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We investigated the mechanism by which the length of exciton coherent domain in the linear array of pigments
is determined. Correctly solving a generalized master equation with memory function obtained by the second-
order perturbation of the intermolecular interaction, we obtained an empirical formula for the length of exciton
coherent domain, abbreviated as coherence length. In the absence of inhomogeneity, this coherence length is
expressed by a linear function of the ratio between the intermolecular coupling sttéagththe destructing

forcey of a coherent bond. In the presence of inhomogeneity, the coherence length is expressed by a linear
function of U/y only approximately, and its deviation becomes significant when the degree of inhomogeneity
is larger than about 100 crh Applying this formula to the LH2 antenna complex of photosynthetic purple
bacteriaRhodopseudomonas acidophilae found that the coherence length of B850 is about 5 bacterio-
chlorophyll molecules in the absence of inhomogeneity and about 4 in the presence of inhomogeneity. The
coherence length of B800 is less than 1.6, confirming that the excited state of B800 is almost localized at one
bacteriochlorophyll molecule.

1. Introduction and acceptor distance was also applied to this sy$téhThe

o . o . latter model succeeded in reproducing the experimentally
Excitation energy transfer (EET) is a significant process in jpcared very fast EET (in 0.7 ps) from B80O to B&30.

physics, chemistry, and biology. Especially the EET in the . . .
antenna complex of photosynthetic systems plays a central role We should be reminded of the fact that in many calculations

in photoenergy conversidr? Recently, a considerable number they assumed comp!etely delocalized exciton states fpr B850
of three-dimensional structures of antenna complexes areanOI completgly Ipcahzed .states for B80O because.the Intermo-
clarified by the X-ray crystallographycal and electrodiffraction lecular coupling in B850 is about 1 order of magnitude larger

analyses:® Those structures represent much variety of arrange- than that in BB0O. However, we should remember that the EET
ments of pigments. Therefore, we are now ready to study the mechanism changes depending on the degree of coherency of

detailed EET mechanism on the basis of rigid molecular
arrangements.

Among the structure-solved antenna systems, the light-

harvesting antenna system 2 (LH2) in photosynthetic purple
bacteriaRhodopseudomondRps) acidophilaandRhodospir-
illum (Rs) molischianumare nonameric circular aggregates of
a,fB-heterodimers, with each subunit noncovalently binding three
bacteriochlorophylls (BChl). In LH2 dRps. acidophilal8 and

9 BChls are arranged in rings which absorb light of 850 and

800 nm wavelength, called B850 and B800, respectively. The

transition dipole-dipole interaction which is called intermo-
lecular interaction hereafter is large300 cnT1)1%in B850 and
is small (~20 cnm )10 in B80O. The intermolecular interaction
between B800 and B850 is also smaH20 cnt1).10

Under these situations, it was very often assumed that the
exciton state exists in B850 is completely delocalized and the

excited state in B800 is completely localizEd!3 Furthermore,

it was often assumed that the excitation transfer from B800 to

B850 is due to the Hster mechanism from the completely

localized state of B800 to the completely delocalized state of

B8501214 A different version of the Fister model using the
forbidden state of exciton which becomes available when
molecular size is so large that it is comparable with the donor
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the excited state. Namely, we should carefully examine the
length of exciton coherent domain, which we call coherence
length hereafter. Indeed, there are some experimental data of
the pump-probe spectroscopy suggesting that the coherence
length extends over only several units in B850 at room
temperaturé®1® There is also experimental data that the
magnitude of superradiance of B850 at room temperature is as
small as 2.8° From the aspect of theoretical study; iuand
Sundstion?! evaluated the coherence length of B850 in the
presence of inhomogeneity as around 4 with use of the Redfield
theory??2 Ray and Makm? investigated the coherence length of
B850 by the path integral theory and estimated it as about 2
either in the presence or absence of inhomogeneity at room
temperature. Therefore, the determination of the coherence
length of B850 is very important and it is a problem of much
debate up to the present tire26

Under such situation, we formerly constructed a dimer theory
applicable to the intermediate coupling case which is the
interpolation of the exciton theory in the strong coupling case
and the Foster theory in the weak coupling ca&é8We derived
formulas of criteria which classify EET mechanisms into three
classes: exciton mechanism, intermediate coupling mechanism,
and Faster mechanis® We also derived a new formula for
evaluating the degree of coherency for all the coupling
strength?® The EET due to the intermediate coupling mechanism
applies when donor or acceptor has incomplete coherency in
the excited state or when EET takes place on the way of
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of the ratioU/y. In the following sections, we shall show that

1 2 3 4 5 6
@ OAO->O O O this really happens by quantitative calculations.
U
l 2. Intermediate Coupling Theory of Dimer
6 OF OO0 O PIng Theon
U

To obtain the coherence length in oligomers, we make use
of the concept of degree of coherency which was developed in

© O OTORAO-0O the dimer theory. For this purpose, we shortly review the dimer
lU theory in this section. This dimer theory was based on the three
@ O O OYWD state model: ground state of the donor D plus a phoboio

be absorbedd state), the excited state of donor Drh tate),
Figure 1. Schematic representation of formation and destruction of a and the excited state of acceptor A tate). At timet =0, a
coherent bond at the end of exciton coherent domain in the steady stateghort pulse light irradiation is made to D, producing D* at the
The coherent bond is represented by triple wavy lines. The COheremFrancl&Condon state. We solve the Liouville equation of

bond to be produced is represented by a solid arrow, and the brokend it t turbatically. For thi
coherent bond is represented by a broken line. Stages of the exciton; ensity operaior nonperwrbaucally. For fhis purpose, we

coherent domain for each |apse of unit tinre 'Q'F) are repregented IntI’Oduced a methOd Of faCtOI’IzatIOI’l USIng atWO-tIme Correlat|0n
from (a) to (d). The transition of the stage (a) to the stage (b) takes function and adopted an exponential form of the correlation
place by breaking the coherent bond2.and forming a coherentbond  function. In the case that the vibrational relaxation tipés
§—4a 323330302- Duéiflgsthe tranS_iti?f!S f(rjo][n (?v)v to (G!%’t'the CO_If]ﬁ_re”t much larger than EET time, we obtain a probabiligft) that
onds , 3-4, an are maintained for two unit times. This ; ; .
fact indicates that the destruction tiriig is equal to 2. Therefore, the acceptor is excited as follows:
using eq 1 in the text, we obtab.n = 3, which agrees with the picture 2
of exciton coherent domain drawn as a trimer. nt=1-e 7’t/h[cosh«/a + # sin hvat (2)
a

vibrational relaxation in the donor excited state. We could show

that the range of the intermolecular coupling strength which here

applies to the intermediate coupling case definitely exists, and

in reality its range is considerably large, depending on the y\2  [U)\2

magnitude of electronphonon interaction. ( ) _( )
In the present paper, using this dimer theory, we obtain an

empirical formula for easily evaluating the coherence length 1

Neon Of the excitonic state of oligomer in a linear array of 7 _JT(FC)O_

pigments. Before going into its detail, we first show a basic 2

concept of this formula in the following. lm ex;{ (AG+4,— 4 ] @)
Let us now assume that the intermolecular couplihg a 4 m 40, + )k T

force which works to produce coherent excitonic coupling

between the neighboring pigments which we call coherent bond 1. t( K )

®3)

(%)

hereafter. The timelr for formation of a coherent bond is KeT' = 2
Tr = h/4U which is a half period of the oscillation of the excited

state between two molecules. On the other hand, thermal|, the above equationsy, andi, are the reorganization energies
fluctuations due to the electrerphonon interaction works t0 e to the excitation of donor and acceptor, respectivelis
destruct the coherent bond. This is usually called dynamical 4, average angular frequency of vibration, @@ is the free
effect. So, let us assume that the exponentially decay constanknergy difference between thetate andn state in equilibrium

y of the two-time correlation function of the intermolecular .qndition. The decay factoy is defined as the inverse of the
interactiorf® is the destruction force of a coherent exciton bond. Franck-Condon factor for exciton transfer which was tentatively
The time Tp necessary for destructing the coherent bond is gxpressed by the Gaussian form. As we see later, this decay
estimated as abodty on the basis of an uncertainty principle.  tactor is equal to the destructing force of the coherent bond.

The validity of these assumptions are proved in the latter section. |, the above equations] andy mostly appear in a combined
The competition between formation of a coherent bond and form of Uly. So, we define a new parametems follows:

destruction of the coherent bond takes place. These situations

are schematically drawn in Figure 1, where the case is written 2U

that a coherent region is elongated by one at the right end and &= 7 (6)

the coherent region is shortened at the left end for each step.

Actually, the elongation and destruction of coherent bonds will Whené& > 1 holds,a becomes negative amy(t) is a function
take place stochastically. In such a way, the length of the of the damped oscillation of time, expressing the property of
coherent region converges and the exciton coherent domainexciton or partial exciton. Wheg < 1 holds, o becomes

moves in the steady state. Its average coherence I&hgilis positive andny(t) is overdamped with time, expressing nonex-
estimated as citonic behavior.
The frequency of damped oscillation in the cage> 1 is
T ,JJ written as
Nc0h=T—+1'—~1.5y+1 Q)
F

hv=£~/m=«/4uz—y2=y«/§2—l (7)

where we added 1 in order to 98¢,;n = 1 in the case of) =

0. In Figure 1,Tp and T are chosen as 1 and 2 steps of

transition, and we obtaiiNgn = 3. The split of the two exciton levels correspondsho and it
On the basis of such qualitative consideration, we expect that decreases a8 is decreased, finally becoming zero&t= 1.

the coherence lengti.on will be expressed by a linear function ~ Namely, the excitonic character disappears&ar 1.
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Usingny(t), we defined the EET rate which applies to all the with 7 = (t + t1)/2 andu =t — t1. In eq 14,AGa(7) is the

values ofU as follows?® energy gap for the EET at time after moleculea is excited
to the Franck-Condon state of molecula and is given as
dn,(t) follows:28
= ®

e AG,(7) = AG,,+ 4, + 4, — 24(7) (15)
wheretyaxindicates the time whemg(t)/dt becomes maximum. s
In this definition, Klv* becomes proportional tdJ in the Afr)=Ag "™ (16)
extremely strong coupling case (exciton case), in agreement with
the formal velocity as proposed by iBter?® Similarly, ki~ wheret, is the vibrational relaxation time. The parametgs

becomes proportional 1d? in the extremely weak coupling case, is the decay factor expressed as
in agreement with the Fster mechanisrif In the intermediate

case, Ya=T5L+ T2 17)

o DU (L <x<2) (9)  whereT", and I are the half width of the half-maximum
) ] (HWHM) of the intrinsic emission spectrum of donor and the
holds. It is reasonable to define the degree of Coherency to bemtrinsic absorption Spectrum of acceptor, respective]y_

0 forx = 2 and 1 forx = 1. Considering this, we defined the When the energy gap is small or negligible, eq 14 can be
degree of coherence ag® written as
=2—-X 10
’ . M_t, 1) = G exp[— Tab ] (18)
In other words, we defineg as ans h? h
3 In kg~ The form of eq 4 is the same as used in the two-time correlation
=27 nu (11) function in the dimer theory of ref 28.

Such form of Ma(t, t1) as eq 14 is correct in the weak
We should remember that there exists a critical poingof  coupling case. Furthermore, within this theoretical framework
aty?8 we obtain an exact exciton solution corresponding to the limit
of strong coupling cases(= ), as proved by Kenkre and
n,=1— V2/3= 0.528595- (12) Knox.32 Then, it will be still usable approximately in the
intermediate coupling case if we solve the GME rigidly using
n«(t) remains, but it disappears whenis less thany.. Then, of dimer theory. In the dimer theory, we used the correlation
we can usej. as a threshold that excitonic character is retained function which is appropriate in the second-order perturbation
for y = 7e. of the. intermoleculgr interaction and we §olved the Liouville
Before closing this section, we emphasize that the concept€duation self-consistently (nonperturbativety)After such
far as we solve the Liouville equation self-consistently, even if interpolation from the exact theory in the weak coupling limit
we adopted a method of factorization by a two-time correlation @nd from the exact theory in the strong coupling limit. In the

function. same way, we solve the GME correctly using the memory
function obtained by the second-order perturbation. Then, the
3. Generalized Master Equation calculated result can be the interpolation from the weak coupling

. . case and from the strong coupling case.
To extend the dimer theory to the oligomer case, we make g ping

use of the generalized master equation (GME). The probability 4 Numerical Calculations

P4(t) that the molecule at sita is excited is written as .
4.1. Homogeneous Casé&Ve consider a molecular system

dP(t) . in which the same molecules are arranged in a line with the
= z j;) dt,[M_(t, t)Py(t) — Mp[t, t)P4(t)] (13) same distance as shown in the inset of Figure 2. Molecules are
dt =a numbered in an order of molecules. The initial state is the

) ) excitation of the end molecule (No. 1). We solve GME correctly
whereMay(t, t1) is the memory function for the EET from the  py numerical calculations with use of the memory function of

excited state of molecula to the excited state of molecule eq 14. The probability of the excited state at each molecule at
We adopt the second-order perturbation of the intermolecular time t is plotted in Figure 2. Here, the parameter values are

coupling for evaluating the memory function. In this case, the chosen as) = 350 cntl, y = 140 cm}, Ay = A, = 40 cnrt
memory function only for the neighboring molecules becomes andry; =1 x 107125, We dropped suffix ab frord andy for
nonzero. We apply an intermediate coarse graining. We assumesimplicity because they are the same for all the neighboring
Lorentzian shape of optical absorption and emission spectra formolecules in this case. We see a successive transfer of excitation
each molecule. This would be appropriate when we investigate energy together with oscillation of the population.

the coherency in the time region close to the steady state. Then, Next, we calculate the degree of coherengypf the molecule

we can derive the following formula of memory functiéh: at siten (n = 2) using the following equation
Zugb aln krr:\ax
Maylt, ) = = 7C0SACoD)ulh) expl—yaplh] (14) T=2- 5 (19)
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Figure 4. Correlation of the coherence lengt,, with the coupling
strength U. The destructing forcey is fixed at 140 cm’ The
numerically calculated points are represented by signalhe best fit
line is shown by the straight line. The empirical formula so obtained
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Figure 2. Time course of the probabiliti?, that thenth molecule is
excited. Initially the end molecule (No. 1) is excited in the linear array
of molecules. The used parameter valueslare 350 cnt andy =

140 cnmt, X ; . .
is written in the inset.
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Figure 3. Calculated coherency, for eachnth molecule.z, is Figure 5. Correlation of the coherence lendtho, with the destructing
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areU = 350 cnt* andy = 140 cntt. The numerically calculated points are represented by signalhe
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dP,(t) Nyop= 1.394 1.33~
Y

(20)

ax __
ke _‘ dt

t=t,

~ 'max

=1.39+0.67 (22)
The derivative in eq 19 is obtained by calculating the change ) ) .
of K™ when U is changed a little from 350 cm. The Equation 22 is almost the same as eq 21. Namely, we obtained

calculated result ofy, for the various values afi is shown in a very simple formula of the coherence lenbiig, as a function

Figure 3. We see thay, is a monotonically decreasing function of &. It Sho@'d_be men_tio_ned th‘?‘t our obtai_ned relation (eq 21
of n. We search the site number of molecules whgrbecomes or 22) qualitatively coincides with the relation of eq 1, which

equal toe. The site number so obtained is the coherence length was obtained by intuitive consideration. Therefore, we confirm
Ncon Of EET. In this caséNeonh = 4.7. that the coupling strengtl works as coherent-bond-formation

force and the decay constamt works as coherent-bond-
destruction force.

In eq 22,Ngon becomes 2.06 whedi= 1. This result mostly
agrees with the result of the dimer the®ryhat they = 1.
happens at = 1 for dimer, indicating thalN.,,» becomes 2 for
& = 1. On the other hand\., calculated from eq 22 fog =

We do such calculations by varying the setbéndy. First,
we variedU from 100 cnt?! to 500 cmt by fixing y at 140
cm~1. The coherence lengti.on determined for each value of
U is plotted in Figure 4. The signat is the calculated point.
We find that the calculated data are almost exactly on a line

U 0 becomes 1.39. Apparently this result indicates that there
Neon = 1.38+ 1.33~ remains some coherency everlat 0. Strictly speaking, this
4 is unreasonable. But, its value is small enough to conclude that
=1.38+ 0.6 7% (21) the excitation is localized.
In the above calculations, we assumed a linear array of
Next, we variedy from 100 cnt! to 500 cn1? by fixing U molecules. When the molecules are arranged in large circle, there

at 350 cntl. Then, we obtained Figure 5. We find that the is no end molecule. In this case, we put the initial condition as
calculated data are almost exactly on a line the two neighboring molecules being excited half by half. Then,
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destructing force for the four kinds of the inhomogeneous broadening
width o. The value ofU is fixed at 350 cm?.

the EET proceeds in both directions. In one direction, the excited omogeneous case, we obtdig, = 4.7 from eq 22. In the
state of probability 0.5 propagates in both directions in the samejnhomogeneous cases with= 100 cnt! and 150 cm?, we

way as the end molecule being excited initially in the linear
array of molecules. The coherence lenijilan measured from

obtain Neon = 4.0 and 3.6, respectively, from Figure 6. Next,
we choose the other valués= 300 cnt* andy = 100 cnt?.

the initially excited state is found to be the same as that of the Then, we obtaiNeon = 5.4 in the homogeneous case and we
linear array system considered above. Therefore, the sameypiqin Neon = 4.6 and 4.1 foro = 100 cnvt and 150 cmt,
formula as eq 21 or eq 22 holds for the cyclic array of molecules, yagpectively.

so far as the cyclic array is large enough so that the coherent

Therefore, the coherence length of B850 in the absence of

regions progressed from both sides do not collide with each inhomogeneity would be around 5. When we incorporate the

other.

4.2. Inhomogeneous CaséNow we consider the case that
the energy gapAGa, between the neighboring molecules
distributes with a Gaussian form

1 ep[ (AG,)?
-
v 2ro? 20%

whereo is the standard deviation. We calculddg,, for each

f(AG,) = (23)

inhomogeneity effect, the average coherence length would be
around 4.

The parameter valudd = 20 cnt! andy = 140 cnt? for
B800 are supposed to be one of typical oldg&rom the formula
of eq 22, we obtaiNson = 1.6. When we use parameter values
U = 20 cnT!andy = 100 cni%, we obtainNcoh = 1.7. In both
casesNcon is less than 2.0. This value becomes smaller when
we incorporate the inhomogeneous effect. So, we can say that
the excited state of B800 is almost localized to one bacterio-

AGyp Using eq 14 as before. Then, we obtain the averaged chlorophyll.

coherence lengthlcon as

Ncoh = f,m f(AGab) Ncoh(AGab) d(AGab) (24)

In the actual calculation, we randomly sample 100 kindAGf,
following the distribution of eq 23. We have choseas 0, 50,
100, and 150 cm. The calculated results ®f..,as a function
of U for the four kinds ofo are plotted in Figure 6. The value
of y is fixed to 140 cm. We find thatNcon is well expressed
by a linear function ofJ, the slope of which decreases with
increase ob. ~

The calculated results dfl.on as a function of 3/ for the
four kinds ofo are plotted in Figure 7. The value bfis fixed
to 350 cnTl. We find that the increase &f.on with increase of
1/y becomes a little dull as f/becomes large. This tendency
becomes remarkable as becomes large. Namely, theyl/
dependence dfl;, deviates a little from a linear function for
larger values of. Combining the results of Figure 6 and Figure
7, we should say thatl.on is expressed by a linear function of
U/A only approximately and the deviation from a linear relation
becomes significant whear becomes larger than about 100
cm L,

4.3. Application to LH2. Let us calculate the coherence
length of the B850 ring of LH2. On the basis of the appropriate
parameter values which are surveyed by Surids&bal.® we
first chooseU = 350 cnt! and y = 140 cntl In the

5. Discussion

The present method for evaluating the coherence length of
EET is quite new. The prominent feature of this method is to
use the degree of coherency which varies greatly in the
intermediate coupling case. It should be stressed that the criteria
among the strong coupling, intermediate coupling, and weak
coupling cases are not determined by only the strength the
interatomic couplingJ but also by the destructing forge28
We have shown more specifically that the coherence length is
determined by the ratitJ/y. At the bond where the exciton
coherent domain ends, the degree of coherence is cloge to
We should remember that the excitonic bond wjth~ 7. is
just the central part of the intermediate coupling cHse.
Therefore, the EET theory of the intermediate coupling case
played a vital role in deriving the empirical formula of coherence
length.

In our calculations, initially an end molecule was excited and
the exciton coherent domain is extended by the successive EET.
We evaluated the coherence length by calculating the degree
of coherency of each molecule successively from the end
molecule and searched the molecule whose degree of coherence
n becomes close tg. for the first time. Therefore, one may
think that the coherence length which we obtained is smaller
than that in the steady state. However, this is not the case. As
we discussed in the Introduction, we showed tRaj, can be
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expressed as a linear function&&=2U/y) in the steady state.  timeT_ is estimated as abofhty, wherey, is the homogeneous
In our above numerical calculations, we have seenNpatis line width of optical absorptiony is approximately expressed
indeed expressed by a linear functionsdeqs 21 and 22). This  as,/21k,T'). If Te < T, holds, the exciton state which extends
coincidence indicates that the coherence length which we over the whole molecules with intermolecular couplings become
calculate from the empirical formula corresponds to that in the ready to absorb a photon. However, we must also take care of
steady state. the fact that the coherence-destructing force takes part in such
In contrast to the present method, many of the previous a process due to the electrephonon interaction. Let us assume
studied!25263339 g the excited state of oligomers were mostly for simplicity that it works in the mixed state in the same way
based on the Redfield thedfywhich was obtained by the as after photoabsorption where it works with a time constant
second-order perturbation treatment of the electymmonon of Tp(=fi/y). It mostly happens thalp is smaller tharT, as
interaction. Therefore, this theory is applicable when the we can see from eq 4. Therefore, we can classify the coherent
electron-phonon interaction is relatively weak, or in other length just after absorption of a photon as follows. Whgr<
words, the intermolecular interaction is strong. If the system Tp < T_ holds, almost a complete exciton state is produced.
starts from the complete exciton state by absorbing a photon, This case will correspond to the exciton state of B850 at low
the exciton coherent domain gradually shrinks with time until temperature. Indeed, by the single molecule spectroscopy of
the coherent length of the steady st&té® B850 at 1.2 K, the complete exciton state was observed in the

In evaluating the coherence length in previous theories, many action spectra of fluorescené&*> WhenTg ~ Tp < T_holds,
kinds of definitions were used so f3° Among them, the a finite exciton coherent domain is produced. WhHen <
correlation of nondiagonal matrix element of density fundon ~ Tr < TL or To < T, < T holds, almost a localized excited
is suitable to pick up the dynamical effect of the environmental State is produced. Once the complete exciton state or exciton
perturbation. In contrast to this, the calculation of the participa- coherent domain is produced, its coherent length becomes
tion ratio reflects at most the effect of static disorder. The 9gradually smaller due to the perturbation by the electron
definition of coherence length by the path integral metAds phonon interaction and finally reaches a constant value in the
elegant. But its value is apt to be smaller than the correct value Stéady state. Such time course of the coherent length was

by abouty/3 times, as exemplified in the calculation of the analyzed in detail for B850 befofé:3? Extending this consid-
coherent length of B850 in the complete exciton state: ()23 eration, we can say that the exciton coherent domain at the time

Compared with these methods, our implemented method iswhen ﬂuorescence takes place is a much shrinked one corre-
based on the different physical picture. In our method of sponding to 'ghe one of steady state because usuallyﬂuorescgnce
evaluating the degree of coherency, we first calculate the ratetak_eS place_ In the order of nanoseco_nds after photoabso_rptlon.
of EET which actually takes place and then we evaluate its _Th|s result is quite favorgble to explain why t_he superradiance
U-dependence, we compare EETs of many systems with a little 'S SC Small as about 3 in B858.0n the basis of the above
different values olJ. So, this method theoretically makes use

consideration, we conclude that the most extended exciton
of many EET processes, and picks up the coherent part bydomam state or complete exciton state is observed by optical
comparison.

absorption while the most shrinked exciton domain state is
The coherence length of B850 in LH2 in the steady state

observed by luminescence.
evaluated with use of Redfield theory including the inhomo- On the other hand, if only one molecule in the whole system
geneity effects is mostly around243° Our calculated value

is initially excited, the initial coherent length is small and it
without the inhomogeneity is around 5, and the calculated value Increases .With time unti! the coher_en'; length in the steady state.
in the presence of inhomogeneity is around 4. Since the usedSUCh a thlqg happens in the excitation transfer fro.m.B.&OO to
. - . -"B850. In this EET, the locally excited state of B800 is initially
parameter values might be somewhat different, direct compari- produced and its excitation energy is transferred through the
son is not possible. But, it can be said that our result qualitatively window of the nearest moleculesyin B850 from the locall
agrees with the result obtained by the method of Redfield theory. y
This fact is significant by the following reason. In our theory,

excited B800 molecule. Before the excited energy of B800

. - arriving at the B850 systems, the coherent exciton state which
we start from the weaker intermolecular coupling case although
its theory is correct in the strong coupling limit again. In contrast

extends over the whole B850 system is not formed because the
to this, the Redfield theory is basically reliable at the stronger optically mixed state is not provided to B850 initially. Therefore,
intermolecular coupling case. We found that the two theories .

the excited-state population in B850 increases gradually by the
gave similar results for the coherence length of B850. So, it is income from B800 and the coherent domain ex_tends graduall_y
possible to use both theories by comparison or in a comple- until the value of the steady state. Such behavior was numeri-
mentary way for the other systems also. In our theory, we cally solved by us recently and the result will be published

3
obtained an empirical formula dflon for the first time. Its elsewhere:
formula is useful for easily estimating the coherence length for
any given systems.

Recently, it was pointed out that the coherence length can The most important result in the present study is that we have
change, depending on the time of probe after excitation and sofor the first time derived an empirical formula of coherence
it changes by the probing meth&lThis is a quite reasonable  lengthNonas a linear function of(=2U/y). In the presence of
thing. In the following, we qualitatively examine how coherence the inhomogeneity, the average coherence leNgshdeviates
length can be changed with time and is affected by the moleculara little from the linear dependence &fQualitatively, we have
environment. When the whole system is illuminated by light, also shown that this empirical relation is obtained by the balance
all the molecules with intermolecular couplings go into a mixed of the coherent bond-formation forteand the coherent bond-
state between the ground and excited state at short time anddestruction forcey. To obtain this formula quantitatively, we
look for mutually nice phases of transition dipole moments to first implemented a theoretical scheme that we solve the GME
absorb an illuminated light energy. The time necessary for this with the memory function which was derived by the second-
phase recognition will be abotig(=h/4U). The light absorption order perturbation of the intermolecular interaction. In the

6. Conclusion
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second, we implemented a new method for evaluating the gll) SaUﬁr, K.;hCOQder:l, Rt.)J.I;1 Prince, S. M.; Freer, A.; Isaacs, N. W.;
; cheer, HPhotochem. Photobioll996 64, 564.

coherence length by calculating the degree of coherency for eact (12) Hu, X.; Ritz, T.; DamjanovicA.; Schulten, K.J. Phys. Chem. B

molecule, in which we adopted a physical picture developed in 1997 101, 3854,

the dimer theory for the intermediate coupling case. Applying  (13) Pullerits, T.; Sundstro, V. Acc. Chem. Red.996 29, 381.

this formula of the coherence length to B850, we obtaiNgg (14) Hu, X.; Schulten, KPhys. TodayLl997 August 28.

is around 5 in the absence of inhomogeneity and around 4 in 823 g"é’#;gsK'éAg‘?’ Fsle niﬂginﬁ ';hhfs' %T%Tn %%%% igi ?ggi'
the presence of inhomogeneity. This calculated result is  (17) jimenez, R.; Dikshit, N.; Bradforth, S. E.; Fleming, G.JRPhys.

qualitatively in agreement with the other calculated results basedChem.1996 100, 6825.
on the Redfield theor§:39 Our theory starts from the weaker Ch(18) E?l%%?sﬂisﬁ“ﬁ?sm“”‘ O.; Pullerits, T.; Sundstno, V. J. Phys.
C.O‘?p"“g case but givgs a correct ,reSUIt in the, stropg coupling flrg). Novoéiere];hkin, V Monshouwer, R.; van Grondelle BRaphys.
limit. In contrast to this, the Redfield theory is suitable to a 3. 1999 77, 666.
rather stronger coupling case. The agreement of the resultsR (JzoghMon(s:?]ouweEri,gg.; q%rfh?zrﬁson, M.; van Mourik, F.; van Grondelle,
i i i i inifi . J. Phys. Chem. , .
O e 0 et spoacies 1 e St 1 K S 3 Crm, sy 107 154
. . . - (22) Redfield, A. G.Adv. Magn. Reson1965 1, 1.
comparatively with the other theoretical calculations. (23) Ray, J.; Makri, NJ. Phys. Chem. A999 103 9417.
(24) Jimenez, R.; van Mourik, F.; Yu, J. Y.; Fleming, G. R.Phys.
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