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Previously, we developed a unified theory of the excitation energy transfer (EET) in dimers, which is applicable
to all of the cases of excitonic coupling strength (Kimura, A.; Kakitani, T.; Yamatal. Phys. Chem. B

200Q 104, 9276). This theory was formulated only for the forward reaction of the EET. In the present paper,
we advanced this theory so that it might include the backward reaction of the EET as well as the forward
reaction. This new theory is formulated on the basis of the generalized master equation (GME), without
using physically unclear assumptions. Comparing the present result with the previous one, we find that the
excitonic coupling strengths of criteria between exciton and partial exciton and between hot transfer and
hopping (Foster) mechanisms are reduced by a factor of 2. The critical cohemenéy also reduced
significantly.

1. Introduction To make the object of the present study clear, we shortly
describe the theoretical framework of the former dimer théory.

This theory was formulated by adopting a specific diagram in
a stochastic Liouville equation. We derived a closed form of

ing photonic, sensitive technologiésWhen the excitonic '.[heh|nt'egro-d|_fferent|al equa’qon _?Larenorrgallzeg p;opaga’tlpr
coupling strengthU between donor and accepter molecules, in the interaction representation. Then, we adopted a decoupling

which promotes the excitonic coherence, is much smaller than Procedure corresponding to the factorization by a two-time
the dephasing strengih formerly called coherence destructive ~ correlation function ofU in solving the closed integro-
strength, which disturbs the excitonic coherence by means of differential equation. We also assumed an exponential decay
the exciton-vibration interactiof s (this case is called very  form for the time-correlation function ofJ. We derived
weak coupling), the Fster mechanism is applicalfleThe analytical solutions of the time course of the population in the
Forster mechanism works by the incoherent hopping motion final stateny(t). On the basis of this analytical formula, we
between molecules, and the rate constant in dimers is expressegroposed three criteria which discriminate exciton, partial
by the overlap integral between the emission spectrum of the exciton, hot transfer, and Ester mechanisms. These criteria
donor and the absorption spectrum of the acceptor. Here, wehave been applied to characterize the EET in contact ion pair
used the word “dimer” to indicate a two molecules system at gystem& and light-harvesting complex LHC-1B

any distance in a thermal bath. Whenis much larger thary . . .

(this case is called strong coupling), the exciton mechanism is Here, it should be mentioned tha{t) became 1 in the steady
applicablée In this case, the excited state is coherently delo- State in the homodimer in this thedtyThis is because the
calized. This coherent excited state is expressed as a wavelikeadopted diagram virtually corresponds to the forward reaction
motion. WhenU is not much larger or much less than(this of EET. However, the effect of the backward reaction was partly
case is called intermediate coupling), the EET is more compli- taken into account for the wave packet propagation in the excited
cated as compared with that of the above two extreme casesstate of the donor (see Figure 1 of ref 9). This inconsistency is
So far, many theoret!cal works' have been done to address the deficiency of the theory.

EET of the intermediate coupling ca%é! Among them, we i .

proposed a unified theory which is applicable to the EET for N thé present paper, first, we obtain a closed form of the
all of the values ofU relative toy. In this, we described the ~ generalized master equation (GME) for the probabififft)
advantage of the three states model to describe the EET ofPased on the three states model and derive an analytical solution
dimers? On the basis of the three states model, we presented aof n«(t) by considering both the forward and backward reactions
unified theory of the EET in dimersWe have also presented consistently. Here, we assume that the memory function can
a general theory of EET applicable to clusters by using the be expressed as an exponential function, but no other assumption
generalized master equation (GMBjhich is an extension of  is made. By analyzing the solution, we reexpress three criteria

Excitation energy transfer (EET) has been investigated
extensively for elucidating the mechanism of an efficient light
harvesting in photosynthetic antenna systeaml for develop-

the theory of Kenkre and KnoX. among four kinds of the EET mechanism. We also redefine the
appropriate rate constaklf®”, the coherency, and the critical
* To whom correspondence should be addressed. ¥81t-52-789-2873. coherencyy.. Finally, we reexamine the assignment of EET
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2. Derivation of the GME by the Three States Model Then, the probability for thémOor |alis expressed as follows

To treat all of the cases of EET systematically, we use the |K|2 . .
three states modgin the dimer system. We choose the ground n(t) = — Tr[le """ |mp,mn|e™™id (i =m,a)
i hz d

state of the dimer plus a photon before the photon is absorbed (11)
as the initial equilibrium statgll] the excited state of the donor
after absorption of a photon as the intermediate gtatéand Renormalizing the probabilities so that the relatigit) + na-
the excited state of the acceptor as the final stafé The (t) = 1 is satisfied, we obtain
advantage of the three states model is that/thiéstate of the iR e .
donor just after excited by a photon is chosen in the nonequi- n(t) = Tr{dle ™" mlpyinje™ i (i =m, a) (12)
librium state of vibrations. Then, the Hamiltonian can be written L . . o
as follows Next, we reconstruct Liouville equation with Hamiltoni&h
for t > 0. We write the Liouville equation far> 0 as follows
J) =Hy + Vy(b) Q)  do(t)
i =g = [H1, p()] = Lip(t) (13)
H=Hy+ Vo (2
with p(0) = |mlpglin|, wherep(t) = e Hithp(0)dH/h,
Ho = (E + hy)|dd| + (G,, + h,)|mIin| 4 (G, + h,)|ala Here, we adopt the interaction representation so that the
©) perturbation treatment with, is easily performed. Then, we
rewrite eq 10 as follows
V, = U(jallin| + |m(I2) (4) L Aoyt B
0 ih = = Vi(0), (0] = L Op (V) (14)
Vi (t) = Ko(t — 0)(|din| + |mLId|) ) where
wherehg, hm, andh, are the nuclear vibrational Hamiltonians p,(t) = €™ p(tye M = gl py
for the system in the|dO state, |m0 state, and|al] state, _ )
respectively E is the photon energyy) is the EET interaction V(t) = (—:"H"tmvoef'H"t’h (15)
energy,Gm andG, are the lowest energy levels of thralistate ) o .
and |allstate, respectively, andy(t) is the excitation operator Solving eq 14 by the projection operator metfibde obtairt

which excites the donor molecule by a light pulse at tinze AT | o,(®)]
little after O, which is denoted by-0, andK is the amplitude Pr _
of the interaction between the photon and donor molecule. dt

z '/:)t dthij(ta tj_)Tr[[ﬂ |pl(tl)q]

R T . j=m,a
We assume that thiglstate is in thermal equilibrium just (i=m, a) (16)
before (time being-0) the donor is excited by a photon. This '
state is described by the density matrix as follows where the memory functioMj(t, t1) is expressed as follows
— = 1 | t
p(—0) = |dipyd] (t <0) (6) My (t, ty) = -3 Tr[le(t) exp, |~ ﬁl dt,QL (t,)| x
wherepgq = e P/Tr[e N, B = 1/(kgT), and Tr represents the . —
trace over the vibrational state of tfdéstate. The density matrix QL (tl)‘” @’d] (i.j=m,a) (17)
for any time satisfies the quantum Liouville equation Writing () = Tr[Emipi] and na(t) = Tr[@de(t)], we
do(®) obtain the GME as follows
ih =g =), (0] Y] o
m
dt = j(‘) dty[Mpt, t)Ny(t) — Map(t, t)ny(ty)]
Then, the density matrix is formally written as follows (18)
() = exp | —+ [ ()t} dpmiTexp {& [F 7)o dn® _
P = Py hJo Pd P hJo g dt = j;) dtl[Mam(tv 1:1)nm(t1) - Mma(tl tl)na(tl)]
(8) (19)

3. Analytical Solutions of the GME

Hence, the probability at themlor |alJas a function oft is We adopt the second-order perturbation abéyin eq 17.

given by SinceL,(t) is represented by the first order\df, we approximate
. . expi[---] as 1, and then, we write the memory function as
n(t) = Tr[@le®Iid (=m, a) 9) follows
Expressing the propagator for the total Hamiltoni#it) by Mt t) = 2Re[D]En|V,(t)V,(t1)|mDJQ]/h2 (20)
the first-order perturbation d¥1(t) and projecting into thed
from the right and to the stat@ from left, we obtain Moat, ) = 2Re[TAV, (t)V, (t,) |a])/A? (21)

dD,_. —Km|e_iH1t’h|mD wherel:+[d is Tr[---p4]. These memory functions involve an
h effect of the vibrational relaxation from the nonequilibrium state
(i=m,a) (10) of the donor just after being excited by a photon absorption.

m‘ exp, { —;—1 I8 .7f(t')dt’}
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SinceMma(t, t1) = —Mmn(t, t1) holds by the sum rule where

Tw W

2 Wit ty=0and) Mit.t)y=0 (22 - (31)

we can rewrite it as-Mmm(t, t1) = Man(t, t1) = M(t, t1). Using
the relatiomnm(t) + ny(t) = 1, we obtain the closed GME about
the probabilityny(t) as follows

Evidently, eqs 29 and 30 represent that the probabilify)

converges to 1/2 in the steady state— ). This result is

different from the previous dimer theotyyhereny(t) converged

dn (1) to 1 in the homodimer system. It should also be mentioned that

CA _ the parametea of eq 31 is a little modified from the previous
d o M WL = 2n(6)] (@3) one = y24h? — U,

We assume that the memory functibb(t — t;) decreases 4. Criteria among Three Kinds of EET Mechanisms
exponentially with time differencé — t;. Namely, we write

In this section, we derive new criteria among exciton, partial
M(t — t;) as follows g P

exciton, hot transfer, and Fster mechanisms by using the same
5 strategy of the previous dimer thedty.
M(t, t) = M(t — t,) = 2(U/R)" exp(—y(t — t)/h) (24) In the strong coupling case whete > y/4 holds, a is

negative, and the time profile of the probabiliiy(t) becomes

wherey is called the dephasing strengtt?.In generaly should underdamped motion, as in eq 30. Especially, when the lifetime

include the effect of vibrational relaxations, and therefore, it 2A/y of the damping term in eq 30 is longer than the oscillatory

may vary with time, and it depends on the temperature. period 2t/+v/|a|, the EET becomes the coherent exciton mo-

However, we neglect its time dependence in obtaining the tion. This gives the criterion fo that the exciton mechanism

analytical solution of GME in this paper. Its effect is partly prevails as follows

considered in determining the criteria of the EET mechanism.

We first examine the property of thg(t) expressed in eq 23 >

in the two extreme cases. When the time differeheet; is U > yvitanr Ua (32)

much smaller than the lifetim&/y of the memory function, 4

M(t — t;) can be approximated by Q(h)2, namely, it is

independent of time. This persistent memory produces the pure On the other hand, in the limit of the weak coupling case
exciton. In the case of homodimeny(t) is written as whereU < 4y holds,a becomes positive. In this case, the time

profile of ng(t) in eq 29 becomes overdamped motion, and the
excitation energy transfer takes place only after completing the
vibrational relaxation at the m state corresponding to thietEp
mechanism. The excitation energy-transfer time by thesteo

On the other hand, when the lifetime of the memory function mechanism is given ag = Lhkam = Ay/(2U?). It is obvious

Aly is much smaller than the time differente- t;, the EET that the necessary condition for thérE@r mechanism is >
takes place by means of the Markovian process, and the GME¢, | wherer, is the averaged time of the vibrational relaxation

n,(t) = sin’(Ut/h) (25)

can be approximated by Pauli's master equation after the donor molecule is excited to the FranGondon state.
dn ) From this, we obtain the criterion that thérBter mechanism
n,(t revails as follows
G = Kanll — 20,0] (26) P
hy _
wherekan, is expressed as U=/ 2 = Ue (33)
Ky = ﬂ)‘” dtM(t) = 2U%/(yh) (27) Then, the condition that the EET by the intermediate coupling

mechanism takes place is writtendg < U < Ug;.

In the same way as that in the previous paper, we define the
third criterion in the intermediate coupling region. It is the
1 threshold between the underdamped motion and overdamped
ny(t) = > [1 — exp(—2Kk, )] (28) motion of the probabilityn(t). This corresponds ta. = 0

Then, we obtain

In the homodimer, we can exactly solve the integro- U=
differential equation of eq 23 for all of the cases of the excitonic
coupling strength. The analytical method is given in the
Appendix A. The result is as follows

7=V (34)
Using these criteria, we can characterize the intermediate
coupling EET by two kinds of mechanism as follows. Whén
satisfies the conditioblcz < U < Uy, the EET takes place by
partly retaining the oscillatory coherent character, but it quickly
loses the coherent character with time due to vibrational
for U > y/4 (29) perturbations. We call this case the partial exciton mechanism.
When U satisfies the conditiotJe; < U < Ucs, the EET no
n,(t) = 1 [ 1-— e‘yt’”‘{ cost/|alt) + —4—sin (mt)} longer reserves the oscillatory coherent character. The EET takes
2 ZFLM place without oscillatory coherence, but the EET takes place
for U < y/4 (30) quickly while vibrational relaxation occurs. We call this case

nyt) = % [1 - e_ym{ cosh¢/at) + ZhJ:/a sinh (\/at)}
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TABLE 1: Summary and Comparison of the Criteria Uy,
Uz, and Ugs, the Critical Coherency 7., and the Parametera
between the Present and Previous Dimer Theoried; Is the
Excitonic Coupling Strength, y Is Dephasing Strength, and
Tm IS the Averaged Time of the Vibrational Relaxation in the
mOState after the Photon Is Absorbed by the Donor
Molecule

present previous
U yW1+ 47?4 vV 1+ 47%2
Uces yl4 yl2
Ucz Vhyl(2r,) Nhyl(2T,)
e 13 1 - V213
o y2l4h2 — 4U2[K2 y2l4h2 — U2/K2

the hot transfer mechanism. These criteria are summarized in

Table 1 as compared with the criteria obtained previously.

5. EET Rate and Coherency in the Dimer System

Next, we examine the solution of(t) to derive the useful
index of EET. To do it, we differentiate the probability(t)
with time and define the time-dependent EET rate from|ithig
state to thgallstate as follows

2702 e "' sinh(/at)

ky(t) = nyt) = P foro > 0
avh%a (35)
2702 € 7" sin/|alt)
k() = ny(t) = foroa <0
h aVh?| o (36)

In the same way as the previous dimer thebwe define
the rate constant of EET for any coupling strengthin the
dimer system as follows

ke = Kytma) (37)
wheretmaxis a time whemgy(t) becomes maximum for the first
time. Namely, we define the rak€:* as the maximum slope of

ny(t). Differentiating eqs 35 and 36, we obtain the initial

maximum timetyax of kq(t) as follows

M&] fora>0
y
Zh—;"’"| fora<0  (39)

(38)

toan = % tanh*

-1
max /_lal

t Tan !

These two equations are much simpler than the corresponding

equations (egs 55 and 56) in the previous thédBubstituting
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Figure 1. Time dependence of the probability(t) for some values
of U. The curves folu = 650, 175, 30, and 10 cm correspond to
exciton, partial exciton, hot transfer, andrg®@r mechanisms, respec-
tively.

Actually, eq 40 converges to 2 in the limit &f — O (Farster
mechanism) and to 1 in the limit gf— O (exciton mechanism).
Then, we define the coherengyof the EET as follows

8|nk?ax U2
N=2-"710 _%(‘ytma)!h_z)

(41)

The coherencyy thus defined becomes 1 for the exciton
mechanism and 0 for the Egier mechanism. The formula gf
of eq 41 is simpler than that of the previous theéory

In the case ofx = 0, we obtain the critical cohereney: as
follows

1 (42)

Ne=3
The above critical coherency is considerably smaller than that
of the previous dimer theoryf™®""°*>= 1 — v/2/3=0.5285095...).
Namely, coherent motion remains for the smallesince the
coherence is enhanced when the backward reaction is explicitly
incorporated. These results are summarized in Table 1.

6. Numerical Calculations

In this section, we present some results of numerical
calculations using the above analytical formulas and compare
the results with the previous dimer theory.

We adopty = 146.0 cm! andzy, = 1 ps as beforé.The
values of the three new criteria for the EET mechanisms are
obtained as follows

U,=232cm?® U,=365cm* U,=20cm?
cl c3 c2 (43)

the tmax Of €q 38 or 39 into eq 37, we obtain the rate constant The present values of criterld.; and Uz are reduced to half

kfaﬂ ax.

of the previous dimer theory. The criterith, remains the same.

Next, we derive the formula of the degree of coherence. Itis This fact indicates that the intermediate coupling region is
well-known thatk]®* [0 U holds when the degree of coherence reduced and the exciton region is much increased in the present

is complete. On the other hank]®™ O U? holds when the
degree of coherence is much smaller, as in thestéo casé.

theory. In Figure 1, we plottedy(t) for some values ob. In
this paper, we adopt four kinds of value 0f 650, 175, 30,

Then, we expect that the coherent property is obtained from and 10.0 cm*. The curve for 650 crm, which corresponds to

the quantityd In K;®79 In U as follows

9 In KI'™

dlnU

U2
=2|1- T (ytmax/h - 2) (40)
h“a

the exciton mechanism, oscillates rapidly with a period of 12.9
fs (=a/+/|a]). The values of the minima ofy(t) increase with
atime constant of 36.4 fs=fi/y). The curve folU = 175 cn1?,
which corresponds to the partial exciton in the intermediate
coupling mechanism, also oscillates with a period of 48.7 fs
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1 . . . . . . . 1 Differentiatingn,(t) in eq 48, we obtain the following equation

as proved in the Appendix B
08| 108 dn (t)
U=30cm = fo dtWarft, N0 (49)
06| l 1 o6
= i where
N
04l / ] o4
" \ Worlt, 1) = Re[DU (t) [ ]V, )V, () MU, ()]
0.2.;5 U=10cm-! 102 (50)
,‘ Comparing eq 49 with eq 19, we find that eq 49 is a kind of
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0 GME where only the forward reaction is taken into account.
0 102 30 40 50 60 70 80 However, the memory functioWs,(t, t1) of eq 50 is modified
] ) 1(ps) N by the renormalized propagat@,(t)[d as compared with eq
Figure 2. Extended time dependence of the probabiti) for small 20. This is the reason why the effect of the backward reaction

values ofU. The curve forU = 30 cnt?! corresponds to hot transfer,

and the curve fob) = 10 cnT corresponds to the Fster mechanism. effect is incorporated considerably in the criteria among different

kinds of EET mechanisms even if the backward reaction is
absent in the final process. The difference of the factor 2 in
Uq1 andUcz between the present theory and the previous theory
would be due to the presence or absence of the back reaction
in the GME. Indeed, the coherent character is much effected
by the presence of the back reaction in the GME. The GME in
eq 49 is inappropriate also from the fact that the sum rule of
the memory function in eq 22 is not satisfied. In this point, the
present theory is more advanced than the previous theory.
The above factors indicate that we cannot define the rate
constant for the forward reaction or backward reaction separately
for the EET as long as coherence exists between the donor and
acceptor. Only in the case of thérister mechanism, in which
the coherency is completely absent, can we define the rate
constants for the forward and the backward reaction for the EET
in the same chemical reaction. In such a limit, the dephasing
strengthy is explicitly written as 1/f(FC)), where (FC) is the
In the previous theor§we obtained rather reasonable criteria thermally averaged FraneiCondon factor and the rate constant

(=x/v|af). In this case, the values of the minima of(t)
increase with a time constant 36.4 fs#/y). Therefore, the
amplitude of the oscillation decays in a shorter time than a period
of oscillation. The curve fod = 30.0 cnT?, which corresponds

to the hot transfer in the intermediate coupling mechanism, does
not oscillate, but it increases slowly in the very short time
and turns to rapidly increase after about 100 fs and then
converges to 1/2 slowly. The feature of this curve is the presence
of the down-convex part in the early time region, which cannot
be reproduced by the sum of two or more exponentially decaying
curves. The curve fod = 10 cnt! corresponds to the Frster
mechanism. The curves of(t) in the extended time region for

U = 30 and 10 cm! are shown in Figure 2.

7. Discussion

among exciton, partial exciton, hot transfer, aridster mech- in eq 29 is represented by

anisms, except a factor 2 even if the backward reaction was

not properly taken into account. Here, we investigate its physical 275U2

reasoning. In the former treatment, we defined the renormalized Kam = (FC) (51)

propagator in thémCstate by the interaction representation as ) o )
Since the criteria are changed from the previous ones, we

— Gt o—iHith reexamine the studies in which the previous dimer theory was
U =e je Im0 (44) used. Recently, we applied the previous dimer theory to a dimer
of an af subunit in B850 of LH2 in photosynthetic bacteria,

This propagator satisfies the following integro-differential Rhodopseudomonas acidophila this case, we concluded that

equation the EET mechanism in the B850 dimer is the partial exctton.
du (D) However, applying the new criteria for the EET in the BChl
Ww_ 1 homodimer, we find thattl; = 232.0 cnmi?, Uz = 36.5 cnrl,
dt }2 L Vi OVI(t)ImU L) - (49) and U, = 20 cntl. Two alternative kinds of intermolecular

interactionU, 320 and 255 cm, which are usually assumed
In this equation[M|V;(t)V;(ty)mCrepresents the correlation that ~ for the B850 ring’> are larger thatJc,. Then, the EETs in two
the statejmiIgoes to the stat&| at timet; and the statea] ~ Kinds of af subunits of B850 take place by the exciton
comes back to the stafin| at timet by means of the interaction ~ mechanism.

of U. Using thisU(t), ny(t) is expressed as Recently, Ponterini et al. investigated EET occurring in
contact ion pairs (CIPs) of several anionic oxonol analogues
nM=1- u]Jl*r(t)ul Oy (46) (donor) and cationic cyanines (accept&rThey calculated the

coupling strengthU in terms of atomic transition charges
obtained by CS-INDO SCI calculations of the isolated constitu-
ent chromophores. They obtained a result thatUre of the
CIP's&(AZ,Cl) and (A2,C2) in the equilibrium distances (4.5
5.0 A) take similar values, which are a little larger than 1000
2fo dty [V, OV (t) M, ()1 cm L. Then, they chos& as 1000 cm! for all of the CIPs.
(47) The calculated results of the three criteria and assignment of
5 the EET mechanism for the CIPs (A2,C1), (A2,C2), and (Al,-
n(t) =1— WOl (48) C4) using our previous dimer theory are listed in the right

Here, we performed the following decoupling approximations

dw (t)q



Advanced Theory of Excitation Energy Transfer in Dimers J. Phys. Chem. A, Vol. 111, No. 47, 200172047

TABLE 2: Calculated Results of the Three Criteria and the Assignment of the EET Mechanism for the Three Kinds of CIPs
Using the Present and Previous Dimer Theories; The Excitonic Coupling Strengtl) Is Chosen at 1000 cm? for All of the CIPs

(A2,C1) (A2,C2) (AL,C4)
present previous present previous present previous
U (cmY) 541 1082 1595 3190 4241 8481
U (cm™?) 85 170 251 501 667 1333
Uez (cm™) 30 30 53 53 84 84
assignment of exciton partial exciton partial exciton partial exciton partial exciton hot transfer

the mechanism

column of Table 2. Our calculated results using the present Especially in the homodimer case, the dephasing strengén
dimer theory are listed in the left column of Table 2. Change be expressed as follows
of the assignment is made from the partial exciton to the exciton
for (A2,C1) and from the hot transfer to the partial exciton for
(A1,C4).

Previously, we showed that the length of the excitation
coherent domaiNon in the linear array of pigments can be whereA is the reorganization energy for each molecule in the
obtained by the GME method with use of the critical coherency homodimer,s = 1/(ksT), and® is the average of vibrational

y =21 cotr@ ﬁha)) (54)

7¢.18 As a result, we obtained an empirical formdg, = 1.38

+ 1.33J/y.18 To obtain this formula, we solved the GME in

the linear array of pigments, calculated the cohereyRt§yious

angular frequencies. In the high-temperature limiis propor-
tional to the temperaturédksT/(hw), which is a feature of the
motional narrowing. On the other hand, in the low-temperature

at each site of molecule, and estimated the coherent domainlimit, y becomes a minimum,A2

which exceeds the threshold of the critical cohereng{evious

Among the recent theories of the EET in dimers, Blamei

= 1 — /2/3% Because the critical coherency given by the al. investigated the EET mechanism using a model in which
present theory becomes smaller than that of the previous dimerthe influence of static and dynamic disorders is described by a
theory, the length of the coherent domain should be enhanceddichotomic stochastic proce$sThey derived an analytical
relative to the previous value. In the following, we qualitatively solution of the time-dependent site occupation probabilities and
reestimate the length of the coherent domain. We consider thatdetermined the memory function which can reproduce the GME.
the coherent domain is proportional to-1y7c. Then,N¢on would This memory function takes on a single exponential form when
be modified as the used phenomenological parameters are chosen as those of
white noise. Although theoretical interpretation of these param-
eters on the basis of microscopic theories is still not complete,
this result gives us support for use of an exponential form of
the memory function. @ek et al. investigated the relation of
the Redfield theory! which is used in many analysé&swith
the GME theony0 In the Redfield theory! for the exciton-
phonon interaction system, they assumed that the exeiton
phonon interaction is smaller than the excitation transfer
interaction and treated the excitophonon interaction by the
perturbation method. Its perturbative term in the Redfield
The advantage of this theory is that the dynamical disorder is formulas, which is called a Redfield tensor, involwgs(N is
properly taken in to account, while most of the other theories the number of eigenstates) paramete@pek et al. derived the
are focused on the effect of the static disorter. parameters of the Redfield tensor explicitly when the exeiton

In the study of the EET of the B850 ring in LH2, the Phonon interaction was expressed by the linear site-diagonal
parameter values are choserlLhs 300 cnT?, on average, and ~ €Xciton—phonon coupling. Excluding the site off-diagonal
y = 140 cn1! as beforé. Substituting the above values into eq  density matrix elements from Redfield formulas, they derived
53, NeorP™sebecomes 6.0. If we consider the effect of the static the GME for the site-diagonal matrix elements. Their memory
disorder in GME, the coherent domain length will be a little function is expressed by an exponential form, with a decay
shortened and will become close to the experimental data. ~ constant of Z, which depends ol). This y does not depend

In section 3, the memory function was obtained by the ©N U. The cor]stantlz porresponds to oup. Therefore, the.
second-order perturbation method for the excitation transfer Mémory function obtained by the second-order perturbation
interactionV, and was expressed by the exponential form. Here, method for thg excitonvibration interaction is a I|ttlle different
we examine physical bases of the exponential form of the from th{at o.btamed.by the second-prderper'gurbaﬂon method for
memory function and the dephasing strengtimvolved in it the excitonic coupling strength..Th|s fac.tlndlcates thz?lt the GME
as an exponent. According to the analysis of optical spectra of theory using the memory function obtained by the higher-order
exciton in the phonon field® our assumption for the memory perturbation method is necessary for the more advanced EET
function corresponds to the limit of the motional narrowing theory. A trial of such a study was made befére.
condition. In other words, it corresponds to the case that the Here, it should be mentioned that the explicit classification
pertinent time range in the EET is much longer than the of the EET mechanisms is made by the present GME theory,
correlation time about the excitetvibration interaction. Under  although it was not by the Redfield theory. The reason why the
such conditions, if the vibrational Hamiltonians are expressed present GME theory was possible for it is that we could obtain
by harmonic oscillators, we can analytically derive the memory an analytical solution for the EET rate with a small number of
function by the analytical technique of Toyozawa ef°#0 the parameters.

NCthreviouil _ 77Cpresen’/(l _ ncpreviou3 —
V2(1.38+ 1.33U1y) (52)

Namely, the present coherent domaigy, would be expressed
as follows

N, Pe%"= 1.95+ 1.88U/y

coh

(53)
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8. Conclusion Appendix B

Differentiatingny(t) of eq 48 with timet and inserting eq 47

In this paper, we advanced our previous EET theory for the into it, we obtain where the asterisk means a complex conjugate.
dimer in which the backward reaction was not properly taken dn(t 1
into account. To do it, we adopted the GME constructed by the i
second-order perturbation method for the excitonic coupling h
strength in which both the backward reaction and the forward
reaction were taken into account consistently. We could solve
this GME for the homodimer system analytically. The final form
of the probabilityn,(t) was simpler than that of the previous
dimer theory, andhy(t) converged to 1/2 in the steady state.
We redefined the three criteria among exciton, partial exciton,
hot transfer, and Fster mechanisms. The critefii; andU¢3
were half of those of the previous dimer theory, whidg,
remained the same as that before. The critical cohergness
found to be reduced to 1/3, in contrast to—1 Vv2/3 in the
previous dimer theory. On the basis of the new criteria, we
reexamined the analyzed results for characterizing the EET = fo ® dt, W, (t, t,)n,(t,)
mechanism, which was done by using our previous dimer theory.
Comparing the present theory and the previous theory, we foundwhereW,(tt,) is expressed as

that we cannot properly define the rate constants for the forward 2 1
and backward reactions of EET separately as long as coheren'}N it 1) = ;?2 Re[lU,(t,) L " In|V, (t)V, (I MU, (O] (B3)

2ty W, (O TV, () Vi (ty) MU, (t) g

o fy DOV OGOMTED LY (B

Let us define the probability of themlstate asm(t) = |U,-
()02 Using the relationlIin|Vi(t)Vi(ty)|mE = [n|V,(t,)V,

(Im, the above equation is rewritten as
dn(t)
a

5 Jo AL EF TVt OImIIU O )
n % 2 iy, (1) 0] V4 () V4 ) I, () g 1)

(B2)

character plays a significant role in the EET.
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Appendix A

Substituting eq 24 into eq 23, the GME s rewritten as follows

dn(t) 4U2 t o 1
(;lt = ?‘/; dtle vt tl)/h[é - na(tl)]

(A1)

Defining N(t) = 1/2 — ny(t), the above equation is reexpressed
as follows

N 4u?

h e " dt,e T WRN (L)

(A2)

Differentiating the above result with timg we obtain the
following linear differential equation

dN(t)
dt®

y dN(D)

h dt

+ 4h—U22 N(t) =0 (A3)

Considering the initial conditions(0) = 0 and ah,(0)/dt = O,
we can easily obtain the analytical solution in eq 29 or 30.

‘G
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