n" = 1, 2,..N). For such a case

The solution (24) indicates that the coarse-grained bridge- it becomes possible to show that the sequential rate constants
a_SS|s_ted ET is generally characterized by double exponentialy,, «, andx_1, k—» give the main contribution to the transfer
kinetics. However, at large energy gapesnpp) the rate ratesyi, x2 and y—1, x—2, respectively. Correspondingly, the

constantgg—; and y—» (as well ask—3 and ) become small  combined transfer rates (eq 32) and (eq 33) reduce to the
compared to the rate constagisandyz. As a result, the overall expression

transfer rates reduce to the expression

— ,(seq) + (sup) 34
Ky~ a, +dy~ g + 2 27) Ko = i)+ i) (34)
) with the sequential component
and expression
K_q(- 2)(ZN(1)/ Z)Kz(l)
_ad —ad, Xl—2F X1 &i%‘” (35)

kgt gt (28) (22D, + (2 Dk,

2 a +d; Xt 22

and the superexchange component

with K; > Ko. It follows from the solution of eq 24 that the P 9 P

largest population of the bridge is reached within time interval (sup) _ 36

Kl<t<K;LTh i is i i Kip) = K3(-3) (36)
1 , . The respective value is given by the ratio

of forward (backward) B-A ET rates.
p(maX) X1 (29) Because it is the purpose of this paper to compare the
21t X2 sequential and superexchange mechanism of bridge-assisted

D—A ET in dependence on the number of bridging units and

If y-1 < y1 + 2 the maximal populatiorP{"™® becomes because the BA ET can be described by single-exponential

negligibly small so that the transferred electron populates mainly kinetics, we rewrite the overall transfer rate as

either the donor or acceptor site. A detailed inspection of the

solution (24) indicates that &t 1,y—» < 1,52, WhenKy > Ko, K = KD 4 K(sup) (37)
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Here, we set 60 . ' . . . ' . . , '
40 4
KED= (5D (5o (38) [
20 .
and
ol i
K(suP) — K§S“p)+ Kff”p) (39) z
= 20 B
C +
Furthermore, we introduce the ratio T ook 4
n(N) = KEK P (40) 0 .
which is well suited to characterize the relative efficiency of 80 -'""""""I . . . C ]
both discussed ET mechanisms. o 2 4 s 0
To have somewhat more concrete results at hand, we use the BRIDGE UNITS

rate constants as lnt.r.oduced In €9s A17 and A18, with the FraanFigure 2. Relative contribution of the sequential and the superexchange
Condon factor specified according to eq A22. The latter is based mechanism of B-A ET in dependency on the number of bridge units
on the use of the spectral function localized at a single vibration N at various driving forcedE and energy gaps. IAEp = 0.5 eV, II:

with frequencywo (Song-Marcus modef?36 for details see AEp=1.2eV, Ill: AEp = 2.0eV. The curves are calculated in using

Appendix A2). We obtain eqs 46, 41, 42, and 44 withp = Siphwe=0.9 eV, ina = Suhwo=1
eV, doa = Sorhwo=1.2 eV, |Vip| = [Vaal = 0.04 eV, |Vg| = 0.02 eV,
2 v wo = 100 cnTt and T = 300 K.
o = 2_~7T—|V1D| e_SLDCOtfﬁwOIZKBT(l + n(wo)) 10/2 "
toh hay N(wg) |TDA(N)|2 - |TDA(1)|2 CZ(N—l)
Vyal?Vapl? Vv
|\V1D\(251D n(a)o)(l + n((UO))) TDA(].) 2 — | NA| | 1D| , CE | B| «1 (44)
2 2 ABAE, JAELAE,
Ky = 2 NLA' e Sacottfimg/2kgT 1+ n(wo)) N
h ho, N(wo) Here, AEp = AE;p = AExp = ... = AEnp, AEA = AE4 =

AExn = ..AEna = AEp + AE, and the quantityg = Vi ne1
1y, (2Suay N(@o) (1 + N(wy))) gives the electronic coupling between the nearest-neighbor
bridge units of the regular bridge.
1+ n(w)\"e? According to expressions (41), (42), and (44), one can use
n(—wo) eq 43 to evaluate the efficiency of each ET mechanism in
dependence on the various parameters (electron couplings, gaps,
[N+ (o 1) driving force of ET reaction, vibration frequencies, number of
6 (2SoaVN@a) (L N(@g) (41) bridge units, and temperature). Analogously, one can estimate
the bridge population (eq 29), which reads

2
_2n IToa(N)| o Sorcotthg2ieT
h Ao,

K3

wheren denotes the Bose distributiolp,is the modified Bessel
function andTpa(N) gives the DA superexchange matrix element

(all other parameters have been explained in the appendix). The pg"ax) K1 (45)
reverse rates simply follow from iy 1+ il
K_1 = Kk eXPEAE;p/ksT) Below, we will focus on the influence of the bridge length on
_ / the ET that represents the most interesting effect. Therefore we
K = K €XP(-AE/kgT) will vary the gapAEp, the driving forceAE, as well as the
k_5 = i3 eXP(—AE/KgT) (42) frequencywo and use ratio (43) in the form
with the driving forceAE = Epo — Eng of the D—A ET reaction _ —2(N-1) _Ka 1
(cf. Figure 1b). n(N) =98 , (770 T Ry 1+ ik, (46)

An easy consideration of the dependencey(), eq 40

becomes possible for a regular bridge with identical bridge units. note that the quantitys follows from s, eq 41, if one replaces
In this case, all partition function&y coincide, and we have |1,,(N)|2 by |Tpa(1)[2.

Z = NZywhereZo = Z; = Z, = ... = Zy. Noting this property  Figure 2 shows the contribution assigned to the sequential
and bearing in mind relations (42), we can reduce the ratio gng the superexchange mechanism of distartADET for

(40) to various values of the energy gap and the driving force. The

most striking feature is the substantial increase of the part of

n(N) = K 1 (43) the overall transfer rate related to the sequential mechanism with

kg L+ /K, the increase of the number of bridge units. For common values

of the reorganization energiesyx = Suhwo ~ 1 eV and the
The numberN of bridge units is only contained in the energy gapAEp ~ 1 eV (cf. refs 3-5, 7, 34), the sequential
superexchange rate constamd. In line with the general mechanism exceeds the superexchange ong({i > 0) if
expression, eq Al6, the square of the superexchangd& D the number of bridge units becomes larger than 5 or 7 (see the
coupling reads set Il of lines in Figure 2). More precisely, fé&tEp = 0.5 eV
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T T T g T T T . 10'05 T T T T T T T T
60 |- —N=1 7 2 1 ]
£ ) T-208K |
40 - 7 " 3 E
L < J
= 10l -
ol 7 | ps superexchange, ( ~exp[-a (N-1)] )
— e 1 1 ]
< w 4q74 E
g o ~ L(/I3
=S N <Z( ]
] )
20 | 7 - 3
4 ] sequential, ( ~1/N )
wl ’ é 10°+ . q )
g e S l ]
(@] 10 e TR
-60 L . T T T T T T T T
0.0 05 1.0 15 2.0 25 0 2 4 6 8 10 12 14 16 18
ENERGY GAP AE_ (eV) BRIDGE UNITS

Figure 3. Relative contribution of the sequential and the superexchange Figure 5. The overal transfer rate of distant-IA ET versus

meChaniS_m of bridge-assisted D_A'ET in_dependency on the energy gapthe number of bridging units. The limiting stage of the sequential
and for different numbers of bridge units. The curves are calculated ET js given by the hopping across the bridge. Calculations are based

in using eqs 46, 41, 42, and 44 wiflip = Sphw=0.9 eV, ina = on a numerical solution of the set of kinetic eqs 11, 41, 42, and 47
Sufiwo = 1 eV, Apa = Soaiwo = 1.2 €V,AE = 0, [Vip| = [Vna| = with parameterswg = wo = 50 cnT?, Aip = Siphwe = 0.8 eV, ixa =
0.04 eV,|Vg| = 0.02 eV,wo = 1000 cnT! and T = 300 K. Swhwo = 0.6 eV, App = Sahiwg = 1 eV, g = Shws = 0.6 eV,
AE = 0.25 eV,AEp = 0.35 eV, |Vip| = [Vaal = 0.05 eV, |Vg| =
. L L S 0.055 eV, andr = 298 K.
40 + 1 4 40
__________________ S — AEp < 2 eV. However, forAEp = 2.2 eV, the superexchange
20k 120 mechanism is more efficient ifog < 400 cnT?l, while the
sequential mechanism exceeds the superexchangge=if 400
= ' T i So far the D-A ET has been analyzed with the supposition
= J of fast hopping transitions between the bridge units. Following
i g 120 from inequality (18), a further coarse-grained description could
[ S be used, finally resulting in an analytic form for the overall
40 P 140 D—A transfer rate. However, if bridge-internal hopping transi-
I 5 ] tions are the limiting step of the ET, the derivation of analytical
b 40 expressions for the ET rates becomes impossible and one has
PV v—— 000 to apply numerical methods to solve the complete set of_klnetlc
o, (om™) equations (eq 11). To explore the typical features of this case

we will consider a regular bridge where all intersite rate

Figure 4. Relative contribution of the sequential and the superexchange constants coincidexf—nt1 = gn = rp). In analogy to eq 41,
mechanism of bridge-assisted DA-ET in dependency on the vibrational \ye set

frequencywg at a fixed numbemN = 10 of bridging units and for

different energy gap (curves 1, 2, 3, 4, and 5 Addfp, = 1, 1.5, 2.2, 2 s
2.5, and 3.0 eV, respectively). The curves are calculated using eqs 46, _2n | Vgl _ Sacotthwg/2kaT 1+ n(wg)| "
41, 42, and 44 withlp = Sipfiwe = 0.9 eV, ina = Suiwo = 1 eV, Kg = Kn-ni1 = 3 Ropo © n(wy)
Jon = Soahwo = 1.2 eV, AE = 0.2 eV, [Vip| = [Vaal = 0.04 eV, B B

[Vg| = 0.02 eV, andT = 300 K. IIvBI(ZSB NV N(wg)(A + n(wg))) (47)

only the sequential mechanism is responsible for ET at room - . . .
temperature (the set | of lines in Figure 2) while/p = 2 'kI)'Se supposition of slow hopping across the bridge is guaranteed
eV the sequential mechanisms becomes importanifer12.

The influence of the energy gap is demonstrated in Figure 3 kg < Kk (48)
in detail. For a fixed number of bridge units, the relative
contribution of the superexphange mec_ha_nism to_the formation Figure 5 displays the crossover from the predominance of the
of the overall transfer ratk increases with increasingyep.N- superexchange mechanism to that of the sequential mechanism

evertheless, even &, = 1.5 eV, the sequential mechanism it the increase of the bridge length. The superexchange ET
can dominate all > 5—6. It is very important to note thatthe  (5te decreases according to the factor

sequential mechanism works effectively at very small bridge

populations. An estimation based on eq 45 wkBkp = 0.8 exp[-a(N — 1)] = exp[-B(R— Ry)] (49)

eV, T = 300 K, andN = 6 gives a value oP{"™ ~ 10719,

But, even at a rather small energy g&\p = 0.21 eV, which  where N is the number of bridging units anR — Ry =

is typical for photoinduced BA ET in DNA,#2'the integral ~ a(N — 1) denotes the total distance the transferred electron has

bridge population remains smaﬂ’g”ax)w 104 to guarantee a  to overcome along the bridge. The decay consfant a/a

description of long-range BA ET by a single effective transfer  depends strongly on the bridge constaand the intersite decay

rate. parameten. In the present case of nonadiabatie ® ET, the
Figure 4 illustrates the frequency dependence of ratio (46). latter is defined via, eq 44, asx = —2Ing, which gives here

The influence ofvo becomes more significant for larger energy o = 4.2. Consider, for example a bridge formed by a

gapsAEp. ForN = 10, the sequential mechanism dominates if polypeptide structure for whicla ~ 4—4.2 A per residue
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(through-bond distance), then the decay factor amounts to 10"
B~ 1 A-1 which is typical for an idealized-helix structure¥’

In contrast, the part of the transfer rate referring to the
sequential mechanism is proportional ko', It is just this
distance dependence that has been described recently in ref 38
for relatively large bridging systems. However, the same
behavior,Ked ~ N-1, is valid in the case of a short regular
bridge, provided the ET across the bridge is the limiting step
of the overall D-A ET process. A detailed inspection of the
solution of the rate eqs 11 shows that at a small total bridge

population P& < 10-3) for which the inequality

T T T T T T

Ru(lly - Co(llly (a) _

o 1.05-10° exp[-4.2 (N-1) ]

—O— Experiment

\ -
10°9  s545.10'N

OVERALL TRANSFER RATE (ins™)

K_1.K_gr K Kp,ky (50)

is fulfilled, the nonadiabatic BA ET can always be character-

ized by a single-exponential time dependence. The correspond- 107
ing overall transfer rate contains contributions from the super-
exchange and the sequential ET mechanism. The crossover
region (with respect to an increasimg) between these two
mechanisms is mainly determined by the energy 4&p, the
driving force AE, the reorganization energigg,, and the
intrasite bridge coupliny/s. A weak dependence, however, is
obtained with respect to the couplings andVa. (In Figure 5,

the crossover region is found for bridges with—= 4...5.)

There exists a further case of interest characterized by
inequality (48), i.e., by slow hopping transitions inside the
bridge. This type of bridge-mediated ET will be related below
to experimental results on ET reactions throughfcomplexes . ~
interconnected by a rigid peptide bridge of proline oligomers 0 2 4 6 8 10
with different length$® We will concentrate on two types BRIDGE UNITS
of ET reactions, first on Ru(ll}~ Co(lll), and second on Figure 6. Comparison with the experimental data of ref 39« 298
Os(Il) — Ru(lll). In all measurements, the D and A have been K) for the D—A ET system (a) [(bpyRu(I)L-(Pro}Co(ll)(NHz)s]**
interconnected by oligomers with up to six proline units. and the D-A ET system (b) [(NH)sOs(IDi(ProxRu(lIN(NHz)s]**.

. - . Theoretical results follow from the solution of the set of egs 11 with

As the main experimental result it could be demonstrated ate constants according to egs 41, 42, and 47. The fit is reached with
(at room temperature conditions) that the ET rate decreasesthe parameterf/g] = 0.076 eV, ig = Shos = 1.35 eV,wg = wo =
drastically with an increase of the number of proline units up 50 cnT?, andiip = Sipfiwo = 0.8 eV, Ana = Sudiwo = 1.8 eV, App =
to N = 2...4. Afterward, a further increase Nfonly leads to a Soafiwo = 3.05 eV,AE = 1.7 eV, AEp = 0.21 eV, |Vip| = |V =
slightly decrease of the rate (cf. Figure 6). From the perspective 0-06 eV (case a), anthp = 0.9 eV, Axa=1 eV, loa = 2.9 eV, AE =
of all preceding discussions of this paper, such a behavior should!-32 €V:AE> = 0.36 eV.|Vio| = [Via| = 0.03 eV (case b).

be explainable as the transition from the dominance of the ; 4 | he di . f disord
superexchange mechanism to that of the sequential one. Anc®f @ Separate study (see also the discussion of disorder

indeed, the nice agreement of our numerical calculations with influence on the condu_ctivity Of. moleculgr v_vires in refs 41, 42).
the measurements of ref 39 as presented in Figure 6 justify thiSNeverthe.Iess,.the main experlmentall findings of ref 39 could
conjecture. All parameters taken for the computations are given be _explalned ina natura_l way z_and .W'th r_easonable values _for
in the caption to Figure 6. Although tH2 andA are different all "_WOlV?d parameters, indicating in pa_rtlcul_ar that _the ETin
in both studied examples the bridge units are not. For that reasorProline oligomers proceeds as a nonadiabatic reaction.
the same intersite bridge coupliMg ~ 0.076 eV and identical
reorganization energiég = 1.35 eV haven been taken for bot
examples. Of course, there remains a certain arbitrariness with  In the present paper we gave a unifying theory of bridge-
respect to the choice of the parameters, in particular with respectmediated B-A ET utilizing a coarse-grained approximation of
to the transfer couplingg:p andVya. Because they do not alter  the dynamics of the transferred electron. This approximation
essentially the general form of tiedependence of the ET rate,  describes the ET on the background of fast intrasite relaxation
we have puW/ip ~ Vyafor the sake of simplicity. Unfortunately, — and is based on the smallness of the intersite electron couplings.
only a restricted amount of experimental data is available on Consequently the ET proceeds in the nonadiabatic regime.
the N-dependence af > 4, which avoids a more extended fit  Within our approach, the huge set of electron-vibrational density
of all parameters. matrix equations can be reduced to the selNot 2 kinetic

As can be seen in both parts of Figure 6, we also addressedequations, eq 11, governing the redistribution of the site
the question of the relate@-values of the ET. It is very populations. The two types of rate constants contained in the
important to note that the superexchange decay parametersfate equations are originated by the sequential as well as the
a =42 @B =1 A" for Ru(ll) — Co(lll) ET ando = 4.6 superexchange mechanism of ET reactions.
(B = 1.1 A1 for Os(Il) — Ru(lll) ET, are defined via the In most cases of nonadiabatic bridge-assistedALET, the
same bridge internal parametéss and 1g. In which manner energy gaps between the terminal bridging units and the donor
the given set of ET parameters has to be changed if structuraland the acceptor strongly overcome the energy gaps among the
and energetic disorder is taken into account will be the subject bridging units themselves. The resulting small populaBgft)

Os(lly =~ Rugllly (b)

3.5-10° exp[-4.6 (N-1) ] 2
(B=1.1A™) E

—O— Experiment
—m— Theory

OVERALL TRANSFER RATE (ins”)
am
d

h V. Conclusions
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of the complete bridge makes it possible to characterize the Appendix A: Kinetic Equations and Rate Constants
overall ET process by a single-exponential time dependency. Following from a Coarse-Grained Description
A detailed description has been given for the case of fast

hopping transitions within the bridge. In this case, an additional 1 |teration Procedure. To derive a kinetic equation fdo(t)
reduction of theN + 2 coupled rate equations to the set of three ¢, eq 7, one has to substitute the off-diagonal elements
equations fOIPD(t), PA(t), and PB(I), eq 20 referring to the D, (t) and (t) on the right-hand side of eq 7 by
A, and total bridge population, respectively, became possible.pmlDaD : PDup Los1) L - -

’ h o ' 4 V= expressions that exclusively contain diagonal density matrix
Interestingly, an exact solution, €q 24, can be derived describinggiements. This substitution becomes possible if one notices eq
the D-A ET as a double-exponential process. It reduces t0 @ g \yhich may connect off-diagonal elements with the diagonal
single-exponential ET if the bridge population becomes small elementsoag bag(t) aNdpia, 10,(t), as well as with the additional
enough. off-diagonal elementpaq, pey(t) and poas 20,(t). The presence

We consider it as a main result of our studies that the of additional off-diagonal elements indicates that the derivation
nonadiabatic bridge-assisted=& ET can be described by  of closed equations for the diagonal density matrix elements is
single-exponential kinetics. The description is independent of embedded in an infinite iteration procedure. Within the first
the numbeN of bridging units, and the related overall transfer jteration step we obtain
rateK is obtained as the sum of sequential and superexchange
transfer rates, eqs 30 and-336. Accordingly, an illuminative
analysis becomes possible, which characterizes the efficiencpr(t) - _ E Z z
of the sequential and the superexchange mechanisms in depen- h
dence on various ET parameters, including the energy gaps,
the reorganization energies, the driving force of the ET reaction,
the temperature, and the bridge length. To compare the (PDaD DaD(t) ~ P, l(11(t)) + (OD), (A1)
efficiency of both ET mechanisms, the ratio has been introduced
between the overall sequential and the overall superexchange o o )
transfer rates, eq 40. For our numerical analysis we used theWhere the contribution (OR) which includes off-diagonal
Song and Marcus model for the vibrational spectral function density matrix elements, reads
dominated by a single active vibrational moeThe model
leads to concrete expressions for the sequential and the

1o, Doy
2 1 D

AE?

1a, Dog

VDo. la
D 1 2
+T

ap &
b ™M 1o, Day,

V,

Do 10L1Vl(11 20,

i
superexchange rate constants, egs 41 and 42. Furthermore, {OD); = — z z Z _ P2a, ag () —
allows to study the various regimes of-1A ET via an he & G AElalDaD_ IrlalDaD
estimation of the ratio of transfer rates, eq 46. We have been v, \V/
. o, 1oy ¥ 1oy Doy

able to demonstrate that at room temperature thAET is 0 M} (A2)
dominated by the sequential mechanism if the number of bridge AE, po. T il pe Datp 20,

1 D 1 D

units exceeds 5. This result is valid even for an extremely small

i i (max) 10 i i
total bridge populationPg 107 We consider this as a To derive the part on the right-hand side of eq Al, we used eq

novel insight into the mechanisms of bridge-mediated ET. So 4 but did not further specify the diagonal density matrix
far, the standard treatment of nonadiabatic bridge-assistedl D elements

ET concentrated on the superexchange mechanism if the bridge . . . . . .
P g g One easily realizes via an inspection of eq Al that the first

population becomes small. . . . . .
. . . . iteration step results in the formation of a rate that describes

Therefore, we \_Nould like tp underline as our final conclusion sequential ET. Using relation (4), the first term on the right-
Fhat the §equentlal_ mechanism O_HA ET must be be taken hand side of eq Al reduces to the conventional kinetic form
into consideration if one deals with long-range ET pathways. —°9po(t) + «5°Up.(t). The rate constants characterize the
This is especially important for ET reactions that proceed in traﬁ;flerDbetweel;Dsitles{ — Dandn=1 (andm = 1 and
complex three-dimensional bridging systems, as they can be .
found, for example, in proteins. Our main conclusion is n = D) and are given by
supported by the analysis of the peptide-mediated intramolecular o
D—A ET as described in ref 39. In the considered bridgin (seq) — — 2 —
system formed by proline oligomers, the superexchange ge(?ay fmn = Vo Z ; il g ME ) L B, ~ Ery)
parameter amounts b~ 1 A~ For such g-value, a crossover (A3)
from the dominance of the superexchange mechanism to that

of the sequential mechanism occurd\at= 3...4. If 5 exceeds  Note the use of eq 2 to specify the intersite coupling as well as

1 A% as it is the case for a number of proteins studied in ref eq 6 to introduce the thermal distribution functifEq). The
43, the crossover region can even be shiftedNte= 2...3. quantity

Although this statement is related to peptide bridges, it is

supported by recent studies on DNA bridges where the super- 1 | A

exchange mechanism with characterigtivalues of 0.6-1.5 LEw —Ep) == T (A4)
A works effectively for short-range transfer only (up to T (Emg — Enﬁ) + D

10 A).44'45

gives the Lorentzian-like broadening of the energy-conserving
Acknowledgment. We thank J. Jortner for some insightful ~ O-function of the rate expressions.
comments. The support of this work by the Volkswagen-  Next we perform the second iteration step with respect to eq
Stiftung, Germany, priority area “Intra- and Intermolecular 9. In this manner the part (Obdf eq Al, which is formed by
Electron Transfer” is gratefully acknowledged. off-diagonal density matrix elements, can be replaced by an
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expression that contains again diagonal and off-diagonal ele- i
ments. This second iteration step starts from the set of equationd©OD), ~ — g z z
Dy

3 01,02
1 Voo, 10 Via, 20V
Ppoay, 2a2(t) =p* 20, DaD(t) - E +ir x Pap 103 71y 20, 720, 305 t) —
20, Doy ! 20, Doy . . p 303 Doy
(AElon1 Dap IFl(x1 D(XD)(AEZO.Z Doy IFZaz DaD)
[Z (\/la'l 20,PDog 1o’ 1(t) - VD(XD 10,P1a, 2(12(t)) +
o z Vag, 20,20, 10, V1a, Doy,
V3(1 2a,PDay, 3 (t)] (A5) R . P30, D, (t)
ol (AE1q, b, T 1110, Do) (AE2, pay, t 1120, Day) Y

1 (A9)

Poop 10, (D) = 0% 1 5, (= — , x
Pt 1o Beo Ela.’1 Doy + IrloL'1 Doy

Just this expression is the result of the third iteration step. It
[Vboy 100, (P00 Do () — P, 100, (D) + szouz 10/,PDetg 200, (D] connects the diagonal elements,, pao(t) With the diagonal
0 elementgsg, 305(t) and the off-diagonal elemengs, 44,(t) and

(AB) P3as Do(t). After the Nth iteration step, a connection is estab-

lished betweeppa, pas(t) @Ndpac, aca(t). The (N + 1)th iteration

and step completes the iteration procedure, resulting in the formation
of a kinetic equation for the site populati®(t). This equation

contains only diagonal elemenisu, pog(t) and pna, nog(t)s

. t) = p* f)=— ; ;
Pmlz“z() P 20,D la’l() E —ir X (n=1, 2,..N, A). After N, iteration terms that connect D and
1o’y 20, 1o’y 20, . .
A via the superexchange mechanism could be generated. Any
[Vla’12az(p1a'11a’1(t) ~ Pz, Zaz(t)) + further iteration steps result in less important corrections, which

zvs% 2(12)01(1’1 3(13(t) o zvla'l Da’DpDa’D Zuz(t)] (A7) will be omitted.
[ [ According to the basic coarse-grained relation (4) and the
required iteration, we may write down the kinetic equations in
which all follow from eq 9. These equations connect the off- the form
diagonal density matrix elemenis,, pop(t) andppeg 2q,(t) With

diagonal elementspag pap(t), P10y 104(t), @NAP2q, 20,(t), @S well N

as with off-diagonal elementSay; by (t) and ppeg 305(t). With Po(t) = —[kEP+ 5 k8 4 (SUPIp (1) + 12U (1) +

the help of the relations (A5)(A7), the off-diagonal term (A2) n=

can be reduced to a rather complicated expressions with N - «

additional diagonal and off-diagonal elements. However, due Z’Cfaﬂpn(t) + k5PA(t) (A10)
&

to the inequality (10), we can omit corrections to the terms that

are proportional t@14, 14,(t). These corrections are of the fourth

order with respect to the intersite couplings and are small in which contains sequential and superexchange types of rate
comparison to the more important contribution given by the constants.

diagonal part on right-hand side of eq Al. Keeping only those  The iteration procedure introduced so far can also be carried
terms that are different from the corrections to standard gyt for the A-site and any bridge unit= 1, 2..N. One obtains
nonadiabatic ET rates, one obtains

N—1

i - — _,(seq) (sup) (sup) (seq)
(OD), ~{ . Z Z Pa®) = —lka-n+ ) ka—n T ka—pl Pat) + kx=aPn(D) +

h D,U2 U1,01 = N

V V. V. Vi t
Dotg 10, Y10, 20, V20, 100, Viee, Do PDog Doty (1) - ZK,('-\SE%)Pn(t) 4 KE-\SEIJD)PD(J[) ( Al 1)
(AEml Dap irml DrxD)(AEl(x'lD(xD - il"mle“D)(AEzﬂz Dap irerz DrxD) n=

VDaD 101V1<11 ZuZVZaZ 1o 1V1u’ 1 DuDPZuZ 2a2(t)

- - - +ccp + and
(AEloL1 Dap Irlul DuD)(AElu'l 20, + Irla'l ZuZ)(AEZuZ Dap eraz DuD)

(D), (A8)

Pol) = =l + e + Y ki TIPA(O) +

J7n

KieeePrea() + kP () + ) kEPR(D) (AL2)

n—1—n
jZn

The part (OD) contains the terms that are proportional to off-
diagonal elementgpog 3u5(t), PDog 2a5(t)s P30z 1005(t) (AN corre-
sponding complex conjugated elements). With the utilization
of relation (9), all these elements can be expressed via other ] ) ) )
diagonal and off-diagonal elements (the third iteration step). A Note that the summation with respectjteovers all possible
detailed inspection shows that only terms that contain the off- DBA sites, i.e.j =D, 1, 2,.N, A.

diagonal elementppgg 3as(t) and psq; pap(t) lead to terms that 2. Rate Constants.In the set of kinetic eqs A16A11, all

do not give higher-order corrections to the nonadiabatic rate sequential rate constants are given by eq A3. The superexchange
expressions. So, the part of (GDeq A8, which is of main rate constants read,(j = 0, 1, 2,.N,N+ 1, 0= D, N +
interest for us, reads 1=A
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™ SetAEqqgna, & AEgn and AEq,jo; & AE;. The following use
of expression (2) and the summation with respect to all interior
” Vi k10, Vi 10 ke vibrational states reduces eq Al4 to¥X j)
k=n+1

(5UP) — _iz Z Z N AEgnh = Eqo — Eno @andAEg; = Eqo — Ejo. Accordingly, one can
h On+10nt1 0G-1,0-1
J

- (sup) , (SUP)
Kjon ™™ Kny

-1
n (Aquxq na, - irquq n(xn)(AEqa’q no, - irqon’q nmn)(AEnmnjonJ + irnunj(xj)
k=n+1

i

2 2
E'Tnjl z ; l5&]0{j |XnanﬁW(Enan)L(Enan - Ejal) (A15)
kﬂlvku'k k— l(x'k,lka Loy kak *

WE,.) The pure electronic superexchange matrix elenigptis given
it o in a symmetric form (with respect to energy gapEq, and
” (Aqunq na, + ir‘qonq nonn)(Aqucq na, + irqa’q nonn)(AEnoL"jonJ - ir‘na"juj) AEq]),
k=n-+1

(A13) = ij —le—lj—Z"'Vn+2 n+an+ln (A16)

nj
and \/ |AEn+lnAEn+leEn+2nAEn+2j - 'AEj—lnAEj—lj |
sup_ | This symmetric formTy,; = 'Iﬁim), follows from eq A14. If one
-] hz u;ﬂ u;ﬂ ) notices eq A13, the couplin@y = T$°™™ will contain only
o i o energy gaps&Eqn. However, lboth forms differ insignificantly,
” Vi k10, Vic 1 ke, TEONS™ &~ TEM[L + (1/2)3) 7, (AE/AEG)], if the driving
k=n+1

force of then — j ET reaction,AE, is much smaller than the
-1 gapsAEg (i.e., if [AE/AEy| < 1) and if the amount of bridging
n (ABqgna, ~ Mg no JMAEqejao, T M garyjo) (ABng o, T g ja) sites,n — j, is not too large. Just such a situation is valid for
K . superexchange ET.
' v The sequential and superexchange transfer rates, eqs A3 and
kﬂl KAt T A15, completely specify the ET processes in the DBA system.
= W(E,,) The rates are defined via pure electronic coupliigs or Ty;,
I_J (AEqaq no, irquq nan)(AEqu'q na, + irqu'qnan)(AEnanjm - irﬂ&ni%) O.Verlap integralﬁjajwnanm distributionSW(E,m), and .Lorent-
idnds ziansL(Ema — Enp). If the energy spectruriy, within each
(A14) site is dense and forms a quasi-continuum, the broadening of
the energy levels can be ignored and the Lorentkign, —
Note that eqs A13 and Al4 are written for the case winere Ens) changes to a delta-functiod(Emx — Eng). Such a
j. The casen < j is described by similar expressions. substitution reduces the above given transfer rates to the
The expressions (A13) and (A14) for the transfer rates show conventional form
that 5P = «*P) This is due to the fact that the itera- oo
tion procedure has been carried out in using a representation of Kﬁf,iqn) = ?lvnmf(FC)mn (A17)
the density matrix in a local basis, which results in different
denominators in the above given expressions. In particular, gnq
the denominator of/cs,sﬂjp) contains only energy differences
AEq,na, Whereas the denominator afs"” contains (in a o) — 2T 1 1%(FC). (A18)
symmetric form) both types of energy differencAg, ny, and S (R "
AEqq,jo; Note, however, that our description of site-to-site
transitions is based on the assumption of small intersite
couplingSVime,,na,- Therefore, the use of local basis statea, _ _
may lead to correct results (i.e., the steady density mat(éx), (FCh = Z ZMQJXWD]ZW(E'@Q 5(Ek°‘k Bio) (A19)
coincides with the correct equilibrium expression). Such a B
correct description provides that the ET process is mainly gives the Franck Condon factoP for the k — | ET. If the

accompanied by isoenergetic intersite transitid@s,, ~ Enx,  vibrational frequencies are equal for all ET sites, this factor can
(see the discussions in, e.g., refs 15, 33). Therefore, accordingpe rewritten

to relation Ejo; ~ Eng, we may conclude that§"” ~ 9

Because this relgtlon is fuhjlled with high accuracy, we will (FC), = 1 e dt e "AEUR g~ Qu(®) (A20)
take a symmetric form (with respect to energy differences 2mh J e

AEquyna, aNd AEqq,jo;) Of the transfer rates, eq Al4.

The superexchange mechanism of ET between the sites
andj is important when the lowest energy levélg of an
internal bridge site differs considerably from the lowest energy Qu(t) =
levelsEqo andEj of sitesn andj. As far as the superexchange W (@)
transition takes place foEj, ~ En, We may omit the Foo K\ _ i
broadeningd ga, no,, and g, ,—ail in comparison with the corre- Zf —® dov w2 [cothrar/2kgT)(1 — cost) — i sinuwi]
sponding energy differencésEqq, no,, ANAAEqq, jo;, respectively. (A21)

But the broadeningl’n,j, Cannot be omitted. Below, the
superexchange transfer rates are given for the case where thean be expressed via the vibrational spectral functifpiie),
vibrational energies are small compared to the energy gapswhich are specified by the coupling to the vibrational modes

The expression

This expression is well known from the spin-boson magi&+7-4
The quantity
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and the respective frequency specti##?4748Since the rather
popular model of a single reaction coordinate of frequengy

Petrov and May

(19) Hu, Y.; Mukamel, SJ. Chem. Phys1989 91, 6973.
(20) Cho, M.; Fleming, G. R. inref 7, part Il, p 311.
(21) Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossmann

coupled to a nonpolar solution will be used, the spectral function g 1"’ r0- N. - Barton. J. KSciencel993 262, 1025,

as shown by Song and Marcéag®has to be chosen in the form
Ju(w) = (U2A)Awwd(w — wo), wherely is the reorganization
energy of thek — | ET. It results the well-known Jortner
expressioh*®

(FC), = F%O o Sucottfiuy/2T

1+ n(wo))wz
N(wo)

11,1 (2S4 v N(@o)(1 + n(wy))) (A22)

Here, v = AEw/hwo, AEq = Exo — Ejp denotes the driving
force of thek — | ET, Sq = Aw/hwo, N(wo) = [exphrwo/ksT) —
1] is the Bose distribution, anid(2) represents the modified
Bessel function.
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