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Size Enhancement of Transition Dipoles to One- and Two-Exciton Bands in a
Photosynthetic Antenna
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Measurement of nonlinear absorption and differential optical density spectrum as well as fluoresc
behavior of the light harvesting antenna LH2 from purple bacteriumRhodobacter sphaeroidesindicates
exciton delocalization over16 6 4 bacteriochlorophyll-a molecules, corresponding to probably the fu
physical length of the circular aggregate responsible for the 850 nm absorption band. The g
dipole moments for the consecutive transitions ground state! one-exciton band! two-exciton band
are25.5 6 2.5 D and21.5 6 3.5 D, respectively. [S0031-9007(96)01676-6]

PACS numbers: 87.15.Rn, 42.65.–k, 71.35.–y
ic
o
s
r
l
p
t

a

e
t

’

]
o
t
ti
c
r
a
b
e

n
te

i
e
e

s
c

nd
cal-
-
e

has

ex

it
00
he
n-
).

m)
na

m-
ion
0.

d-
nce
g
-
m-
a

ed
s
nt
)

p-

gs
la.
m
er
n-
].
Systems of organic molecules with strong electron
coupling have been the focus of basic research f
decades. A representative example is the threadlike (
called J-) aggregate of pseudoisocyanine (PIC) [1]. Mo
recently, under the more general rubric of geometrical
constrained systems, investigations of the optical pro
erties of electronically coupled systems have been mo
vated by the following theoretical expectations [2–4].

(i) For confinement dimensions smaller than the optic
wavelength, the transition dipole moment from the groun
state to the one-exciton band should scale withN1y2,
where N is the number of molecules in the aggregat
Such a size enhanced transition dipole may be expec
also between the one- and two-exciton band.

(ii) At suitable resonance frequencies the third orde
susceptibilityx s3d may scale withN2.

(iii) The superradiant decay rate of the aggregate
cooperative emission should scale withN .

In real systems, the magnitude of the size enhanc
ment may differ from theory for several reasons [3,5,6
First, exciton-phonon coupling may cause the oscillat
strength to be no longer concentrated in the transition
only the bottom of the exciton band. Second, energe
disorder may result in restricted delocalization of the ele
tronic excitation. However, in the case of strong inte
molecular coupling this inhomogeneous broadening m
be reduced by exchange narrowing, which in turn may
counteracted by site correlations in the energetic disord
possibly caused by low frequency phonons [6].

This interplay of processes seems to be far from bei
completely understood in any real organic aggrega
Much recent work has been concentrated on the PIC
aggregates [1,7–9]. There is agreement in the literatu
that at room temperature the exciton delocalization
restricted to only a few molecules (10–12 at PIC chlorid
[9,10]), viz., numbers which are orders of magnitud
below the physical size of the aggregates [1].

In this Letter we report on collective optical propertie
of a natural molecular aggregate. Here the size enhan
0031-9007y96y77(22)y4675(4)$10.00
r
o-
e
y
-
i-

l
d

.
ed

r

s

e-
.
r
o
c
-
-
y
e
r,

g
.
J

re
s

e-

ment of the transition dipole moment between the grou
state and the one–exciton band indicates exciton delo
ization over16 6 4 molecules already at room tempera
ture, which corresponds to the full physical length of th
complex. Moreover, about the same enhancement
been found for the one- to two-exciton band transition.

The object investigated is the light harvesting compl
LH2 from the purple photosynthetic bacteriumRhodobac-
ter (Rb.) sphaeroides[11]. Its two functions are the light
absorption in the near infrared (NIR) region—where
has two absorption bands with maxima at about 8
and 850 nm—and the efficient energy transfer to t
core complex. The latter consists of the reaction ce
ter surrounded by the light harvesting complex 1 (LH1
LH1 absorbs spectrally close to LH2 (at about 875 n
and is also believed to be spatially close. The anten
LH2 can be extracted from the photosynthetic me
brane and is then called according to its NIR-absorpt
maxima the bulk pigment protein complex B800-85
This complex, extracted fromRb. sphaeroidesand solu-
bilized in LDAO sN1N-dimethyldodecylamine-N-oxided
buffer [12] is the subject of this Letter. There is consi
erable spectroscopic as well as biochemical evide
that its two NIR absorption bands (Fig. 1, inset) belon
to two different, weakly interacting pigment comple
ments. The recent x-ray structures of B800-850 co
plexes from two different purple bacteria suggest
common organizational principle: a ring of closely spac
s,10 Åd bacteriochlorophyll-a (Bchla) molecules give
rise to the 850 nm absorption, and a ring of more dista
(, 20 Å from each other and from the Bchla in B850
“monomeric” Bchla gives rise to the 800 nm absor
tion [13]. In this Letter we will concentrate on the
850 nm band, which in the two complexes belon
to a waterwheellike arrangement of 16 or 18 Bch
A similar arrangement is assumed for B800-850 fro
Rb. sphaeroides. Because of the small center-to-cent
distance of the Bchla’s and their nearly parallel 0-1 tra
sition dipoles, strong excitonic coupling is expected [14
© 1996 The American Physical Society 4675
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FIG. 1. Experimental nonlinear absorption (intensity d
pendent transmission) of B800-850 (squares) and stand
deviations, measured in a cuvette ofd ­ 0.1 cm at l ­
833 nm. The continuous line represents the result
simulation (cf. text) with the following set of parameter
absorption cross sectionss021 ­ s3.5 6 0.7d 3 10215 cm2,
s1-2 ­ s4.9 6 0.9d 3 10215 cm2; emission cross section
sE ­ s1.6 6 0.3d 3 10216 cm2; interband relaxationsk2-1 ­
1013 s21, k1-0 ­ t

21
F ­ s1.0 6 0.2d 3 109 s21; intraband

relaxation k1,i ­ 6.6 3 1012 s21. For completeness, the
phenomenon of exciton annihilation, as it is reflected in t
intensity dependence of fluorescence yields [19], has also b
included in the simulation [20], realized by an additional ter
Gyn2

i in (1). Herenisx, td is the normalized population densit
of the initial level of annihilation, and the vectory describes
the related level involvement [17]. It results in an annihilatio
constantG ­ 1024 cm2 s21. Inset: NIR-absorption spectrum
of the pigment protein complex B800-850, extracted fro
Rb. sphaeroidesand solubilized in LDAO buffer. Arrows in-
dicate the wavelengths of nonlinear absorption and of trans
absorption (DOD) measurements: 833, 843, 855, and 872 n

We wish to present results from nonlinear spectrosco
methods supporting the model of excitation delocalizat
over the circular aggregate.

The first experimental evidence of this strong coupli
is provided by the enhancement of the 850 nm tran
tion dipole moment (electronic ground state! first ex-
cited state) in comparison to the dipole moment of t
correspondingS0 ! S1 transition in the Bchla monomer
This result was obtained from nonlinear absorption:
linear absorption, only the productsN (s, absorption
cross section,N , particle density) is available (as the op
tical density 2ln T0 ~ sN ­ a0). s acts separately
however, with the intensity-dependent beginning of no
linearity in absorption and can be obtained from adequ
modeling [15]. The latter has to be based on the eq
tion of motion for the density matrix of the interactin
system’s Hamiltonian [16] and reduces under the con
tions of the experiment to the rate equation/photon tra
port equation approach [16,17]. Having obtained in th
way the dispersion of the absorption cross section in
spectral region of the transition of interest, the transiti
dipole moment can be calculated. To this end the non
4676
-
ard

f
:

e
en

s

nt
.

ic
n

g
i-

e

n

-

n-
te
a-

i-
s-
is
he
n
n-

ear absorption of B800-850 has been measured at sev
wavelengths in the 850 nm region (indicated in the in
set in Fig. 1) with dye laser pulsesstemporal FWHM­
400 ps, spectral FWHM, 1 nmd. The equipment is de-
scribed elsewhere [18]. One experimental data setslex ­
833 nmd is shown in Fig. 1 together with the simulated
curve (see below). As is immediately obvious from th
reverse saturable absorption (“darkening”), the nonline
absorption shows the presence of a second electronic tr
sition with an absorption cross sections1-2 . s0-1.

In order to obtain the spectral shape of this secon
transition, differential optical density (DOD) spectra o
B800-850 have been measured. The excitation with
the 850 nm band has been realized at the same wa
lengths as indicated in Fig. 1 and with the dye lase
characterized above, at a minimum photon flux densi
of 5 3 1024 cm22 s21, corresponding to a photon den-
sity of 1.7 3 1015 cm22 per pulse. The simultaneously
interacting probe light was realized by broadband dy
laser pulses. Details of this experimental arrangeme
are described elsewhere [21]. A typical DOD spectrum
is shown in Fig. 2(a). It is noteworthy that the charac
teristic features of the DOD shape—the induced absor
tion and bleaching behavior as well as the zero crossi
point at 843 nm—are independent of the excitation wav
length (when measuring at the lowest experimentally po
sible excitation intensity). Furthermore, the zero crossin
point shifts only little to the blues.1 nmd when the ex-
citation density is increased by 2 orders of magnitud
This indicates that a limited B850 level scheme is in
volved in the nonlinear response. It can be modeled b
the ground state, the one- and the two-exciton bands,

FIG. 2. (a) Transient absorption spectrum of B800-850sd ­
0.1 cmd, measured simultaneously with the excitation at wave
lengthlex ­ 833 nm (pulse duration 400 ps, photon flux den
sity 5 3 1024 cm22 s21). (b) Cross sections of the transitions
from ground state to the one-exciton state (0-1, dashed) a
from the latter to the two-exciton state (1-2) (solid line) o
B800-850. Both curves belong to the left ordinate. Belong
ing to the right ordinate: emission cross sections of B800
850. Conditions of emission measurement: room temperatu
d ­ 1 cm, 0D # 0.01 at 850 nm,lex ­ 700 nm.
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induced transitions between them, and intraband as w
as interband relaxations. The determination of paramet
of this model concerning emission is described further b
low; the parameters for intraband [22] as well as2 ! 1
interband relaxation [10] were taken from the literatur
The only unknown parameters, the absorption cross s
tions of the two transitions, could then be obtained fro
the simultaneous fit [17] of the nonlinear absorption fun
tions and the DOD spectra based on a rate equation
proach:

≠n
≠t

­ sÂI 1 B̂dn (1)

wherensx, td is the vector of the normalized population
densities of the energy levels, the matrices ofÂ and
B̂ contain the cross sectionss and the relaxation constants
k of the transitions, respectively.Isx, td is the intensity
of the laser pulse propagating alongx according to the
photon transport equation:√

1
c

≠

≠t
1

≠

≠x

!
I ­ 2N0IsgT nd (2)

whereN0 is the particle density in the medium andg is a
vector containing elements ofÂ [17].

A full set of parameters is given in the legend t
Fig. 1, and the absorption cross sections of the tw
transitions in questions0 ! 1, 1 ! 2d are shown in
Fig. 2(b). While the shape and the spectral displacem
of these absorption bands are similar to those of Bch
in solution [23,24], their intensities expressed as cro
sections [cf. Fig. 2(b)], dipole moments, and oscillato
strengths are of extraordinary size [25]:

m0-1 ­ 25.5 6 2.5D, f0-1 ­ 3.3 6 0.6 ;

m1-2 ­ 21.5 6 3.5D, f1-2 ­ 2.4 6 0.8 .
For comparison, the maximum absorption cross sect

of Bchla in monomeric solution (ether) iss s772 nmd ­
3.5 3 10216 cm2, the transition dipole moment is
ms0-s1 ­ 6.3 D, and the oscillator strength isf ­ 0.22.
Very similar values were obtained when the measur
absorbance of the B800-850 complex was related
the corresponding Bchla content, i.e., the values we
calculated per single Bchla in the 850 nm band [27].

This comparison with the Bchla single-molecules da
shows that there is a

p
16 6 4-fold enhancement of the

850 nm 0-1 transition dipole moment of the extracte
LH2 antenna, i.e., the excitation is delocalized ov
16 6 4 Bchla, which comprises much if not all of the
circular aggregate. To our knowledge, this is the large
exciton size found so far in an organic material a
room temperature. The corresponding values for the
aggregates of pseudoisocyanines and polydiacetylene
4–12 [9,10,28] and about 5 molecules [28], respective
Remarkably this circular aggregate with the large excito
size is a product of nature.

The second prediction for strongly coupled aggregat
concerned the size-enhanced scaling ofx s3d. Values were
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determined for the relevant parameter for nonlinear
under resonant conditions, viz.,a2ya0. They can be
obtained as the slope of the intensity-dependent nonlin
absorption functions [28]. These values for B800-8
are comparable to those of quantum-confined C
clusters [29], e.g.,a2ya0s855 nmd ­ 2s5.0 6 1.0d 3

1027 cm2yW .
In the derivation of the absorption cross sectio

for the 0 ! 1 and 1 ! 2 transitions, the influence o
the induced emission had to be known. Based on
determined (For experimental details, see Ref. [24] a
references therein.) fluorescence decay timetF ­ 1.0 6

0.1 ns and quantum yieldfF ­ 0.10 6 0.02 (values,
which are in good agreement with data from the literatu
[30,31] and which result inkr ­ s1.0 6 0.3d 3 108 s21

for the radiative decay rate) the emission cross secti
shown in Fig. 2(b) have been obtained. The maximu
value is sE s860 nmd ­ 8.2 3 10216 cm2, the data for
the emission dipole moment and oscillator streng
are mE ­ s9.5 6 1.0dD and fE ­ s0.45 6 0.10d. For
comparison, the respective values for monomeric Bchla
ether aresE s783 nmd ­ 4.5 3 10216 cm2, mE ­ 6.3D,
fE ­ 0.22 andkr ­ 6.3 3 107 s21. From these data we
conclude that the excitonic coupling in emission at roo
temperature is restricted to fewer molecules, probably
a Bchla-dimer within the circular B850 aggregate. (
small exciton size of4 6 2 has been recently determine
also for the absorption transition [32], in contrast to o
results). After lowering the temperature to 4.2 K, th
radiative decay rate increases by about a factor o
[30,31]. This may indicate a corresponding increase
the number of collectively emitting Bchla molecules
the circular aggregate.

Last but not least, it should be mentioned that the
are some indications that the excitonic transition0 ! 1,
which we have handled here as one homogeneous b
may be composed of one dominating (sub-) band w
one or few weaker subbands: Such heterogeneity at ro
temperature is indicated by the fact that the width
the B800-850 fluorescence band clearly exceeds tha
the corresponding 850 nm absorption bandsFWHME ­
550 cm21, FWHMA ­ 420 cm21d, and is further sub-
stantiated by results from nonlinear polarization spe
troscopy in the frequency domain (NLPF) [33]. Th
additional oscillator strength for these minor band(s) m
arise at the expense of the higher-energy bands (hy
chromism) [34].

Further details on such a substructure of the B8
absorption band are expected from present tempera
dependent NLPF investigations. They should bridge
gap to the 4.2 K-hole burning data which showed on
a single, homogeneous B850 band [35]. Structure-ba
calculations of the spectrum ofRps. acidophila[36] also
indicate one dominating band in B850 for one set of
strongly interacting molecules.
4677
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In conclusion, and irrespective of this possible fi
structure, strong excitonic coupling between the16 6 4
Bchla molecules of the presumably circular aggregate
responsible for the 850 nm absorption band of B80
850—has been characterized, as well as superradi
and a transition from one- to two-exciton state, sligh
blue-shifted with respect to the 0-1 excitonic transitio
To our knowledge the circular aggregate B850 of t
antenna LH2 fromRb. sphaeroidesis the first natural
supramolecular candidate for a giantx s3d.
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