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The distribution of cooperative radiative decay rates in photosynthetic aggregates is calculated using a Frenkel
exciton model with static diagonal disorder. This distribution which depends on both the exciton coherence
sizes and the aggregate geometry can be directly observed using single-molecule spectroscopy. Comparison
is made with a dynamic exciton self-trapping (polaron) mechanism for localization.

I. Introduction throughpmn as well as on the geometry (relative orientation of
transition dipoles) through théy,-d, factors.

Excitonic and polaritonic superradiance also shows up in
semiconductor quantum wef$,2° quantum wireg! ando-con-
jugated polysilane®23 The localization mechanisms include
static disorder, exciteaphonon coupling, and impurity trapping.

In a previous papef® we examined the effects of exciten
phonon coupling and static disorder on excitonic coherence and
superradiance of the B850 system in LH2. Measurements of
the temperature-dependent radiative lifetime in BH@an be
interpreted using a diagonal disorder motfdh our previous
work we have explored the temperature dependences of the
radiative rate averaged over realizations of disotfl&he time-
resolved fluorescence signal

Recent X-ray diffraction measurements have determined the
2.5 A resolution structure of the LH2 antenna complex of purple
bacterial The antenna is made of an inner ring (the B850
system) with 18 bacteriochlorophydl (BCla) molecules and
an outer ring (the B800 system) with 9 BCCyclic complexes
appear also in other systems such as LH1 which has 32
chlorophylls. Optical properties of these photosynthetic antenna
complexes have been studied by various time- and frequency-
resolved measurements including fluorescence depolariZtion,
hole burning?~8 pump-prob€,12 and photon echoés:1

One of the objectives of the study of photosynthetic antenna
complexes is to find out whether the elementary optical
excitations are localized on a few molecules or delocalized on
the entire complex. The coherence size of the excitations is
determined by the interplay of intermolecular couplings and ) =y exp(-I,70) f drrPTJI'sexp—yI'sg) (1.3)
(static as well as dynamic) disorder. It has been shown that the
system is characterized by a multitude of coherence sizescontains detailed information on the distributi®l’'s) itself
associated with various dynamical variables. The splitting of through its Laplace transform rather than its average or peak
the positive (induced absorption) and negative (bleaching) peaksvalues. Herey is the single chromophore radiative rate, and
in pump-probe spectroscopy is related to the exciton mean freer, is the nonradiative decay rate which is assumed to be
path® Cooperative spontaneous emission (superradiance) is, onindependent on disorder. The signal can be expressed in terms
the other hand, controlled by a different coherence size of the average rate only if the distribution is sharply peaked

associated with the exciton density matfix around its average value.
. Among the most recent additions to the arsenal of techniques
Pmn= BB, (1.2) applied to the antenna complexes is the utilization of single-

molecule spectroscopy (SMS) which can provide a direct probe
whereBy, (Bﬁ) are exciton annihilation (creation) operators for for P(I's).?> Studies of single molecules in condensed phase is
thenth molecule, and the expectation value is over all electronic an exciting new development combinf§ig®? various forms of
and nuclear coordinates. The radiative decay rate of an aggregateptical microscopy with ultrasensitive detection SMS at low
(I'9 measured in units of the radiative rate of a single temperatures which requires selecting a photostable molecule
chromophore is known as the superradiant coherent factor. Itwith a narrow zero-phonon line and high fluorescence vyield,

is related to the exciton density matfix,, by>16 using a narrow band laser and focusing on only a tiny volume
of the sample. This allows a much closer comparison between

I's= Z,omndm-dn (1.2) experiment and microscopic theories of the host dynamics.

mn Unlike scanning tunneling microscopy (STM) and atomic force

microscopy (AFM) which probe atoms and molecules well-
bonded on surfaces, SMS operates noninvasively in the optical
far field with a spatial resolution of the order of the optical
T Rochester Theory Center for Optical Science and Engineering. Waveler'lgt.h and C.an be u.sed .to study Slr.]gle. molecules hidden
* Department of Chemistry, University of Rochester. Qeep _W|th|_n a solid matrix. Direct visualization of processes
8 Philipps University. involving single molecules in condensed phase at low temper-
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wheredy, is a unit vector in the direction of theth chromophore
transition dipole.I's depends on the exciton coherence size
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ature is now made possible with the incorporation of time-
resolved technique®37 SMS distributions of fluorescence
lifetimes and photobleaching properties of single LH2 complexes
have also been measured under physiological cond#fdrmwy-
temperature (1.2 K) single-molecule fluorescence excitation
spectra of these complexes have been reported asééie
photobleaching of one Bchl molecule causes the complete
shutdown of fluorescence due to exciton trapping. Bulk
measurements on LR2reveal thatl's ~ 2—3 and is virtually
independent on temperature between 4 and 200 K. SMS
measurements of LH2 complexes should provide the entire
distribution of radiative times.

In this paper we compute the distribution of radiative lifetimes
resulting from a static disorder mechanism for exciton localiza-
tion. For comparison we also present the corresponding distribu-
tion induced by strong coupling to phonons and polaron
formation. The resulting distributions show distinct signatures
of both models. Effects of static disorder on radiative rate
distributions of thermally equilibrated rapidly relaxing excitons
are calculated in section Il. The distributions for slowly relaxing
excitons are presented in section lll. The corresponding distribu-
tions for strong excitorphonon coupling resulting in the
formation of polarons are calculated in section IV. Our results Tangential
are finally discussed in section V.

Figure 1. Two dipole configurations for cyclic aggregates used in this
o o ) ) article. LH2 has the tangential geometry; the vertical geometry is given
Il. Radiative Rate Distributions for Rapidly Relaxing for comparison.
Excitons with Static Diagonal Disorder _ _ _ _
del th band of th | ” W (n) is the normalized wavefunction for th@'th exciton.

We model the B850 band of the LH2 antenna complex of g hetityting eq 2.3 into eq 1.2 we can express the radiative rate
purple, bacteria as a one-dimensional circular aggregate madebsing the exciton basis set

out of two-level molecules with a Frenkel exciton Hamiltonian

written using creation (annihilation) operat(B% (Bm)3% [ = 71 Z f, exp—e,/kgT) (2.4)
m=n ¢
H= ZQnB;Bn + ZJmnB;Bn (2.1) where the radiative rate of the'th exciton yf, is determined
n mn

by it's oscillator strength,

The couplingJd,n+1 between adjacent B&Imolecules in the f = Zd -d W *(mW (n) (2.5)
B850 band alternates between the value 273 and 294 aive *oLmne *

shall neglect this (weak variation and use an average coupling)

parameterJ. In the absence of disorder, the one-exciton  The total oscillator strength of the aggregdtg f, = N is
eigenstatedl’, and energies, are given by concentrated in no more than three superradiant states which
are not necessarily eigenstates of the one-exciton Hamiltéhian.
However, in the absence of disorder, by symmetry, the super-
radiant states are also one-exciton eigenstates. For the vertical
configuration there is a single superradiant state With N

with crystal moment&, = 27a/N, o = —N/2 + 1, —=N/2 + 2, which is the lowest-energya(= 0) state. For the tangential
...,—1,0,1,...N/2 (N = 18 is the number of chromophores). ~configuration the oscillator strength is shared by two exciton
The transition dipoles are known to be oriented almost in the states witto. = +1 andf = N/2. This implies that the maximum
plane in the head-to-head and tail-to-tail configurations, and the Possible radiative rate for the vertical (tangential) configuration
nearest-neighbor intermolecular coupling is positive. Following iSI's=N= 18 (['s= N/2 = 9). Disorder breaks the translational
refs 15 and 16, we apply a transformati@q— (—1)"B, of the symmetry so that the superradiant states are no longer eigenstates
exciton operators which results in tangential orientations of the Of the single-exciton Hamiltonian and the oscillator strength is
transition dipoles and a negative intermolecular coupling distributed among all exciton states. We adopt a diagonal

W (m) = J—lﬁe“um; e, = 23 cos(K,) 2.2)

J = —280 cn1! which is reminiscent of J aggregatésior disorder model, i.e.; the chromophore transition frequencies are
comparison we also consider a system with the same negativediven by Q, = Q + &, &, have a Gaussian uncorrelated
J and vertical d|po|e orientations (Figure 1) distribution with zero mean and fwhm For each value of,

In this section we assume that relaxation among exciton statesthe distribution of radiative rates was computed using eqs 2.4
is fast compared with their radiative decay rates. The reducedand 2.5, by summing over 100 000 disorder realizations. We
density matrix is therefore thermally equilibrated at all times have performed the simulations for two values of disorder: weak

during the spontaneous emission process and assumes the forflisordero = 190 cn?, and strong disordes = 950 cnr™.
The reason for this particular choice will be explained in the
=7 1S WU (MW (n) exp(—c / 23 Discussion section.
Pmn Z (Mol expCedlkel)  (2:3) The calculated distribution of radiative rate@’s) for weak
disorder and vertical geometry is shown in Figure 2a. At
where Z = 5, exp(—eu/ksT), T is the temperature, and T = 1 K the distribution is broad and has a maximum at about
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LA B A B B B L B at T = 1 K. In the absence of disorder we dgf = 18 and
(a) Vertical ] I's = 0, since for the tangential dipole orientation the vector
& 20000 i N sum of the dipoles is zero. For weak disorder the distribution
§ ----:ng of L, is peaked arount, = 12. This implies that the nonzero
T 100K ] value ofl'sis due to the partial loss of coherence which yields
= N a distribution ofI's betweenl's = 0 andI's = 4 peaked at
i ' s~ 3.
o e . Many properties of the distributions 6% can be understood
0000 L (D) Tangential - using the following representation for the distributi®n:
> 3 : 1
2 w00l —w P = foron 98 eXPEWE)] (2.6)
2 | ii ---- 50K s
o | e e 100K
£ 20000 - - where Q(I's,T) denotes the subspace of the diagonal disorder
I 1 realization parametes= (&1, ..., &n) which yield the radiative
R P e p— rate s at temperaturd. dé stands for the proper measure of
Radiative Rat integration defined in ref 42, antl(&) represents the distribution
adiative Rate of diagonal disorder. For the present Gaussian disorder model
Figure 2. Distribution of radiative rate§’s (in units of the single- it adopts the form
molecule rate) for weak static diagonal disorder witl= 190 cnr?
and various temperatures (as indicated in each panel). Calculations 1 N
involved averaging over 100 000 realizations of disorder. A bin size WE) = — 52 2.7)
of 0.1 is used for the radiative rate to create the histogram: (a) vertical 2025 ! '

dipole configuration; (b) tangential dipole configuration.

12, which reflects the coherence slzgrelated the off-diagonal ~ At T = 0 the minimal value of's = O is achieved, e.g., at
size of the exciton density matri®.At this temperature, only & = 0 with the statistical weight exp(W(§)] = 1. The

the lowest exciton state is populated for each realization; thus distribution functionf(I's) vanishes forl's — O due to the
the distribution directly reflects the disorder-induced localization decrease of the phase-space volume

length of the lowest excitonL, is related to the exciton

localization lengthla by'® L, ~ 3la. For the vertical dipole Q) = f dé (2.8)
configuration, the radiative rafés ~ L, which implies that the °
distribution of the lowest-energy exciton states peaks at4. We note that/(Q) — 0 atT's— 0 for T = 0 since afl's = 0,

At higher temperatures, higher exciton states are populated andy g becomes a manifold of a low¢N — 2) dimensionality.
contribute to the superrao_har}ce _(cf._eq 3"2)' Figure 2a ShOWSThe maximal value at = 0 is I“(Sm) = N/4 = 4.5. The lowest
that the maximum of the distribution is B = 9.5for'|:=50 exciton wave functions which correspond ™ can be
_K and I_g = 7 for T = 100 K. The de_crease ng_, with parametrized as follow3
increasing temperature makes sense since the higher energy
states populated at higher temperatures are oscillatory and,
therefore, carry a lower oscillator strength.
A less obvious observation is that the distribution narrows
as the temperature is increased. This can be explained by makindor all m for which the rhs of eq 2.9 is positive, ati#(m) = 0
use of a correlation between the localization lenigtof the for thosem that correspond to the negative values of the rhs of
lowest exciton state and the energy gapetween the lowest  eq 2.9. For any value d this wavefunction yieldd's = N/4.
two exciton states. Using the optimal fluctuation apprdaith Since the lowest exciton wave function does not change sign,
can be shown that the lower the energy gaphe smaller is the maximal valud’{™ may not be attained for any realization
the localization lengtla. Since the lowest exciton carries most of disorder, as opposed to the lowest vallie = 0 and
of the oscillator strength (typical valuefis= 12) the radiative I's = T'{™ which constitutes an accumulation pofAtP(I's)
rate is given byI's ~ Pofy, where P, = Z™1 exp(—eq/ksT) vanishes atl’'{™ due to different reasons compared to its
denotes the thermal distribution factor in eq 2.3. Suppose we vanishing atl's = 0: W(§) — o when & belongs toQ(I'g),
have a realization (1) of disorder which gives a certain value whereasI's — I's™, and therefore, the statistical weight
of I's at some finite temperaturé A different realization (2) exp[~W(&)] vanishes rapidly.
which corresponds to a higher value ofvill imply a lower, At higher temperatures, the distributions presented in Figure
value of the localization lengthy and a reduceth: @ < fo(b. 2b are much narrower and their maxima shift toward larger
However, the increase efleads to the increase of the lowest values of['s. This can be rationalized as follows: the low-
exciton population factoPy: Po@ < P, This implies that temperature distribution shows a typical valigex~ 3 for the
the fluctuations ofl's & Pgfp are smaller than those &f. This oscillator strength of the lowest exciton. As will be demonstrated
compensation mechanism, with its increasing role at higher later, the remaining oscillator strength is almost uniformly
temperatures, leads to a partial cancellation of fluctuations in distributed among two higher-energy excitons with a typical
the distribution ofl's and narrows the distribution at higher valuef; ~ f, ~ 7.5. This yieldd s~ Pfp + 2Pf; (for simplicity
temperatures. In the infinite-temperature limit, all single excitons we setP, ~ P; andf, ~ f; in our estimates). Increasing the
are populated equally for a single realization of disorder, all temperature leads to higher populations of excitons which carry
superradiant effects are lost, abgandI'sare both equal to 1.  most of the oscillator strength. This results in the increase of
We now turn to the tangential geometry (Figure 2b). In the T'sand, therefore, in the shift of the maximum positions. Narrow
absence of disorder the lowest= 0 exciton state is dark, and  distributions at higher temperatures originate from the com-
the following two a = +1 degenerate states each carry an pensating mechanism, similar to the vertical dipole configura-
oscillator strength of 9. Only the lowest exciton state contributes tion. In the tangential case, the mechanism works in a different

W(m) = % cos(%‘ + 0) 2.9)
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Figure 3. Same as in Figure 2 but for strong static diagonal disorder
with o = 950 cnt?.

way. For two realizations of disordef? > <@ we have

A®@ < 1,0, However, in contrast to the vertical dipole
orientation, we have for the lowest exciton oscillator strength
fo@ > £, This is the case because, as shown earlier, for these
values of disorder a typical localization lengtHAs~ 4 which
corresponds to a density-matrix coherence size,ot 12. In

this situation the nonzero dipole is due to the loss of coherence.
Therefore asa is decreased there is further loss of coherence
andfy increases which increas€&s, The compensating mech-
anism works in the following way. Sincé? > € the higher
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experimentally either using SMS or by observing the time-
resolved fluorescence profile: weak disorder should give an
exponential decay, as opposed to the multiexponential decay
predicted for strong disorder, reflecting the broad distribution
of decay rates.

Ill. Radiative Rate Distribution of Slowly Relaxing
Excitons

The calculations of section Il assume a fast relaxation of
exciton populations so that the exciton density matrix is
thermalized during the radiative decay process. In the opposite
limit of slow relaxation, each aggregate remains in one of the
exciton eigenstates during a measurement and SMS will reflect
the distribution of exciton oscillator strengths The relative
contribution of various excitons will depend on the details of
the excitation process (e.g., pump field frequency, envelope,
and duration). In this section we assume thermally weighted
contribution for individual exciton rates computed in the
following way: for a given realization of disorder, we gdt
valuesfo, ..., fy—1 which correspond to alN excitons. Thexth
exciton contribution is then counted with the thermal weight
factorP,, and an ensemble average over disorder is performed.
The resultingP(f,) distributions do not correspond to any
specific measurement (since in the slow relaxation limit the
thermal distribution does not apply). However, they provide an
insight into the microscopic origin of the distributions and
support the arguments presented above for the shapes of the
distribution P(I's) of radiative rates at different temperatures.

The distributionsP(f,) for the vertical dipole configuration

states for the second realization of disorder are less populatecdre presented in Figure 4a. At= 1 K (upper panel) we recover

compared to the first realizatid® @ < P;(). However, in the

the distribution ofl's at the same temperature shown in Figure

present case the higher states carry most of the oscillator strengtt?a. This is to be expected since at this temperature both

f, > fo, and decreasing their population decreabBgsThus
increase ofl's due to increasingy is compensated by the
decrease of sdue to the redistribution of exciton populations.

We next turn to the strong disorder= 950 cn1?! case. The
distributions ofl's for vertical and tangential configurations are
presented in Figure 3. All distributions now show an extremely
weak temperature dependence betw&en0 and 100 K. This
means that the typical gapbetween the lowest and the higher
states substantially exceeds the temperafurel00 K, and all
distributions basically reflect the distribution of the lowest
exciton oscillator strength. The compensating mechanism which
partially cancels the fluctuations for weaker disorder does not
apply for strong disorder. This is why the distributiondgfat
T = 50 and 100 K for weak disorder are much narrower
compared to their strong disorder counterparts. The distributions
of I's peak at the same value B§ = 3 for both geometries as
opposed to the weak disorder case. This meanslthat 3;

i.e., the number of chromophores emitting coherently is about
3. Since for the tangential configuration three adjacent chro-
mophores have almost parallel dipoles, the distributions for both
configurations are similar. The longer tail at lardgyfor the
vertical configuration can be rationalized as follows. For larger
values ofL, the dipoles for the tangential orientation are no
longer parallel, which reducdss and therefore decreases the
probability of realizations with high values &%

We have shown earligr15that the same value & averaged
over disorder can be obtained using two values of disorder:
either strong disorder where, < N andI's ~ L, or weak
disorder wherdN — L, < NandI's~ N — L,. Our calculations
demonstrate that the distribution 8% in the former case is
much broader. One can, therefore, distinguish between the two
situations by inspecting the distributionslaf This can be done

distributions reflect basically that of the lowest exciton oscillator
strengthfo. At higher temperatures (middle and lower panels),
the distributions show an additional peak close to zero origi-
nating from the oscillatory states populated at higher temper-
atures which have low oscillator strengths. This supports the
compensating mechanism introduced earlier: increase of
populates the lowest exciton which increa$gswhereas the
depopulation of the higher states only weakly affdéisince
these states are almost dark.

The computed distributions for the tangential configuration
are presented in Figure 4b. The low-temperature distribution
shown in the upper panel, as well as in the vertical orientation
case, coincides with the distribution B (Figure 2b) for the
same reason. The distribution for= 50 K (middle panel)
shows an additional peak &t= 8. The maximal valu¢* = 9
is obtained, e.g., fof = 0. The shape of the distribution for
0 < f < 4 is very close to that of th& = 0 distribution. The
distribution for 4< f < 9 is due to higher excitons which are
thermally populated at higher temperatures. A typical value of
a higher exciton oscillator strengthfis= 8, which is close to
the maximal valud = 9 obtained foi& = 0. This means that a
potential well which traps the lowest exciton does not substan-
tially affect the shape of the next exciton. Sincedcr O there
are two degenerate excitons with= 9, one should expect in
disordered aggregates the existence of another exciton with a
large oscillator strength and with an energy close to that of the
second exciton. This argument is supported by the distribution
of f for T = 100 K presented in the lower panel of Figure 4b.
In addition to the two features of the = 50 K distribution
whose shape does not change substantially,Ttire 100 K
distribution shows an additional peak at a very small value
f ~ 0.3. This suggests that excitons populated & 100 K



3958 J. Phys. Chem. B, Vol. 103, No. 19, 1999 Zhao et al.

a 0016 1T T T T T a 004 T T T T T T T T
[ ; =1K] I Vertical ]

.. ooz | Vertical T=1K] 3 008 4

2 g S T=1K 1

S o008 |- 4 S 002 i

g L @

“ 0.004 | - = 001 -
0mo8 ———— 0.00 o ———— =ttt
T=50K 1 0.03 - T=50K

5, 0.04 — 5

g S o002 i

= g_ L

o -

g o0 L oot .
0.00 |——1 T - T ! } ——— t —— }

010 | ]
T=100K T=100K_
> 1 >

2 g ]

Q 005 - ]

g 8 4
0.00 2 1 n r N 1 N I L " i 1 L | L 1 L
"0 2 4 8 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Radiative Rate Radiative Rate
b T T T M T T T T T T T b T T T T T T T T T T T T T T T
Tangential | 0.06 - Tangential -

> b > L

e T=1K 2 T=1K

g S ooaf

b=} . 3

o (=2

(4] (]

= i = o002 -

1 0.00 f—A——p—+——+——+—+——————
T=50K | oo r T=50K ]

> b > I

e Q o041 4

[ [

3 3

s ] ® 002 | J

—— ——— 0.00 p—t=dp—— St ———+——t——+——+—
T=100K 0.06 |- T=100 K

> - F

2 2 oo4f 4

[} [

= ] 3

g o 002 -

n I\ n 1 n 1 1 " 1 " 1 n 1 0.00 L] 1 i 1 " 1 1 1 " 1
0 2 4 & 8 10 12 14 16 18 0o 2 4 6 8 10 12 14 16 18
Radiative Rate Radiative Rate
Figure 4. Distribution of excitonic radiative rateB(f,) (in units of Figure 5. Same as in Figure 4 but for strong static disorder with

the single-molecule rate) for weak static disorder and various temper- o = 950 cnt™.

atures (as indicated in each panel). Calculations involved averaging . . .
over 100 000 realizations of static diagonal disorder with 190 cn™. coupling and polaron formation. We follow the formalism of

A bin size of 0.1 is used for the radiative rate to create the histogram: '€f 16. Both diagonal and off-diagonal couplings were taken
(a) vertical dipole configuration; (b) tangential dipole configuration. into accountt43

Molecular aggregates generally interact with a bath consisting
of nuclear (intramolecular, intermolecular, and solvent) degrees
of freedom: Excitor-phonon interactions are described through
the dependence of molecular frequendéigsand intermolecular
couplingsJmn on nuclear coordinates We adopt the Holstein
(molecular crystal) Hamiltoniaft

and not populated al = 50 K carry very low oscillator
strengths. Since the total oscillator strengthNis= 18, and
typical values arefp = 3 andf; = 8, there should be one
additional exciton withf, = 7 to satisfy the sum rule. This
picture is also confirmed by examining some particular realiza-
tions of disorder. A typical realization gives, e.fp.= 3,f, =

8, andf; = 6, and the residual oscillator strength is distributed A= 8%+ g°Ph o+ [exph (4.1)
among the higher-energy excitons. . .

The distributions of individual exciton ratéXf,) for strong H® = —JZ BB, T B_1) (4.2)
disorder are presented in Figure 5. These distributions are similar n
to the corresponding distributions ®%, indicating that only ~ph +
the lowest exciton is populated between 1 and 100 K. HY = thanbn (4.3)

IV. Polaronic Control .Of Superradlanc_e . . pyexph — ghwozBﬁBn(bI +b,) (4.4)
We now turn to a different mechanism for exciton localiza- m
tion, namely, dynamic localization due to excitephonon Here|0Ls the vacuum state for both the exciton and the phonon
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degrees of freedom, alﬁi; (bb creates an exciton (phonon) on
site n. wg is the Einstein phonon frequency,is the exciton

transfer integral between nearest-neighbor sites which will be

measured in units of the Einstein frequengy, andg is the
diagonal exciton coupling strength. The Hamiltonian eq 4.1 can

be obtained from eq 2.1 by expanding the molecular frequencies /9

Qn(q) to first order ing. We also assume nearest-neighbor
intermolecular couplingsJn, and dispersionless (Einstein
phonons).

We have computed the polaron wave function using the
Toyazawa Ansatz:

KO=S "y B, expl= (An, by, = An, b, 1100
n Ny Ny

(4.5)

The parameter&ﬁ andz/)ﬁ, as well as the energy of the lowest
one-exciton ban&X, are obtained variationalf.In this Ansatz,

the lattice phonon distortiod!. and the exciton amplitudek
share one common centroid. A localized polaron wave function
from which a delocalizing procedure via the projection operator

P(K) = N*lzexpﬁn(K - ZkBIBk - qu;bq)] (4.6)
n q

produces the Toyozawa Ansatz (4.5)

IKO= P(K)|DO (4.7)

where|DUis known as the Davydov solution in the context of
vibrational energy transfer in proteff:

IDE="Y v(H)B; expl= Y (A,(Hb; — 2,100 (4.8)

As pointed out by @pek et al., extended states always yield
lower variational energies than their parent localized st&tes.
The Toyozawa AnsatzKOis therefore a better trial wave
function for the cyclic LH2 rings than the Davydov Ans§Df{]

The radiative decay rate (in units of the single chromophore
rate) for theK'th polaron eigenstatéKOof the lowest one-
exciton band is

I =|d?= de-dnm(|KErlm<|BIan|KD (4.9)
mn

where we have taken into account the fact th&flis not
normalized. We havé

[K|B{ B, |KC= ;e‘““’*"”wﬁimwﬁfn'Fﬁm (4.10)
n

whereF%, is the Debye-Waller factor

Frim = xpN "'y 125%™ ™ - 1] (4.11)
q

with the Fourier-transformed phonon displacen@deﬁned
as

Ay = Ze*‘q”,lﬁ (4.12)
n

The characteristic length scale fGK|B:ran|KDis determined
by two factors, namely, the exciton amplituqéf and the
Debye-Waller factor Fiy,, which represents the overlap of
phonon wave functions.
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TABLE 1: Polaron Energies and Radiative Rates for
Vertical and Tangential Dipole Configurations and J = 2m¢?

Tk Tk Tk Tk
K Ex/wo vertical tangential k/wo vertical tangential

0 —4.343 15.7 0.62 —5541 8.46 1.93

—4.151 1.31 7.68 —5.463 2.60 4.59
27/9 —3.715 3.95 1.90 —-5.302 2.93 2.41
73  —3.431 8.81 245 -—-5162 3.01 2.53
47/9 —3.333 121 1.82 —-5.066 3.90 2.50
57/9 —3.298 13.8 1.33 —-5.002 274 2.40
27/3 —3.283 14.7 1.07 —-4962 261 2.31
779 —3.278 15.3 0.87 —4.937 2.54 2.26
87/9 —3.266 15.7 0.73 —4.923 250 2.23
4 —3.262 16.0 0.59 —4.919 2.48 2.22

aTwo types of excitorphonon couplings are considered. Left
columns: weak couplingg = 1). Right columns: medium coupling
(g = 2). The average energy of the bare exciton bai2d cosK is set
to zero.
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Figure 6. Radiative decay rates versus energy for polaron states (see
Table 1): (a)g=1,J = 2wq; (b) g = 2,J = 2wo.

The radiative rates and polaron energies for both dipole
configurations (Figure 1) are listed in Table 1 for wegk< 1,
J = 2wo) and medium(g = 2, J = 2wq) exciton—phonon
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Figure 7. Distribution of radiative rates (in units of the single-molecule rate) for a weak-coupling polaron ngogel (J = 2wo) and various
temperatures (as indicated in each panel). A bin size of 0.1 is used for the radiative rate to create the histogram: (a) vertical dipole configuration;
(b) tangential dipole configuration.

coupling. The average energy of the bare exciton ba2d the excitons not clothed by the phonon cloud, khe= +7/9
cosK is set to zero. The oscillator strengths of Table 1 are states would have an oscillator strength of 9. Phonon scattering
plotted versus the polaron energy in Figure 6. We have introduced by eq 4.4 effectively reduces the exciton coherence.
calculated the thermally averaged distribution of individual One can interpret Figure 7b qualitatively as Figure 7a with the
polaron rate®(I'k). The contribution of th&’th state has been  x-axis reversed. The high-rate peaks in Figure 7a are then
scaled byZ 1 exp(—Ex/ksT) similar to the calculation of Figures  mapped onto the low-rate peaks in Figure 7b. The lowest peak
4 and 5. These distributions do not correspond to an experi- in Figure 7a appears as the highest peak in Figure 7b, which
mental observation but merely provide an insight into the corresponds to thi€ = +7/9 states. Temperature increase results
possible distributions of rates for slow exciton relaxation. In in distributions between 0.59 and 2.45 which are attributed to
Figure 7a, we show the radiative rate distributions for the vertical states with higher crystal momenta. It is remarkable that the
model with weak excitorphonon coupling. At zero tempera-  broad distribution from about 4 to 16 in Figure 7a is narrowed
ture, only theK = O state is populated. As the temperature is to the region below 3 in Figure 7b. This is analogous to Figure
increased, higher-energy eigenstates are populated and thdb where for low temperatures the distribution is confined
distribution is shifted toward lower rates. As is clear from Table between 0 and 4. However, the distribution from 4 to 8 in Figure
1, the high-momentum states carry large oscillator strengths due4b for higher temperatures does not appear in our polaron
to the fact that in these states phonons carry almost all of the picture.
crystal momentum leaving the exciton with zero momentum.  As the excitor-phonon coupling strength is increased to
Therefore the high momentum states are effectively excitons g = 2, the polaron bandwidth is reduced to about one-half the
clothed by plane-wave phonons whose oscillator strengths phonon frequency, implying that the gap below the phonon
resemble those of th€ = O states at the bottom of the polaron  continuum is roughly the same as the bandwidth. Consequently,
band. Comparing Figure 7a with Figure 4a shows that in both the oscillator strength for the vertical geometry has a weak
cases, at low temperatures the distribution peaks at high radiativemomentum dependence for nonzero momentum eigenstates.
rates, whereas low-rate peaks emerge at high temperatures aSemperature increase lowers the probability of the radiative rate
the higher states are populated. at which theK = 0 state emits, as more excitons are populated
The situation is different for the tangential configuration, toward the higher lying states. In the low-rate regime the
where only exciton momentayx = +/9 are selected, and the  distribution is similar to strong static disorder (Figure 5a). In
high-crystal-momentum states have vanishing oscillator strengthsfact, the distribution peaks at about 3 in Figure 8, which is also
similar to theK = 0 state. This is demonstrated in Figure 7b comparable to Figure 5. (All peaks are between 2 and 3.)
where the low rate peak at 0.62 is attributeckte= 0 and the However, theK = 0 peak at 8.46 is absent in Figure 5a. Data
high rate peak at 7.68 represents the= +7/9 states. Were  for four different temperatures are shown. A bin size of 0.1
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Figure 8. Same as in Figure 7 but for a medium-coupling polaron moglet €, J = 2wg).

is used for the radiative rate to create the histogram. Thereforethe B850 band of the LH2 complex of the purple bacteria.
only six peaks are observed in Figure 8a instead of eight Electronic excitations in light-harvesting complexes have re-
(excluding theK = 0 state). The distributions for the tangential cently been computed using the INDO-/S-CI cééi€he results
dipole configuration are shown in Figure 8b. The peak at 4.6 is provide detailed descriptions of electronic state properties. The
due to theK = +1/97 which exchanges position with the= lower-energy excitations are found to be exciton type with
0 peak in Figure 8a. The rest of the distribution is centered at delocalization over the entire aggregate. Starting with the
about 3 as in Figure 8a. FAr= 2w, the polaron self-trapping  Frenkel exciton model (eq 2.1), we have studied effects of static
transition occurs afic ~ 2.3, where the effective mass of the disorder and vibronic coupling on the radiative rate distributions.
phonon-dressed exciton is increased to more than 10 times theThe absorption linewidth as well as the radiative rate formation

bare exciton mas¥:#’ The exciton amplitudey, (but not the in the LH2 complexes are dominated by the inhomogeneous
electronic excitation itself) is localized completely on a single (static disorder) mechanisfn815
site, and the superradiance factor is reduced toAlthough For the tangential configuration the same radiative fase

the exciton is still mobile in a strict, sense (delocalized wave « N can be obtained either when the off-diagonal dizeof
function), the polaron bandwidth is so reduced that for all the one-exciton density matrix satisfies < N which yields
practical purposes the exciton is trapped in the lattice well it pg A L, or whenN — L, < N andT's N — L,.1516 The two
created. The distribution of radiative rates in this strong-coupling yajyes of diagonal disorder used here yield about the same
limit will be narrowly peaked at-1. _ _ average value ofs For the weaker disordet(= 190 cnt?)

The photophysics of antenna complexes is dominated by we have I's ~ N — L, whereas for strong disorder
disorder. However, polaron effects are important for other types (6 = 950 cnt?) we haveTls ~ L,. However, we have

~

of aggregates. Radiative lifetimes of confined excitations in gemonstrated that the distributioREC's) are very different in
o-conjugated systems such as polysilanes (linear chains) havepe o cases. For weak disorderTat= 1 K the distribution
been measured, and polaron models were used for theirpry which reflects the distribution of the lowest exciton
interpretatior?? The 9- and 23-atom chains of polysilanes are cillator strength is broad, covers the range fiog= 0 to
found to correspond to the Toyozawa self-trapped and free I'd™ = N/4 = 4.5, and reaches its maximum B¢ ~ 3. At
states’® Exciton—phonon coupling is more pronounced in J  pjigher temperatured & 50 and 100 K) the distribution narrows
aggregates of PIC which have an elongated two-dimensionalyith width ATs ~ 0.5 and is peaked dfs* ~ 3.8 and 4.2,
structure?®> Two-dimensional exciton delocalization is also respectively. We have proposed a compensating mechanism that
found in J aggregates, of Langmuilodgett films®* predicts a substantial narrowing of the distribution with increas-
ing temperature. The corresponding distributions for strong
disorder are almost temperature-independent beteer K

In this paper we have computed the distributions of radiative and 100 K. Betwee = 50 and 100 K, the strong disorder
decay rates in circular aggregates for two extreme dipole distribution which represents basically the lowest exciton
orientations of chromophores. Applications have been made tooscillator strength is much broader than that for weak disorder.

V. Discussion
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The striking difference in the temperature dependence of the

Zhao et al.

(18) Htbner, M.; Kuhl, J.; Stroucken, T.; Knorr, A.; Koch, S. W.; Hey,

distribution for weak and strong disorder implies that one can R- Pl0og, K.Phys. Re. Lett. 1996 76, 4199. Stroucken, T.; Knorr, A.;

distinguish between the two, either by SMS or by examining

Thomas, P.; Koch, S. WPhys. Re. B 1996 53, 2026.
(19) Brandes, T.; Inoue, J.; Shimizu, Rhys. Re. Lett. 1998 80, 3952.

the temperature dependence of the time-resolved fluorescence (20) Agranovich, V. M.; Basko, D. M.; Dubovsky, O. A. Chem. Phys.

signal Y(1).
The distributionP(I's) is important for interpreting energy

transfer between antenna complexes. For example, for

1997, 106, 3896.
(21) Oberli, D. Y.; Vouilloz, F.; Kapon, EPhys. Status Solidi A997,
164, 353.
(22) Thorne, J. R. G.; Williams, S. A.; Hochstrasser, R. M.; Fagan, P.

o =190 cnt! (which applies to the LH2 systems) the aggregate J.Chem. Phys1991 157, 401.

with more localized lowest exciton states have larger radiative
rates as well as lower energies of the lowest exciton. Since a

(23) Fleury, L.; Zumbusch, A.; Orrit, M.; Brown, R.; Bernard, R.

tLumin' 1993 56, 15.

(24) Monshouwer, R.; Abrahamsson, M.; van Mourik, F.; van Grondelle,

low tgmperatures energy transfer is biased .toward lower r_ 3. Phys. Chem. B997, 101, 7241.
energies, the correlation between the lowest exciton energy and  (25) Bopp, M. A;; Jia, Y.; Li, L.; Cogdell, R. J.; Hochstrasser, R. M.
the radiative rate leads to the depopulation of the low-energy Proc. Natl. Acad. Sci. U.S.A997 94, 10630.

states which makes the low-temperature energy transfer faster.
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