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ABSTRACT Spectral substructure and ultrafast excitation dynamics have been investigated in the chlorophyll (Chi) a and b
QY region of isolated plant light-harvesting complex 11 (LHC 11). We demonstrate the feasibility of Nonlinear Polarization
Spectroscopy in the frequency domain, a novel photosynthesis research laser spectroscopic technique, to determine not only
ultrafast population relaxation (T1) and dephasing (T2) times, but also to reveal the complex spectral substructure in the Qy
band as well as the mode(s) of absorption band broadening at room temperature (RT). The study gives further direct evidence
for the existence of up to now hypothetical "Chl forms". Of particular interest is the differentiated participation of the Chl forms
in energy transfer in trimeric and aggregated LHC II. Limits for T2 are given in the range of a few ten fs. Inhomogeneous
broadening does not exceed the homogeneous widths of the subbands at RT. The implications of the results for the energy
transfer mechanisms in the antenna are discussed.

INTRODUCTION

In higher plants the peripheral antennae of both photosys-
tems I and II consist of a number of chlorophyll (Chl) a/b
protein complexes. Most abundant and extensively studied
is the main light-harvesting complex (LHC II) harboring
>50% of the total Chl (a + b) in thylakoid membranes.
Different preparations have been termed "LHC II"; in the
following the term will be used only for the bulk complex
comprising the Lhcbl and Lhcb2 gene products, according
to the nomenclature of Jansson (1994).

Very recently the 3D structure of LHC II has been ob-
tained with 3.4 A resolution (Kuhlbrandt et al., 1994). The
basic building unit appears to be a (mixed) trimer of the two
apoproteins, in crystals as well as in vivo, with at least 12
Chls (a + b) non-covalently attached to each apoprotein
(Kuhlbrandt et al., 1994). However, at the current resolution
Chls a and b were not discernible, so their assignment to
specific binding sites remains tentative. The structure data
indicate that the pigments are densely packed in the com-
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plex. The shortest center-to-center distances between the
Chls range from 9 to 14 A (Kuhlbrandt et al., 1994). This
renders strong excitonic interaction as well as ultrafast and
efficient excitation energy transfer (EET) between neigh-
boring Chls highly probable.

Besides its light-harvesting function, LHC II is assumed
to play a key regulatory role in plant photosynthesis. The
phosphorylation state of LHC II is thought to govern exci-
tation distribution between photosystems I and II (state
1-state 2 transitions; cf., e.g., Allen, 1992). Furthermore,
aggregation in vitro results in drastic changes in the fluo-
rescence properties of LHC II: yield and lifetime(s) are
lowered (Ide et al., 1987). Thus, it has been proposed that
reversible aggregation of LHC II could establish the molec-
ular basis of "high-energy quenching," an important phys-
iological mechanism of safely dissipating excess excitation
energy in photosystem II (Horton and Ruban, 1992;
Mullineaux et al., 1993; Lokstein et al., 1993, 1994). How-
ever, the quenching species has not yet been identified.

Inasmuch as the intrinsic arrangement of the pigments
governs the excited state dynamics in the complex, ultrafast
spectroscopy may provide further insight into structure-
function relationships. Much improved frequency and time
domain techniques (with respect to spectral and temporal
resolution) have revealed complex multiphasic excited state
kinetics in LHC II with ultrafast components even in the
100-fs range (Eads et al., 1989; Kwa et al., 1992; Du et al.,
1994; Palsson et al., 1994; Savikhin et al., 1994).
Such measurements and the interpretation of the data are,

however, complicated by several factors: The So -> S, (QY)
absorption band of Chl a in LHC II (as in pigment-protein
complexes in general) is considerably broadened and red
shifted with respect to monomeric Chl a in organic solvents.
This is generally interpreted in terms of spectral heteroge-
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neity, comprising several (strongly overlapping) "Chl
forms" (e.g. Brown, 1972; French et al., 1972; Hemelrijk
et al., 1992; Jennings et al., 1993). The molecular origin and
physiological role of the "forms" is not yet established.
Whether the forms comprise monomeric Chls in a different
protein environment, excitonic components or a combina-
tion of both, has not been elucidated. Neither is the ratio of
homogeneous to inhomogeneous broadening for the indi-
vidual forms established.
A multitude of essentially indirect approaches to this

issue (such as Gaussian analysis of the spectra and deriva-
tive spectroscopy) has been reported, yielding differing
results (e.g., Brown, 1972; French et al., 1972; Brown and
Schoch, 1981; Hemelrijk et al., 1992; Krawczyk et al.,
1993; Jennings et al., 1993; Zucchelli et al., 1994). Recent
ideas converge toward a consensus model in which at least
six Chl forms are assumed to describe steady-state spectra
of LHC II (Jennings et al., 1993). An earlier approach to the
problem by means of nonlinear laser spectroscopy has been
reported by Leupold et al. (1989). Induction of nonlinear
absorption in the long-wavelength part of the Qy-absorption
band of chloroplast suspensions (by highly monochromatic
sub-ns pulses at 687 and 692 nm) resulted in transient
band-shape changes in the whole range of investigation
(645-680 nm). This is in conflict with the model of Jen-
nings et al. (1993), suggesting subbands characterized by
band widths of 9-12 nm (full width at half maximum,
FWHM), if these are not excitonic components.
To understand (and model) the abovementioned ultrafast

EET times, a further problem has to be considered: excita-
tion coherence, the decay of which is characterized by the
phase or transversal relaxation time (T2):

T21 = (2T})-' + (T)-1; (1)

where T1 and T2 are energy relaxation time and pure
dephasing time, respectively. T2 is related to the homoge-
neous width (rhom) by:

T2= A2/TC1Fhom. (2)

Characterization of dephasing by only one parameter is
based on the assumption that the process is purely intramo-
lecular. There are hints that for certain cyanine dyes in
solution the opposite case may apply, indicating the need for
a stochastic approach to describe the frequency fluctuations
of the absorbing systems (Nibbering et al., 1991). Our data,
however, suggest the validity of the assumption of intramo-
lecular dephasing at least for cryptocyanine (D. Leupold,
J. Ehlert, J. Hirsch, H. Stiel, K. Teuchner, and W. Sandner,
unpublished results). Up to now, no relevant data for Chl
systems are available.
The most common approach to describe EET assumes

incoherent hopping between weakly coupled pigments as
described by the Forster theory (Forster, 1948, 1965). Even
for strongly coupled Chls (as has to be expected for LHC II)
the incoherent approach may be justified if T2 is much

Theoretical estimates of the order of T2 in photosynthetic
antenna systems are controversial and experimental data for
room temperature (RT) conditions are scarce. Kenkre and
Knox (1976) have argued that T2 is in the range of a few
tens of fs. It should be noted that this is close to the recently
inferred EET rates of 100 fs and less (Du et al., 1994). Thus,
according to Eq. 1 EET may contribute effectively to phase
destruction. However, Nedbal and Szocs (1986) pointed out
that a theory not restricted to the lowest orders of dipole-
dipole interactions makes coherent motion of excitons for
>1 ps probable. Indeed, Bittner et al. (1991) have derived
T2 values of -1 ps from RT nonlinear absorption experi-
ments in the Qy region of a PS II preparation (BBY).

Another phenomenon observed upon aggregation of LHC
II is the emergence of intensive nonconservative (so-called
"psi type") bands in the circular dichroism (CD) spectrum.
This is usually interpreted in terms of reorganization of
LHC II into large chiral macrodomains with long-range
interaction between chromophores (Garab et al., 1988; Ga-
rab, 1993; Barzda et al., 1994). Theory for psi type aggre-

gates (Keller and Bustamante, 1986) predicts delocalization
of excitation energy over large arrays of chromophores.
We are currently exploring the potential of nonlinear

polarization spectroscopy in the frequency domain (NLPF)
to investigate biological systems at different levels of struc-
tural complexity. NLPF was first applied to condensed
matter by Song et al. (1978) to determine ultrafast T1 in
dissolved organic dyes. Subsequent theoretical investiga-
tions have shown that the NLPF lineshapes contain further
information, e.g., on the mode of band broadening, on the
spectral cross-relaxation time T3 (Neef and Mory, 1991), on

spectral substructure (Leupold et al., 1994), and on EET
(D. Leupold and V. May, manuscript in preparation). The
principle of NLPF spectroscopy is comprehensively described
elsewhere (Song et al., 1978; Saikan and Sei, 1983; Leupold
et al., 1994); thus it is only briefly accounted for in Fig. 1.
NLPF has unique advantages when compared with estab-

lished techniques with similar information content. 1) In
contrast to, e.g., nonphotochemical hole-burning spectros-
copy, it allows the investigation of biological objects at
physiological temperatures, thus reducing the possibility of
structural alterations in the samples upon cooling. 2) The
determination of relaxation times in the ps/fs range with
laser pulses in the ns range provides the possibility of
probing with nearly monochromatic radiation (when com-

pared with fs time-domain techniques). Leupold et al.
(1992, 1993, 1994) have previously applied the NLPF tech-
nique to investigate the spectral substructure and excited
state dynamics in purple bacterial antennae, revealing T2
values in the sub-ps range at RT. Here we report on the first
NLPF experiments with trimeric and aggregated samples of
spinach LHC II.

MATERIALS AND METHODS

LHC II was prepared from spinach as described by Krupa et al. (1987). The
final LHC II pellets were characterized by a Chl alb ratio of 1.13 ± 0.04shorter than the transfer time (van Grondelle, 1985).

Lokstein et al. 1537



Volume 69 October 1995

analyzer

polarizer

probe-pulse co2

pump-pulse (oI

FIGURE 1 The principle of NLPF spectroscopy. The sample is probed by a highly monochromatic, linearly polarized beam (W2, fixed in the absorption
band to be analyzed). The beam is blocked behind the sample by a perpendicularly oriented polarizer (analyzer). A pump beam (cl, variable in the same
absorption band) and likewise linearly polarized (but at an angle of 450 with respect to the W2 polarization plane) induces dichroism and birefringence in
the sample, thus generating a polarization component of the probe beam orthogonal to its original polarization. This component can be detected behind the
analyzer, thus providing the NLPF signal, registered as a function of frequency difference between ot, and &t2.

as determined in 80% acetone solution according to Arnon (1949). Fully
denaturing SDS-PAGE analysis indicated the presence of essentially two
apoproteins in the 25-27 kDa range (exceeding 95% of the total protein;
data not shown but cf. also Krupa et al., 1987). For disintegration into
trimers the LHC II pellet was solubilized with 0.5% n-octyl ,B-D-glucopy-
ranoside + 0.5% digitonin (Mullineaux et al., 1993). Aggregation was
induced by addition of 1 mM (final concentration) MgCl2. The degree of
aggregation was judged from CD and 77 K fluorescence emission spectra.
CD spectra were recorded on a CD6 dichrograph (Jobin-Yvon, France).
77 K fluorescence emission spectra were recorded from samples containing
5 Ag Chl/ml on a F-4500 fluorescence spectrophotometer (Hitachi) excit-
ing at A = 440 nm (slit widths of 5 and 2.5 nm, for excitation and emission,
respectively). Absorption of the samples was adjusted and spectra were
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FIGURE 2 Theoretical NLPF lineshapes. a) A homogeneously broad-
ened band (the bandshape of the individual species is identical with the
shape of the global absorption band, with their respective maxima at AO).
For A2 $ A0 two maxima are observed in the NLPF signal, with one at A,
= A2 and a second at A, = A0. For the special case that A2 is located at
the half-width of the band both peaks will have the same height. b) An
extremely inhomogeneous broadened band (the width of the distribution
function of the individual transitions is much larger than the homogeneous
width of each of them). Only a single symmetric signal centered around
AI = A2 is observed. Note that in this particular case there is no fingerprint
of the overall absorption maximum. An intermediate case (not shown, here
referred to as moderate inhomogeneous broadening) is characterized by a
relatively large rhom spread continuously over a certain distribution width.

recorded using a Lambda 19 spectrophotometer (Perkin-Elmer Cetus,
Norwalk, CT). NLPF experiments were performed with LHC II suspended
in buffer (10 mM Tricine, pH 7.8) at 0.35 mg Chl/ml (OD678 = 1.35) in a
1-mm flow-through cell (to minimize sample degradation during the ex-
periment). Absorption as well as RT and 77 K-fluorescence spectra re-
corded after the experiments gave no indication of sample degradation
during the measurements (spectra not shown).

The NLPF setup has been described previously (Leupold et al., 1992,
1993). Some modifications have been introduced since to enhance resolu-
tion, including 1) a selected pair of polarizers, 2) narrow-band dye lasers
(spectral line-width: 0.05 cm-'), and 3) a photomultiplier was used as
detector. Pump and probe beams (pulse duration: 15 ns FWHM) were
obtained from tunable LPD 3002 dye lasers (LAS, Stahnsdorf, Germany;
laser dye: DCM/DMSO, tunable from 640 to 690 nm) synchronously
pumped by an LPX 105 excimer laser (Lambda-Physik, Gottingen, Ger-
many). The pump intensity was varied between 1.4 x 1024 and 4 X 1025
photons/cm2 x s. The probe beam was three orders of magnitude less
intense. NLPF is a technique for investigating processes preferably in the
ps/fs-range; the actual time resolution limits depend on the experimental
parameters (essentially on laser linewidth and tuning range). For the
present setup the resolution range spans from -10 fs up to 60 ps.

The NLPF signal function (S) can be analyzed for model systems
solving the equations of motion for the density matrix of interest by third
order perturbation theory (Song et al., 1978; Saikan and Sei, 1983; Neef
and Mory, 1991). Already a simple two-level system (Fig. 2) or a model
combining several such systems suffices to explain the principal features of
NLPF spectra. From the theoretical lineshapes the following four principal
cases can be distinguished (cf. also Leupold et al., 1994).

1) Pure homogeneous broadening:

S(L; 0)02) = Ifhom 2 (3)

y2y2{4r2 + 3WO2 + ()X}2 + 12{2F(F2 + W02) + Y(0)01002 - r

4 -_2(_y2 + z2)(r2 + w21)2(r2 + WO2)2

with f, lineshape function of the third order nonlinear polarization; y -
T1; r= T2 1; ,, frequency (co = 27rc/A) of the pump beam (variable);
W2, frequency of the probe beam (fixed); W)L, frequency in the maximum of
the distribution function of the transition frequency (in the homogeneous
case termed wo); A =- , - (02&%ij = Otji- wj; a = constant factor.

2) Extreme inhomogeneous broadening:

4y2 + A2
S(A) = a (4F2 + A2)(,y2 + A2) (4)

1 538 Biophysical Journal



Nonlinear Polarization Spectroscopy of LHC 11

3) Intermediate case, here referred to as moderate inhomogeneous
broadening:

S(A; (.02L)

1 1 1 1
a
F+-iol +A+-ioL (5)'Y F + 8- i() Y) + iA F + 5t i1Z2L

+1+ g1 iA) (F+2(+)+iA )2
'Y g+iA (IF+ 5+ iWlL)(2 + iA)1

with 8, width of the distribution of the transition frequency.
Usually the situation will be even more complicated by overlap of several
bands of one of the above types: 4) heterogeneous broadening (linear
superposition of m, in this study, homogeneously broadened components
with transition frequencies wO;i, WO;2.* * * X OO;m)

N

S(A) = E gJf(A, w0o)
j=l

2

Parameters were extracted from the data by fitting the appropriate line-
shape function to the experimental curve.

RESULTS AND DISCUSSION

Characteristic CD and 77 K fluorescence emission spectra
of trimeric and aggregated LHC II are shown in Fig. 3. The
spectra closely resemble those previously reported for LHC
II in the respective states (cf. Ide et al., 1987; Bassi et al.,
1991; Garab, 1993; Mullineaux, 1993). Whereas trimers
give rise to a single 77 K emission band centered at -682
nm, aggregates are characterized by the appearance of a
second emission maximum at -700 nm and a considerably
lower fluorescence yield (note that the aggregate emission
spectrum is magnified 15 times (Fig. 3 insert). In the CD
spectrum typical psi type bands centered at 490 and 682 nm
indicate formation of macroaggregates upon addition of
Mg2+ (Garab et al., 1988; Garab, 1993).
The RT Qy absorption spectrum of LHC II is consider-

ably broadened with respect to monomeric Chl a in organic
solvents. Besides the two maxima around 652 (Chl b) and
674 nm (Chl a) it appears to be rather featureless at RT in
either the trimeric or the aggregated state, the latter being

,0.000
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FIGURE 3 CD and normalized 77 K fluorescence emission spectra

(insert) of trimeric (----) and aggregated LHC II ( ).

characterized by a slightly red-shifted Chl a maximum (to
676 nm, Fig. 4).

NLPF spectra of LHC 11

NLPF spectroscopy was performed (Fig. 4, arrows) at probe
wavelengths (A2) of 645, 670, and 685 nm; for aggregates
additionally at the respective absorption maximum of 676
nm. NLPF spectra were recorded in two regimes, 1) with
high spectral resolution (1 pm steps) in the immediate
vicinity of the resonance wavelength A1 = A2; and 2) with
lower resolution (0.2 nm step width) over a large range of
the Chl a/b Qy band (across the entire tuning range of the
pump beam A1) with otherwise identical instrument param-
eters. Whereas the high-resolution scan around the reso-
nance wavelength contains mainly information on T1 the
broad-range scan carries information on the existence of
spectral substructures as well as on their (or the overall)
homogeneous and inhomogeneous widths and the corre-
sponding T2 (Neef and Mory, 1991; Leupold et al., 1994).

In Fig. 5 (upper panel) typical broad-range RT-NLPF
spectra of trimeric LHC II, probed at 670 and 685 nm (Chl
a region), are given. At first sight it is evident that for all
spectra the case of extreme inhomogeneous broadening can
be ruled out (cf. also Fig. 2 b), since, besides the resonance
peak, a broad secondary maximum is obvious. Characteris-
tic changes in the NLPF signal shape upon variation of A2
clearly indicate that there must be more than one distin-
guishable absorbing species, thus giving (according to our
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640 660 680 700
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FIGURE 4 Qy absorption spectra of trimeric (----) and aggregated
( ~) LHC II. Subbands according to Jennings et al. (1993) and NLPF
probe wavelengths (645, 670, 676, and 685 nm; arrows from left to the
right, respectively) are indicated.
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FIGURE 5 Experimental NLPF data and fits ( ) assuming heteroge-
neity according to Jennings et al. (1993) and prevailing homogeneous
broadening of the subbands in trimeric and aggregated LHC II.
The samples were probed in the Chl a Qy region at 670 and 685 nm.
Note that the "spikes" at A1 = A2 are illustrative marks (e.g., when
comparing with the theoretical picture of extreme inhomogeneous broad-
ening). But they are not useful for direct quantitative evaluation; their
actual FWHM is much smaller than the step width in the broad range
measuring mode. The "spikes" are well resolved in the high-resolution
scans, cf. Fig. 6.

knowledge) for the first time a direct hint toward the exis-
tence of distinct subbands (Chl forms).

Using the theoretical lineshape function for heteroge-
neous broadening and the center wavelengths of the sub-
bands obtained by Jennings et al. (1993) we could fit our
data (fits correspond to the solid lines in Fig. 5). The
parameters extracted from the fits are displayed in Tables 1
and 2, and will be discussed in the following section.

In most cases, for probing at a certain A2 more than one
subband gives a contribution to the overall NLPF signal.
This can result either from direct contributions of subbands
(Chl forms) with a broad rhom, or may reflect indirect

TABLE I Coupling of Chi spectral forms in LHC 11 trimers
and aggregates. AO and A2 correspond to the center
wavelengths of the individual subbands and the NLPF probe
wavelengths, respectively

Spectral forms in

LHC II trimers (AO (nm)) LHC II aggregates (A0 (nm))
(nm) 649 660 669 677 684 649 660 669 677 684

645 X X X - - X X -* X -
670 - X X X - - - - X -

676 X - - X X
685 - X X X - - X X

*No 669-nm Chl form detectable in LHC II aggregates.

TABLE 2 Dephasing times (T2) and corresponding
homogeneous linewidths (Whom) in trimeric and aggregated
LHC 11 at room temperature

LHC II 649 nm 660 nm 669 nm 677 nm 684 nm

Trimers
T2 (fs) 10 ± 4 15 ± 5 21 ± 7 25 ± 8 40 ± 13
Fh.m (cm-1) 1060 710 500 425 260

Aggregates
T2 (fs) 24 ± 8 24 ± 8 * 21 ± 7 60 ± 20
rhom (cm-1) 440 440 * 500 175

The lower limits of T2 represent the values obtained assuming pure homo-
geneous broadening, whereas the upper limits were derived for moderate
inhomogeneous broadening of the respective subband.
*No 669-nm Chl form detectable in LHC II aggregates.

contributions from spectrally distant Chl forms via EET
(with conservation of polarization) to a species spectrally
close to A2. Further possibilities could be that the substruc-
ture arises because of excitonic splitting and/or vibronic
contributions coupled to the electronic transition. The latter
is not unlikely because 1) the Huang-Rhys factor (S) for
LHC II was found to be of an appreciable magnitude (S .
0.5; cf. Reddy et al., 1994) as kindly remarked by one
reviewer. Moreover, 2) cryptocyanine in solution provides
an example for the vibronic origin of the NLPF spectral
substructures (D. Leupold, B. Voigt, J. Ehlert, J. Hirsch,
H. Stiel, K. Teuchner, and W. Sandner, unpublished re-
sults).

Varying A2 provides information on the connectivity be-
tween the Chl forms. Table 1 comprises these results. Prob-
ing, e.g., at A2 = 645 nm in LHC II trimers, subbands with
maxima at 649, 660, and 669 nm contribute to the NLPF
signal. Probing at 670 nm, the 660-, 669-, and 677-nm
forms give contributions. Contributions from the 649-nm
form are just as absent as those from the 684-nm form. In
the same manner the results at A2 = 685 nm (third line in
Table 1, left side) have to be interpreted.

Notably, the NLPF spectrum obtained when probing ag-
gregated LHC II at A2 = 670 nm can be described by a
single (sub-)band. This offers the possibility for a prelimi-
nary estimation of the extent of inhomogeneous broadening
in the subband. Using the theoretical lineshape function for
moderate inhomogeneous broadening (case 1) it follows
that the experimental NLPF profile would be consistent
with a model between the limits of pure homogeneous
broadening and inhomogeneous broadening (maximally)
up to Fhom. This is in agreement with the theoretical
predictions of Jia et al. (1992). Moderate inhomogeneous
broadening would result in an increase of the respective
T2 values by a factor of -2. This approach provides the
basis for the determination of the T2 limits as given in
Table 2.
The broad-range NLPF spectra obtained from aggregated

LHC II differ significantly from their trimeric counterparts.
Two main features emerge (Table 1, right side): 1) there is
no unequivocal hint of a 669-nm subband; and 2) there are
contributions from the 649-nm form in the NLPF signals

ii I
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probed at 676 and 685 nm, and also, e.g., from the 677-nm
form in the 645-nm signal. This might indicate that the
depolarization of the excitation during EET in LHC II
aggregates is less effective than within the trimeric form,
but "uphill" EET is less probable for energetic reasons. A
preliminary explanation may be that the subbands reflect at
least in part excitonic splitting, thus rendering the number of
subbands not necessarily identical with the number of
"forms" (entities defined by their respective different envi-
ronment). A final and unambiguous interpretation requires
further experiments with a more dense distribution of NLPF
probe wavelengths; this work is currently under way in our
lab. Preliminary results with Chl a in diethyl-ether solution
indicate only one species with dominating homogeneous
behavior, very similar to Fig. 2 a.

Dephasing times

T2 values were obtained from NLPF data with the probe
wavelength closest to the respective subband according to
Jennings et al. (1993) to avoid distortion, e.g., by EET. The
T2 values as displayed in Table 2 are (for each of the
subbands) clearly in the sub-100-fs range. This holds true
even for moderate inhomogeneous broadening (as indicated
by the upper limits in Table 2). Thus, T2 values obtained
from NLPF experiments are consistent with the theoretical
predictions of Kenkre and Knox (1976). Hence, the T2
values derived here are considerably shorter than the ones
(up to 4 ps) deduced by Bittner et al. (1991) from nonlinear
absorption experiments with BBY particles (where LHC II
is the dominating absorber, also). Remarkably, our T2 for
the 649-nm band (close to the 647-nm probe wavelength of
Bittner et al. (1991) was the shortest observed. In our
nonlinear absorption measurements (providing comparable
excitation conditions) we have in no case observed similar
nonlinear absorption phenomena as Bittner et al. (1991) did,
neither in BBY particles nor in thylakoid suspensions
(H. Lokstein, unpublished results).
As indicated in Table 2, the T2 values for the subbands of

the trimers show an increase from the short wavelength
bands to the red-shifted ones, indicating that the rhom values
of the subbands are different. This is in conflict with the
nearly constant FWHM in the model of Jennings et al.
(1993), but consistent (especially for the broad FWHM of
the band centered at 649 nm) with earlier nonlinear laser
spectroscopic results (Leupold et al., 1989).
The present data suggest that there could even be some

overlap with ultrafast EET as reported recently by Du et al.
(1994), thus creating a very complex appearance of exciton
dynamics in LHC II on the sub-ps time scale. Interesting in
this respect are also the findings of a recent hole-burning
study in LHC II (Reddy et al., 1994). The T2-value of the
red-most transition (at 680 nm) was found to be 10 ps at 4.2
K. The transition appeared to be largely inhomogeneously
broadened. No long-wavelength forms (centered at 684 and
693 nm) have been detected at liquid helium temperature.

The latter could be indicative, however, of a not yet under-
stood structural alteration of the sample upon cooling. Other
workers (Zucchelli et al., 1994) have reported the 684-nm
band to be extremely temperature sensitive, vanishing at
low temperature.
The seemingly contradictory broadening modes observed

both at 4.2 K and RT can be largely reconciled with apply-
ing the model of Jia et al. (1992), predicting prevailing
inhomogeneous broadening at 4 K (F'inh around 200 cm-1,
temperature-invariant) and homogeneous broadening be-
coming of paramount importance at RT.
To make our results directly comparable to the hole-

burning data and to clarify the above apparent contradic-
tions, an extension of the NLPF experiments to the low
temperature region is in progress.

Pump-beam intensity dependence of the
NLPF lineshapes

Further valuable information can be derived from the NLPF
lineshapes when the pump intensity is varied. At the mo-
ment we defer discussion of the effects on the broad-range
spectra, but examples of intensity dependence in the high-
resolution NLPF spectra are given (Fig. 6). The T1 values
derived from such spectra at a certain A2 reflect the excited
state lifetime(s) of the form(s) contributing to the respective
signal (cf. Table 1). Note that T1 . 60 ps cannot be resolved
with the current apparatus. In principle one should be able
to investigate the intensity dependence of the lifetimes in
each subband, but this requires a more dense distribution of
A2 and global analysis of the data. The NLPF profiles at
A2 = 670 nm (Fig. 6) show considerable broadening with
increasing pump intensity (which means shortening of the
excited state lifetime). Most probably the lifetime shorten-
ing results from exciton-exciton annihilation, given that the
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FIGURE 6 Excitation intensity dependence of the NLPF lineshapes
(with high resolution around the resonance wavelength, Al = A2 = 670
nm) in trimers and aggregates of LHC II.
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effect exerted on LHC II-aggregates appears to be more
pronounced than in the trimers. This is to be expected, since
exciton annihilation has been shown to be critically depen-
dent on the so-called domain size (array of pigments over
which an exciton can "diffuse" during its lifetime), thus
rendering aggregates with substantially larger domain sizes
more susceptible for exciton annihilation (Geacintov and
Breton, 1982; Nordlund and Knox, 1981). Both reported
types of annihilation, singlet-singlet as well as singlet-triplet
annihilation are to be expected for our experimental condi-
tions (pulse duration of -15 ns FWHM). Recently, on the
basis of ultrafast absorbance transients under singlet-singlet
annihilation conditions it was shown that the energy migra-
tion patterns in small and large aggregates of LHC II differ
significantly from each other (V. Barzda, G. Garab, L.
Gulbinas, and L. Valkunas, submitted for publication).

CONCLUSIONS

NLPF spectroscopy yields information otherwise not acces-
sible for LHC II at physiological temperatures. NLPF
1) gives direct indication for spectral substructures (heter-
ogeneity); 2) demonstrates differentiated energy transfer/
coupling behavior between subbands in trimers and aggre-
gates and thus, can probably help to reveal the "high-energy
quenching" mechanism; 3) reveals the mode of absorption-
band broadening of the Chl a and b Qy bands; 4) yields
ultrafast dephasing times of a few 10 fs under the assump-
tion that dephasing in LHC II is a purely intra-Chl form
process, which needs to be further investigated; and 5) in-
dicates the occurrence of multiphoton processes (exciton-
exciton annihilation).

This work was supported by the "Deutsche Forschungsgemeinschaft"
(Le729/2-1). H. L. is indebted to the "Studienstiftung des deutschen
Volkes" for support by a postgraduate fellowship.
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