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Measurement of nonlinear absorption and differential optical density spectrum as well as fluorescence
behavior of the light harvesting antenna LH2 from purple bacteflmdobacter sphaeroidésdicates
exciton delocalization ovel6 * 4 bacteriochlorophyll-a molecules, corresponding to probably the full
physical length of the circular aggregate responsible for the 850 nm absorption band. The giant
dipole moments for the consecutive transitions ground statene-exciton band- two-exciton band
are25.5 = 2.5 D and21.5 = 3.5 D, respectively. [S0031-9007(96)01676-6]

PACS numbers: 87.15.Rn, 42.65.-k, 71.35.—y

Systems of organic molecules with strong electronioment of the transition dipole moment between the ground
coupling have been the focus of basic research fostate and the one—exciton band indicates exciton delocal-
decades. A representative example is the threadlike (sdzation over16 = 4 molecules already at room tempera-
called J-) aggregate of pseudoisocyanine (PIC) [1]. Morédure, which corresponds to the full physical length of the
recently, under the more general rubric of geometricalljcomplex. Moreover, about the same enhancement has
constrained systems, investigations of the optical propbeen found for the one- to two-exciton band transition.
erties of electronically coupled systems have been moti- The object investigated is the light harvesting complex
vated by the following theoretical expectations [2—4].  LH2 from the purple photosynthetic bacteridkiodobac-

(i) For confinement dimensions smaller than the opticater (Rb.) sphaeroided 1]. Its two functions are the light
wavelength, the transition dipole moment from the groundabsorption in the near infrared (NIR) region—where it
state to the one-exciton band should scale with?, has two absorption bands with maxima at about 800
where N is the number of molecules in the aggregate.and 850 nm—and the efficient energy transfer to the
Such a size enhanced transition dipole may be expectembre complex. The latter consists of the reaction cen-
also between the one- and two-exciton band. ter surrounded by the light harvesting complex 1 (LH1).

(i) At suitable resonance frequencies the third ordelLH1 absorbs spectrally close to LH2 (at about 875 nm)
susceptibilityy ® may scale withv2. and is also believed to be spatially close. The antenna

(i) The superradiant decay rate of the aggregate’d H2 can be extracted from the photosynthetic mem-
cooperative emission should scale with brane and is then called according to its NIR-absorption

In real systems, the magnitude of the size enhancenaxima the bulk pigment protein complex B800-850.
ment may differ from theory for several reasons [3,5,6].This complex, extracted frorRb. sphaeroidesnd solu-
First, exciton-phonon coupling may cause the oscillatobilized in LDAO (N;N-dimethyldodecylamine¥-oxide)
strength to be no longer concentrated in the transition tbuffer [12] is the subject of this Letter. There is consid-
only the bottom of the exciton band. Second, energetierable spectroscopic as well as biochemical evidence
disorder may result in restricted delocalization of the electhat its two NIR absorption bands (Fig. 1, inset) belong
tronic excitation. However, in the case of strong inter-to two different, weakly interacting pigment comple-
molecular coupling this inhomogeneous broadening maynents. The recent x-ray structures of B800-850 com-
be reduced by exchange narrowing, which in turn may bglexes from two different purple bacteria suggest a
counteracted by site correlations in the energetic disordecommon organizational principle: a ring of closely spaced
possibly caused by low frequency phonons [6]. (<10 A) bacteriochlorophyll-a (Bchla) molecules gives

This interplay of processes seems to be far from beingise to the 850 nm absorption, and a ring of more distant
completely understood in any real organic aggregate(~ 20 A from each other and from the Bchla in B850)
Much recent work has been concentrated on the PIC Imonomeric” Bchla gives rise to the 800 nm absorp-
aggregates [1,7-9]. There is agreement in the literaturBon [13]. In this Letter we will concentrate on the
that at room temperature the exciton delocalization i850 nm band, which in the two complexes belongs
restricted to only a few molecules (10-12 at PIC chlorideto a waterwheellike arrangement of 16 or 18 Bchla.
[9,10]), viz., numbers which are orders of magnitudeA similar arrangement is assumed for B800-850 from
below the physical size of the aggregates [1]. Rb. sphaeroides Because of the small center-to-center

In this Letter we report on collective optical properties distance of the Bchla’s and their nearly parallel 0-1 tran-
of a natural molecular aggregate. Here the size enhancsition dipoles, strong excitonic coupling is expected [14].
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ear absorption of B800-850 has been measured at several
0-351 o ‘ wavelengths in the 850 nm region (indicated in the in-
] set in Fig. 1) with dye laser pulsdsemporal FWHM=
400 ps spectral FWHM< 1 nm). The equipment is de-
‘ scribed elsewhere [18]. One experimental datd &gt =
833 nm) is shown in Fig. 1 together with the simulated
curve (see below). As is immediately obvious from the
reverse saturable absorption (“darkening”), the nonlinear
absorption shows the presence of a second electronic tran-
] sition with an absorption cross section-, > oy-.
0.254 In order to obtain the spectral shape of this second
N - transition, differential optical density (DOD) spectra of
10% 10% 1078 10%° 10%7 B800-850 have been measured. The excitation within
photon flux density (cm™ s™) the 850 nm band has been realized at the same wave-
FIG. 1. Experimental nonlinear absorption (intensity de-lengths as indicated in Fig. 1 and with the dye laser
pendent transmission) of B800-850 (squares) and standaigharacterized above, at a minimum photon flux density
s e pmaaents ‘me- sl o013 10 am 3 1, corresponcing to a photon der-
simulation (cf. text) with the foIIowﬁlg set of parameters: _S'ty of 1.‘7 X 101 cm ? per pulsg. The simultaneously
absorption cross sectionso_; = (3.5 = 0.7) X 10-15 cn?,  interacting probe light was realized by broadband dye
o1 = (49 = 09) X 107 cn?; emission cross section laser pulses. Details of this experimental arrangement
or = (1.6 = 0.3) X 107'° cn?; interband relaxations,-; =  are described elsewhere [21]. A typical DOD spectrum
10% 7!, kg = 77' = (1.0 £ 02) X 10°s™"; intraband  js shown in Fig. 2(a). It is noteworthy that the charac-

relaxation k;; = 6.6 X 10'2s~!.  For completeness, the .. .. A )
phenomenon of exciton annihilation, as it is reflected in theterIStIC features of the DOD shape—the induced absorp

intensity dependence of fluorescence yields [19], has also bediPh and bleaching behavior as well as the zero crossing
included in the simulation [20], realized by an additional term point at 843 nm—are independent of the excitation wave-
T'wn} in (1). Heren;(x, 1) is the normalized population density length (when measuring at the lowest experimentally pos-
of the initial level of annihilation, and the vectar describes  sjble excitation intensity). Furthermore, the zero crossing
the related Ievelimvolverinent [17]: It results in an annlhllatlonspoint shifts only little to the blugé=1 nm) when the ex-
constantl’ = 10™* cm?s~!. Inset: NIR-absorption spectrum .~ . A ;

of the pigment protein complex B800-850, extracted fromC't"f‘t'o_n ‘_’ens'ty IS mcrg:-a_sed by 2 orders of magmtude.
Rb. sphaeroidesind solubilized in LDAO buffer. Arrows in- This indicates that a limited B850 level scheme is in-
dicate the wavelengths of nonlinear absorption and of transientolved in the nonlinear response. It can be modeled by

absorption (DOD) measurements: 833, 843, 855, and 872 nmthe ground state, the one- and the two-exciton bands, the

0.30 80 850 (nm)

transmission

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

The first experimental evidence of this strong coupling
is provided by the enhancement of the 850 nm transi- 041
tion dipole moment (electronic ground statefirst ex- 064 80 8
cited state) in comparison to the dipole moment of the s~
correspondingsy — S, transition in the Bchla monomer.
This result was obtained from nonlinear absorption: In
linear absorption, only the produetN (o, absorption
cross sectiony, particle density) is available (as the op-
tical density —InTy = oN = ap). o acts separately, PYOR RN A T T e T T T
however, with the intensity-dependent beginning of non- wavelength [nm)]

Imearle in absorption and can be obtained from adequatEIG_ 2. (a) Transient absorption spectrum of B80O-880-
modellng [1,5]' The latter hgs to b? based on the €aU&%y 1 cm), measured simultaneously with the excitation at wave-
tion of motion for the density matrix of the interacting |ength A, = 833 nm (pulse duration 400 ps, photon flux den-
system’s Hamiltonian [16] and reduces under the condisity 5 X 10** cm 2s~!). (b) Cross sections of the transitions
tions of the experiment to the rate equation/photon transfom ground state to the one-exciton state (0-1, dashed) and

por equaton approach [16,17). Having obtained i tisfom e ater (o e two-excon siate (12) (ol o) of

way the dispersion of the absorption cross section in th?n to the right ordinate: emission cross sections of B800-

SPeCtral region of the transition of intergst, the transitiqrg5o_ Conditions of emission measurement: room temperature,
dipole moment can be calculated. To this end the nonlind = 1 cm, 0D = 0.01 at 850 nm,A,, = 700 nm.
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induced transitions between them, and intraband as wetletermined for the relevant parameter for nonlinearity
as interband relaxations. The determination of parametersnder resonant conditions, vizvp/ag. They can be

of this model concerning emission is described further beebtained as the slope of the intensity-dependent nonlinear
low; the parameters for intraband [22] as wellzas- 1 absorption functions [28]. These values for B800-850
interband relaxation [10] were taken from the literature.are comparable to those of quantum-confined CdS
The only unknown parameters, the absorption cross seclusters [29], e.g.,a>/ao(855 nm) = —(5.0 £ 1.0) X
tions of the two transitions, could then be obtained from10~7 cm?/W.

the simultaneous fit [17] of the nonlinear absorption func- In the derivation of the absorption cross sections
tions and the DOD spectra based on a rate equation afer the 0 — 1 and 1 — 2 transitions, the influence of

proach: the induced emission had to be known. Based on the
on . A determined (For experimental details, see Ref. [24] and
ot (AL + B)n (1) references therein.) fluorescence decay tithe= 1.0 *

wheren(x, t) is the vector of the normalized population 0.1 ns and quantum yieldpr = 0.10 = 0.02 (values,
densities of the energy levels, the matrices ofand  Wwhich are in good agreement with data from the literature
B contain the cross sectionsand the relaxation constants [30,31] and which result ik, = (1.0 = 0.3) X 103 s7!
k of the transitions, respectively/(x,t) is the intensity for the radiative decay rate) the emission cross sections
of the laser pulse propagating alomgaccording to the shown in Fig. 2(b) have been obtained. The maximum

photon transport equation: value is o (860 nm) = 8.2 X 107!6 cn?, the data for
1 9o 9 . the emission dipole moment and oscillator strengths
~ a9 T o J1 T ~MNol(g'm) (@ are pp = (9.5 = 1.0)D and fr = (0.45 = 0.10). For

comparison, the respective values for monomeric Bchla in

ether areoz (783 nm) = 4.5 X 107'° cn?, urp = 6.3D,

fe = 022 andk, = 6.3 X 10’ s~!. From these data we
onclude that the excitonic coupling in emission at room

whereN; is the particle density in the medium agds a
vector containing elements @f[17].

A full set of parameters is given in the legend to
Fig. 1, and the absorption cross sections of the tw X )
transitions in question(0 — 1,1 — 2) are shown in emperatu.re is re_str_lcted to _fewer molecules, probably to
Fig. 2(b). While the shape and the spectral displacemerﬁ Bchla-o!|mer .W'th'n the circular B850 aggregate. (A
of these absorption bands are similar to those of Bchl&ma” exciton size of = 2 has been recently determined

in solution [23,24], their intensities expressed as croséISO for the absorptiqn transition [32], in contrast to our
sections [cf. Fig. 2(b)], dipole moments, and osciIIatorreS!Jlt.S)' Alter Iowerlng the temperature to 4.2 K, the
strengths are of extraordinary size [25]: radiative decay rate increases by about a factor of 4

_ _ . [30,31]. This may indicate a corresponding increase of
= —+ = -+
o1 =255 225D, for = 3.3 2 06; the number of collectively emitting Bchla molecules in

M1 = 21.5 £ 3.5D, f1-o =24 *=08. the circular aggregate.
For comparison, the maximum absorption cross section Last but not least, it should be mentioned that there
of Bchla in monomeric solution (ether) is (772 nm) =  are some indications that the excitonic transitiba- 1,

3.5 X 10719 cn?, the transition dipole moment is which we have handled here as one homogeneous band,
Ms,-s, = 6.3 D, and the oscillator strength i = 0.22.  may be composed of one dominating (sub-) band with
Very similar values were obtained when the measuredne or few weaker subbands: Such heterogeneity at room
absorbance of the B800-850 complex was related téemperature is indicated by the fact that the width of
the corresponding Bchla content, i.e., the values wer¢ghe B800-850 fluorescence band clearly exceeds that of
calculated per single Bchla in the 850 nm band [27]. the corresponding 850 nm absorption bafrWHMg =

This comparison with the Bchla single-molecules data550 cm™!, FWHM, = 420 cm™ '), and is further sub-
shows that there is @16 * 4-fold enhancement of the stantiated by results from nonlinear polarization spec-
850 nm 0-1 transition dipole moment of the extractedtroscopy in the frequency domain (NLPF) [33]. The
LH2 antenna, i.e., the excitation is delocalized overadditional oscillator strength for these minor band(s) may
16 = 4 Bchla, which comprises much if not all of the arise at the expense of the higher-energy bands (hyper-
circular aggregate. To our knowledge, this is the largesthromism) [34].
exciton size found so far in an organic material at Further details on such a substructure of the B850
room temperature. The corresponding values for the Jabsorption band are expected from present temperature
aggregates of pseudoisocyanines and polydiacetylene adependent NLPF investigations. They should bridge the
4-12 [9,10,28] and about 5 molecules [28], respectivelygap to the 4.2 K-hole burning data which showed only
Remarkably this circular aggregate with the large excitora single, homogeneous B850 band [35]. Structure-based
size is a product of nature. calculations of the spectrum &ps. acidophild36] also

The second prediction for strongly coupled aggregatemdicate one dominating band in B850 for one set of 18
concerned the size-enhanced scaling6f. Values were strongly interacting molecules.
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