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Transient absorption kinetics of bacteriochlorophylls in the chlorosomes from Cf. auran-
tiacus were measured at room temperature and 77 K using low- intensity near-infrared
femtosecond pulses with a duration as short as 50 fs. For accurate determination of the
isotropic and anisotropic decays, simultaneous two channel detection of both parallel and
perpendicular polarizations in the one-color pump-probe setup was employed. A typical fast
isotropic component was found within the Qy band of the BChl ¢ absorption, which has a
decay lifetime varying from 620 fs to 1.5 ps at room temperature, and between 400 fs and 1.6
ps at 77 K. Both exhibit a general trend of increasing decay time with detection wavelength.
Very similar time constants were also observed for the corresponding single anisotropy de-
cays. The origin of these fast decays is suggested to be due to either multiple excitonic
relaxation or a sequential intra-chlorosomal energy transfer between different spectral forms
of BChl ¢ pigments. These spectral forms may be organized in such a way that there is
a gradual decrease of polarization from the short-wavelength absorbing form to the long-
wavelength absorbing one, accounting for the wavelength-dependent residual anisotropies
with values of 0.34 at 720 nm, 0.30 at 730 nm and 0.22 between 734 - 760 nm. The 2 ps
isotropic component resolved at 780 and 796 nm may be related to vibrational relaxation or
to energy transfer among the baseplate BChl @ molecules. Further energy transfer processes

such as that from chlorosomal BChl ¢ to the baseplate BChl a, are also discussed.

I. Introduction

The chlorosome is the major light-harvesting an-
tenna in Chloroflexus aurantiacus Cf. aurantiacus ).
It typically contains 10 000 BChl ¢ molecules with an
absorption maximum at 740 nm!. The antenna BChl
¢ in Chloroflexaceae are organized as rod-like elements
with a diameter of 5.2 nm extending the full length of

23] In addition the chlorosomes con-

the chlorosomesl
tain a small amount of BChl a with an absorption max-
ima around 790-795 nml4. These BChl a molecules are
found in the baseplate connecting the chlorosome to the
cytoplasmic membrane where the reaction centers and
core antenna components (B806-866) are situated!®],
The characteristic feature of the chlorosome archi-
tecture is proposed to be organized as BChl ¢ oligomers.

This means that its structural arrangement, spectral

properties, as well as its energy transfer processes are
mainly determined by the pigment-pigment interac-
tions, in contrast to the pigment-protein interactions
which are the predominant structural parameters in

(6=111 " Support

other photosynthetic antenna systems
for this idea comes from the spectroscopic similar-
ity between wn witro BChl ¢ in organic solvents, iso-
lated protein-free chlorosomes and the native chloro-

somes in vivol!®3l A variety of evidence from lin-

ear dichroism[!*=16] [17-19]

, fluorescence polarization , as
well as anisotropy measurements [20, Y.-Z. Ma et al.,,
unpublished results], have revealed that there is a high
degree of order among the BChl ¢ molecules in the
chlorosome structure. The average angle between the
740 nm transition dipole moment and the long axis of

the rod elements of the chlorosome was estimated to
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be 15 - 25° [14, 18 - 20, Y.-Z. Ma et al., unpublished

results].

The energy transfer processes in chlorosomes from
Cf.  aurantiacus have been studied both in intact
cells and isolated chlorosomes mainly by picosecond
time-resolved fluorescence and transient absorption

12,13,20,21-25] * The time constants were

measurements!
found to be about 8 - 16 ps for energy transfer from
the chlorosomal BChl ¢ to the baseplate BChl a, de-
pending mainly on the kind of chlorosomes (isolated or
intact)[lz], and about 30 - 40 ps for the transfer from
the baseplate BChl a to the B806-866 core antenna. An
even shorter lifetime was resolved by Holzwarth et af2°]
using the single photon counting technique in combina-
tion with global analysis of the data. The obtained
lifetime of 5+ 1 ps was considered to be either the time
for energy transfer between two BChl ¢ pools or the re-
laxation time between two exciton states. With a 2 ps
time resolution, Lin et al['3 observed wavelength de-
pendent decay behavior between 715 and 755 nm and
a major lifetime of 3-4 ps. The same authors also re-
solved a wavelength dependent absorption anisotropy
decay time, which changed from 7+ 1 ps at 720 nm to
441 ps at 740 nm. The observed wavelength dependent
decay kinetics as well as the dynamic blue shift were ex-
plained by an exciton model for the chlorosomal BChl
¢ organization based on modified linear J - aggregates.
Very recently, Savikhin et al. observed an additional
ultrafast equilibrium process which proceeded in about

100 fs at room temperaturel*™.

In this paper, we report transient absorption kinetic
measurements performed on chlorosomes of Cf. auran-
tiacus at room temperature as well as at 77 K using
femtosecond pulses with a typical duration of approx-
imately 50 fs. A typical fast isotropic component was
observed in the range of 720 - 760 nm, which has a
lifetime varying from 620 fs to 1.50 ps at room tem-
perature, whereas it changes in the range of from 400
fs to 1.6 ps at 77 K. Moreover, it also shows a sim-
ilarity with the time constant observed in the corre-
sponding anisotropy kinetics. Both these isotropic and
anisotropy decays exhibit a general trend of increas-
ing lifetime with detection wavelength in most cases at
both room and low temperature. The origin of this
fast component is interpreted as a result of either exci-
tonic relaxation or a sequential energy transfer from the
short- wavelength absorbing spectral form, with high
degrees of polarization, to the long-wavelength absorb-

ing ones, with a lower degree of polarization. Further
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energy transfer processes, including the transfer from
the chlorosomal BChl ¢ to the baseplate BChl a, as
well as the fast relaxation within the baseplate BChl a

molecules, are also discussed.
I1. Materials and Methods

Cells of Cf.
grown as described previously[??]. Freshly thawed cells
were resuspended in TA buffer: 10 mM Tris-HC/? pH

8.0 containing 10 mM sodium ascorbate and disrupted

aurantiacus (strain Ok-70-fl) were

by two passes through a French pressure cell at 20 000
psi in the presence of 2 mM PMSF. Unbroken cells and
large debris were removed by centrifugation at 20 000
xg for 10 min at 4°C. Chlorosomes still attached to
small membrane fragments were collected from the 20
000 x g supernatant by centrifugation at 180000 x g for
90 min, resuspended in a small volume of TA buffer,
and diluted with 1 vol. of 87% (w/v) glycerol before
storing at - 50°C. The sample was resuspended in 50
mM Tris-HCT (pH 8.0) to give a maximum absorbance
of about 0.5 in a 1 mm cuvette for the femtosecond
pump-probe measurements. A rotating cell of 1 mm
pathlength was also used in some experiments to check
for any possible influence of long-lived photoproducts in
the measurement. Since it makes no observable differ-
ence whether the sample was static or rotating, we will
therefore not specify the sample state for the kinetics
reported in this paper. Low temperature experiments
were performed using an Oxford Instruments cryostat.
In order to obtain a good quality glass upon freezing,
the sample was mixed to about 60% (v/v) glycerol and
a maximum optical density of about 0.5 in a 1.0 mm

glass cuvette was employed.
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Figure 1. Schematic representation of the experimental

setup.

The femtosecond absorption measurements were
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performed using one - color pump - probe technique as
shown in Fig. 1. A commercial Ti: sapphire femtosec-
ond laser (Spectra Physics™ Tsunami) with a optoa-
coustic pulse picker (Spectra Physics™ 3980 model)
was used to obtain short femtosecond pulses with the
desired repetition rate (40 kHz for room temperature
experiments and 80 kHz for the 77K ones). The maxi-
mum available pump power was less than 1.0 nJ/pulse
with a beam diameter of about 40 gm in the beam
overlap region. This corresponds to a maximum pho-
ton flux of 1.1 x 10'3 photons-pulse™'-em~2, which was
further three- or tenfold attenuated with neutral den-
sity filters in order to minimize excitation annihilation
effects. A dual SF10 prism pulse compressor installed
after the pulse picker made it possible to obtain band-
width limited pulses as short as 50 fs. After the prism
compressor the light was directed into a standard non-
collinear pump-probe setup with the following modifi-
cations for more accurate polarization measurements.
The excitation beam was linearly polarized (vertically)
and the probe beam was adjusted to contain a mix-
ture of parallel and perpendicular polarizations. These
two polarizations were split after the sample by a Glan
prism and the intensities were measured by two infrared
sensitive photodiodes and registered by separate lock-in
amplifiers. In this way, the sample response for both po-
larization directions was measured simultaneously in a
single scan, with significant reduction of the error in the
obtained anisotropy values. To make an absolute cali-
bration of AT/T in both polarization directions and to
obtain the proper relationship between the parallel and
perpendicular components in the probe beam, a me-
chanical chopper was placed in the probe arm and the
signal in each channel was measured. The coefficients
obtained for each excitation wavelength were used to di-
vide the amplitude of the signal induced by the pump
pulses, thus obtaining AT/T in absolute units during
the measurements. The measured signals were pro-
cessed with a personal computer. The pulse length and
spectrum were monitored by a CAMAC-based system
using a rapid scan autocorrelator and a grating spec-
trometer equipped with a CCD camera during the ex-
periments. The calibrated signals with parallel and per-
pendicular polarizations were used to obtain the corre-
sponding 1sotropic and anisotropic decays based on the

following relations:
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Adigo(t) = AA(t) +2AA, (1) (1)

_ AN -AAL®)
r(t) = AAY (1) + 2841 () 2)

where AA(t) and AAy(t) are the transient ab-
sorbances with parallel and perpendicular polarization,
respectively. The isotropic kinetic traces were ana-
lyzed using a multiexponential deconvolution proce-
dure taking the pulse autocorrelation function into ac-
count. A similar deconvolution method was used to fit
the anisotropy profiles with a single-exponential decay
function.

The whole system was carefully calibrated be-
fore measurements by using the laser dye IR140 in
a methanol solution. This system has a constant
anisotropy of 0.4 within at least several tens of picosec-

onds as shown in Fig. 2.
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Figure 2. A single test scan using the laser dye TR140 in
methanol solution at room temperature and 740 nm. The
signals with parallel and perpendicular polarizations are
shown as dashed and dotted lines, respectively. The solid
line represents the calculated anisotropy.

III. Results

II1.1 Steady-state absorption spectra

Fig. 3 shows the absorption spectra of chlorosome
from Cf. aurantiacus at both room temperature and
77 K. The spectra have been normalized to the near in-
frared absorption maximum of BChl ¢, which was 739

nm at room temperature and 742 nm at 77 K. Besides
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this slight red shift of the absorption maximum a nar-
rowing of the absorption band was observed upon cool-
ing. The less intense band with a maximum at 795 nm
clearly observed in the expanded spectrum arises from
absorption of BChl a baseplate pigments. Also shown
in Fig. 3 are the spectra of two pulses centered at 760

or 780 nm

Absorbance

800 850

650 700 750
Wavelength (nm)

Figure 3. Steady-state absorption spectra of the chloro-
somes from Cf. aurantiacusat room temperature (dash line)
and 77 K (solid line). The spectra have been normalized at
their near infrared absorption maxima. The dash-dot line
shows the 10 fold expanded pattern of the red side of the
room temperature absorption spectrum. Two spectra of the
femtosecond pulses are also shown with a central wavelength
at (a) 760 nm and (b) 780 nm, respectively. The relative
intensities of these pulse spectra were modified for the sake
of clarity.

II1.2 Isotropic transient absorption kinetics

The transient absorption kinetics for the chloro-
somes from Cf aurantiacus were measured at several
wavelengths between 720 and 796 nm covering the re-
gion of the @), band of chlorosomal BChl ¢ and the
baseplate BChl a molecules. Fig. 4 shows an example
of the kinetics with parallel and perpendicular polar-
izations measured at 743 nm and 77 K, together with
the corresponding autocorrelation trace and pulse spec-
trum. Isotropic profiles were generated from the mea-
sured decays with parallel and perpendicular polariza-
tions as described in the experimental section and a
few typical traces obtained at room temperature are
shown in Fig. 5. The isotropic decays are obviously
wavelength dependent as observed by Lin et. al. us-

(18]

ing lower time- resolutiont"®. At shorter wavelengths,

around 720 nm, the signal is dominated by a strong
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excited-state absorption, which is represented as a neg-
ative signal in Fig. 5. At wavelengths above 730 nm
a positive isotropic decay was observed containing con-
tributions from ground-state photobleaching as well as

stimulated emission.
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Figure 4. Measured transient absorption kinetics of the
chlorosomes from Cf. aurantiacus at 743 nm and at 77
K with parallel (solid line) and perpendicular (dotted line)
polarization. Inserted are the autocorrelation trace and the
corresponding pulse spectrum.

The room temperature isotropic kinetics obtained
can be well fitted by using a four-exponential decay
function in a time-window of up to 100 ps, except at 796
nm, where a three exponential function was sufficient
for a good fit. The resulting decay lifetimes and rela-
tive amplitudes are summarized in Table 1. The short-
est decay component dominating the kinetics at most
measuring wavelengths is of the order of several tens
of femtoseconds. The second component has a lifetime
varying from 620 fs to 1.50 ps, and exhibits a clear in-
crease of lifetime with increasing detection wavelength
in the range of 720 - 760 nm. The only exception from
this pattern was observed at the shortest measuring
wavelength, 720 nm, which represents excited-state ab-
sorption recovery instead of ground-state photobleach-
ing. At 780 and 796 nm, a component with lifetime of
about 2 ps was observed. The third component has a
time constant in the range of 4.7 ps to 7.6 ps between
720 and 760 nm, and it increases to about 20 ps at
780 and 796 nm. Moreover, a slow component could be
resolved with a lifetime of around 100 ps with clearly
larger amplitude at 780 nm and 796 nm in comparison

to the small contribution at shorter wavelengths.
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Figure 5. Isotropic transient absorption kinetics of the

chlorosomes from Cf. aurantiacus at room temperature at
720 nm (A), 743 nm (B) and 796 nm (C). Continuous lines
show the optimized fitting curves and the corresponding fit-
ting results are given in Table 1.

Fig. 6 shows two isotropic decays at 730 and 796
nm, recorded at 77 K. The decay kinetics were ana-
lyzed by using three or four exponential and functions
the fitting parameters are summarized in Table 2. In
general, the lifetimec obtained at 77 K are only slightly
longer than those determined at the same wavelengths
at room temperature. The lifetime of the second com-
ponent also increases with wavelength except at 720

nm. The change in the number of exponential com-

Brazilian Journal of Physics, vol. 26, no. 2, June, 1996

ponents required for the satisfactory fitting of the low
temperature isotropic decay at 760 nm, compared with
the corresponding decay at room temperature, is prob-
ably due to the shorter time window (5 ps) used at 77
K.
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Figure 6. Isotropic transient absorption kinetics of the

chlorosomes from COf. aurantiacus at 730 nm (A) and 796
nm (B) obtained at 77 K. The solid lines show the optimized
multi-exponential decay fitting curves with parameters sum-
marized in Table 2.

II1.3 Time-resolved anisotropy

Time-resolved anisotropy kinetics at room tempera-
ture are also strongly wavelength dependent. The mea-
sured profiles could be well fitted to a single-exponential
decay function and the fitting parameters are summa-
rized in Table 3. A few examples of the anisotropic
kinetics are shown in Fig. 7. In the main part of the
BChl ¢ Qy band the anisotropy decays very rapidly
from the theoretical upper limit of 0.4, or slightly lower,
to a wavelength dependent constant residual value in
less than 1.4 ps. Two similar features can be recog-

nized by comparison with Tables 1 and 2. Firstly, the
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Table 1. Lifetimes and relative amplitudes for the isotropic kinetics of excited bacteriochloroplylls in chlorosomes
from Chloroflezus aurantiacus at room temperature.

Amm) 7i(fs) 7o(ps) 73(ps)  Ta(ps) Ay Ay As Ay
720 14 1.56 4.7 109 -0.61 -0.16 -0.21 -0.02
730 46 0.62 7.6 122 0.55 0.23 0.15 0.07
734 33 0.92 5.3 91 0.58 0.15 0.21 0.06
743 26 1.45 6.6 104 041 021 034 0.04
760 10 1.50 5.9 139 0.94 0.03 0.03 0.002
780 27 2.46 22 141 0.57 0.15 0.13 0.15
796 2.25 23 118 0.45 0.15 0.40

Table 2. Lifetimes and relative amplitudes for the isotropic kinetics of excited bacteriochloroplylls in chlorosomes

from Chloroflexus aurantiacus at 77 K.

Amm) 7i(fs) 7a(ps) 73(ps)  Ta(ps) Ay Ay As Ay
720 52 1.56 5.7 94 -0.25 -0.49 -0.22 -0.04
730 10 0.40 7.9 116 0.80 0.13 0.02 0.05
743 59 1.01 7.6 194 0.59 027 0.13 0.01
760 44 1.63 10.3 0.42 023 0.35
796 1.86 20 150 043 0.26 0.31

general trend of an increasing decay time with wave-
length also holds for the anisotropic kinetics. Secondly,
there 1s a good consistency between the anisotropy de-
cay times and the second isotropic decay component.
Moreover, the residual constant anisotropy at longer
times decreases as the detection wavelength increases.
In the blue wing of the Qy band of the BChl ¢ absorp-
tion, the residual anisotropy changes from 0.34 at 720
nm to 0.30 at 730 nm. While, in the central part of
the band from 734 nm to 760 nm, a relative low but
constant value of 0.22 was obtained. The latter value
is in excellent agreement with our previous measure-
ments of steady - state fluorescence anisotropy upon
excitation at 464 nm in the Soret band [Y.-Z. Ma et
al., unpublished results], as well as the residual value of
0.2040.05 obtained using picosecond time-resolved one-
color pump-probe measurements at 750 nm in isolated

chlorosomel2%]

, with all preparations obtained from Cf.
aurantiacus. Good agreement was again obtained at
750 nm and room temperature for the chlorosomes from
Cb. limicola, which also show a residual anisotropy of

0.200281,

the constant anisotropy of 0.20 determined by picosec-

Our results are also in good agreement with

ond one-color pump-probe technique for the isolated

chlorosomes from Cb. wvibrioforme at 754 nm and room
temperature by van Noort el all?9] as well as that de-
termined by fluorescence polarization in the whole cells

of the same species at 6K B,

In contrast to the very fast anisotropy decays ob-
served at room temperature at wavelengths shorter
than 760 nm, the anisotropy decays measured at 780
nn and 796 nm are rather slow. Analysis of these ki-
netics shows that both of them could be well fitted by
a single exponential function in a measuring range up
to 100 ps. At both wavelengths, the decay is from a
value slightly smaller than the theoretical maximum
anisotropy of 0.4 to a residual constant value of 0.14
within 6 - 8 ps. No corresponding component was ob-
served in the isotropic decays. It is interesting to note
that the residual anisotropy values and the correspond-
ing decay times, obtained at 780 nm and 796 nm, are
consistent within experimental error with our previous
result of 0.13 £ 0.02 and 7.6 & 1.7 ps, measured with

[20]

picosecond time resolution at 800 nm A closely

similar value of 0.12 was also found at 800 nm for the
chlorosomes from the same bacteria in recent femtosec-

ond pump-probe experiments at room temperature27].
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Figure 7. Time-resolved anisotropies of the chlorosomes

from Cf. aurantiacus at room temperature at 720 nm (A),
730 nm (B), 760 nm (C) and 796 nm (D). The continuous
lines show the optimized single - exponential deconvolution
fitting curves taking into account the corresponding auto-
correlation functions. Insert in (D) shows the short time
fitting result at the same wavelength. The fitting parame-
ters are summarized in Table 3.
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Figure 8. Time-resolved anisotropies of the chlorosomes
from Cf. aurantiacus at 743 and 796 nm obtained at 77
K. The solid lines show the optimized single exponential
decay fitted with the parameters summarized in Table 4.

The anisotropy decays at 77 K can also be well fitted
with a single-exponential decay and the fitting param-
eters are listed in Table 4. The anisotropy decays in
the region of 720 - 760 nm also show time constants
comparable to one components of the corresponding
isotropic kinetics, except at 730 nm. The reason for
the obvious deviation from the general trend at this
particular wavelength, which is very close to the isos-
bestic point of the transient absorption spectrum, is
not clear. Moreover, a clear trend of increasing lifetime
with wavelength was again observed at the other detec-
tion wavelengths. It should be noted that considerable
difterences exist between some of the results obtained
at 77 K and the corresponding results obtained at room
temperature. In general, a lower initial anisotropy was
obtained at most wavelengths. At 720 nm, both the
initial and residual anisotropies are much lower than at
room temperature. At 796 nm, the anisotropy decays

from a initial value of 0.31 to an even lower residual
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anisotropy than that at room temperature in approx-
imately 6 ps. There is corresponding isotropic decay

component.

Table 3. Summary of the anisotropy decays of chloro-
somes from Chloroflezus aurantiacus at room tempera-

ture.

A(nm)  t(ps) r(0) r(o0)
720 1.11  ~0.4 0.34*
730 0.37 037 0.30°
734 0.99 035 0.22°
743 1.35 0.36 0.22?
760 1.32  0.37 0.22?
780 6.15 0.38 0.14°
796 809 0.39 0.14°

2 Determined after 8 ps; ® Determined after 100 ps.

Table 4. Summary of anisotropy decays of chlorosomes

from Chloroflexus aurantiacus at K.

A(nm)  t(ps) r(0) r(o0)
720 0.85  0.20 0.09*
730 2.82  >0.40 0.30*
743 1.25 0.33 0.21#
760 246  0.31  0.25P
796 570 031  0.06¢

@ Determined after 5.0 ps; ® Determined after 10.0 ps;
¢ Determined after 50.0 ps;

IV. Discussion

IV.1 Optical inhomogeneity of the chlorosomal

absorption band

Several lines of experimental evidence indicate that
the ground state absorption of chlorosomes is optically
inhomogeneous [15, 16, 23, 26, 31, Y.-Z. Ma et al.,
unpublished results]. Such an inhomogeneity could of
course be induced in several ways such as (1) the exis-
tence of several distinct spectral forms of BChl ¢, (2)
inhomogeneous broadening of a single spectral form in
the BChl ¢ absorption band and (3) the involvement of
optical transitions to different excitonic states. How-

ever, hole-burning experiments have indicated that the
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inhomogeneous broadening makes only a minor contri-
bution to the spectral®2=35] Therefore, for the multi-
ple spectral form model, we may simply conclude that
at least three spectral forms of BChl ¢ must exist in
the chlorosomes, and each of them differs in the degree
of polarizations; in view of the wavelength dependent
residual anisotropies observed in our present measure-
ments. If instead the excitonic model is appropriate,
however, the situation will become more complicated.
We leave this point for the next section.

The presence of multiple spectral forms of BChl ¢
is supported by the observation of Matsuura et al.[*%].
By deconvolution of the linear dichroism and circu-
lar dichroism spectra measured on aligned chlorosomes,
these authors found that there are two major forms
of BChl ¢ with peaks at 727 and 744 nm, respec-
tively, as well as a minor one at 766 nm. Further ev-
idence comes from recent hole-burning experiments!>®!
and from picosecond time-resolved absorbance differ-
ence spectral?®l. In the former work, different hole
widths at different burning wavelengths in the chloro-
somal Qy band of Cb. limicola were observed, while in
the latter work, a red shifted maximum as compared to
the absorption spectrum was reported.

The excitonic model of the energy transfer in the
chlorosomes was proposed in view of a possible strong
electronic coupling between BChl ¢ pigments due to
their aggregation. A theoretical interpretation based
on a modified linear J - aggregate model was proposed
for the observed bipolar transient absorption difference
spectra, dynamic spectral shift as well as the wave-
length dependent values of residual anisotropy in iso-
lated chlorosomes using picosecond time resolution[!3].
In a recent femtosecond pump-probe measurement at
room temperature, the authors claimed that the inter-
nal energy transfer within the BChl ¢ antenna is also of
an excitonic naturel?"].

The obvious wavelength-dependence of the residual
anisotropies in the spectral range of 720 - 760 nm is
interesting. The gradual decrease of these values with
wavelength indicates that the lowest excitonic state or
the longest absorbing spectral form of BChl ¢ has a
transition dipole orientation that makes a smaller an-
gle with respect to that of the baseplate BChl a pig-

ments. Therefore, it may favor the energy transfer-
from the chlorosomal BChl ¢ to the baseplate BChl a.
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It should be noted that the wavelength dependence of
the residual anisotropy was also observed in previous
picosecond pump-probe experiments, however, an in-
crease in anisotropy with wavelength was reported!].
The reason for this obvious discrepancy is unclear. One
possibility is that different light intensities were used to
grow the cells, which has an unknown but explicit in-
fluence on the organization of the BChl ¢ molecules in

the chlorosomes [Y .- Z. Ma et al., unpublished results].

IV.2 The role of excitonic states

It has been suggested that the BChl ¢ molecules may
be organized as aggregates, and an effective aggregate
size of 13 BChl ¢ molecules for chlorosome from Cf.
aurantiacus in vivo was estimated in an EPR study!®l.

Annihilation experiments, further, indicated a do-
main size of about 20 BChl ¢ molecules®’l. Strong elec-
tronic coupling between BChl ¢ pigments in aggregates
will result in formation of discrete exciton levels for a
finite linear aggregate. The energies, transition dipole
moments and oscillator strengths of these excitonic lev-
els is highly dependent on the coupling strength as well

(36,371 Coonsidering the

as the geometry of the aggregate
excitonic mechanism to be the origin of the ultrafast de-
cay components observed, two candidates, the shortest
(11) and the second isotropic components (72), may be
related.

If we consider the shortest isotropic component re-
solved in the spectral range of the BChl ¢ absorption
between 720 - 760 nm. The existence of such a compo-
nent at 780 nm might result from a minor contribution
from BChl ¢ molecules due to the broad pulse spectrum
(see Fig. 3). This fast component could represent the
coherent coupling artifact which persists in one color
pump-probe experiments. However, the lack of such a
component at 796 nm at both room temperature and
77 K under similar experimental conditions indicates
the presence of an additional ultrafast dynamic process.
One possibility is due to the excitonic relaxation, and
the excitonic states involved may be formed by strong
electronic coupling within a finite linear aggregate (for
instance, a single rod element) with chromophores hav-

ing parallel transition dipole moment, since there is no
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corresponding anisotropy relaxation component. How-
ever, it should be pointed out that the observed slightly
lower initial anisotropy value than the theoretical limit
of 0.4, especially at cryogenic temperature, implies that
there might be an unlesolved even fast anisotropy re-

laxation.

If instead the second isotropic component originates
from excitonic relaxation, we would have a more com-
plex scheme of excitonic states in view of the similarity
of decay lifetime between the isotropic and anisotropy
kinetics as well as their wavelength dependence. Such
an excitonic relaxation may proceed though a multi-
ple of non-degenerate excitonic levels, in which a num-
ber, if not all, of the excitonic levels are optically al-
lowed. The transition dipole moment orientations of
these optically allowed excitonic levels should change
in such a way that their angles, with respect to the
symmetry axis of the linear aggregates, gradually de-
crease from the higher excitonic state to the lower one.
Variation of excitation wavelengths, furthermore, will
result in a different occupation of the excitonic lev-
els involved due to coherent excitation by the broad-
band femtosecond pulses. This occupation difference,
as well as the weak exciton-phonon coupling as observed

[32,33] " could together con-

by hole burning experiments
tribute to the wavelength dependence of the decay ki-
netics. It should be also noted that such a compli-
cated structure of excitonic states further requires that
the BChl ¢ chromophores involved must have a more
complicated geometrical arrangement in the aggregates
than in the linear J- aggregates. Further arguments also
suggest that there may be more that one independent
set of excitonic levels, formed due to the presence of
non-identical pigment in different aggregates, and the
lowest excitonic level of each set may have a transition
moment orientation that corresponds to the residual
anisotropies observed at the different wavelengths. This
assumption, however, also implies the existence of more
than one spectral form of BChl ¢ pigments and thus en-
ergy transfer between these spectral forms should also
be taken into consideration (see following discussion).
Clearly more structural information about the rod ele-
ments and their package in the chlorosomes is requiled
to identify the excitonic mechanism as well as the de-

tailed scheme.
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IV.3 Energy transfer

Besides the excitonic mechanism, an alternative ori-
gin of the second isotropic component could be energy
transfer between at least three different spectral forms
of BChl ¢ in the chlorosome. The similarity of decay
lifetime of the isotropic and corresponding anisotropy
kinetics can be interpreted as energy transfer between
two spectral forms of BChl ¢, each of these forms has a
different transition dipole moment orientation. More-
over, the observed general trend of increasing lifetime
with wavelength further indicates a sequential intra-
chlorosomal energy transfer. Such a sequential energy
transfer proceeds from the short-wavelength absorbing
spectral form (a single rod element, for instance), with
high degrees of polarization, to the long-wavelength ab-
sorbing ones, with a lower degree of polarization, in
order to account for the wavelength dependent resid-
ual anisotropies. This energy transfer model is sup-
ported by hole burning[35] and picosecond transient ab-
sorption results(?®). However, the recent transient ab-
sorbance difference spectra measured with femtosecond

resolution[27]

exhibit no time evolution during the first
2 ps and thus seems to contradict the above model. As
claimed by these authors, this measurement might suf-
fer from singlet-singlet annihilation induced by a high

(27 If so, upon excitation in the blue

pump intensity
side of the BChl ¢ Qy band, a fast energy transfer from
short wavelength absorbing spectral forms to the longer
ones, or excitonic relaxation, will result in a highly pop-
ulated low- energy spectral form of BChl ¢ or exci-
tonic state and therefore efficient excitation annihila-
tion could occur. Hence, no red-shifted transient ab-
sorption bleaching spectrum would appear.

The third isotropic decay component that 1s re-
solved between 720 nm and 760 nm has a lifetime of
about 4.7 - 7.6 ps at room temperature and a slightly
longer lifetime, about 5.7 - 10.4 ps, at 77 K, with no
corresponding anisotropic component. This decay may
arise trom the subsequent energy transfer from the
long wavelength absorbing spectral form or the low-
est excitonic state of BChl ¢ to the baseplate BChl a
molecules. The change of the decay lifetime with wave-
length, moreover, might indicate an inhomogeneous na-
ture for the energy transfer from BChl ¢ to the baseplate
BChl a pigments. It may correspond to the inhomo-
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geneity in the organization of the BChl ¢ and/or base-
plate BChl a pigments. This is consistent with the ob-
servation of a wavelength dependent energy transfer ef-
ficiency in the spectral range of the BChl ¢ Qy band[®®!,
This 1s also supported by previous time - resolved flu-

orescence measurements on isolated chlorosomes(!

as
well as by our single photon counting experiment on
the same preparation [Y.-Z. Ma et al., unpublished re-
sults]. In the latter work, we resolved a 7 ps compo-
nent with positive amplitude in the spectral range of
the chlorosomal BChl ¢ emission and negative ampli-
tude above 800 nm using global analysis. Moreover,
the slow isotropic decay components have lifetimes of
roughly 100 ps, with a low amplitude at < 760 nm and
a considerably higher amplitude at 780 and 796 nm.
This component can be related to the excitation en-
ergy trapping process by some unknown internal traps,
in the spectral range of the BChl ¢ Qy band, as sug-
gested beforel®®] or by the reaction centers as observed
at 780 nm and 796 nm. The latter assignment is made
based on the fact that the sample used in the present
measurements contains membrane-bound chlorosomes
and the laser was operated at a low repetition rate and
thus, the reaction centers might be in both photochem-
ically active and inactive states. Photochemical state
dependent trapping processes by reaction centers were
found to have lifetimes of 70 - 90 ps for open and 180 -
200 ps for closed reaction centers, respectivelyl2].

As shown in Table 1-4, the kinetics observed at 780
nm and 796 nm turn out to be of a different nature
in comparison to that obtained at shorter wavelengths,
since there are no components with similar lifetimes in
the isotropic and corresponding anisotropic decays, re-
spectively. However, a similarity between the kinetics
at 780 and 796 nm was observed at room temperature,
such as, for example, the decay lifetimes and the resid-
ual anisotropies. Therefore, it is reasonable to assume
that they both are mainly related to the baseplate BChl
a molecules. One intermediate isotropic decay compo-
nent at 780 nm and 796 nm was found to have a lifetime
of about 20 ps at both room temperature and 77 K. This
decay probably is a result of the energy transfer from
the baseplate to the membrane. The decay lifetime is
comparable to the result of previous pump- probe mea-
surement using isolated chlorosomes at 800 nm within

20]

experimental errorl?’]. However, it is shorter than the
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time constants obtained in time- resolved fluorescence

12,21,25] ' Quch a difference might be at least

experiments!
partly related to the type of chlorosome sample used.
The origin of the 2 ps isotropic component re-
solved at these two longer wavelengths is not clear. It
could arise from vibrational relaxation, according to
observations of BChl a monomer relaxation processes

[39,40] o1 excitation energy transfer

in organic solvents
between proximal BChl a molecules in the baseplate
with somewhat different spectra. The anisotropic de-
cays obtained at the corresponding wavelengths, more-
over, may represent a depolarization process within the
baseplate due to energy transfer between the BChl a
molecules with non-parallel transition dipole moments.
Since the anisotropic kinetics have time constants of
about 6 ps and 8 ps, respectively, both are approxi-
mately three or four times longer than the 2 ps isotropic
component. This difference, however, may be inter-
preted as a result of energy transfer between spectrally
different BChl @ molecules with approximately the same
transition dipole moment orientation within the base-
plate. Therefore, our results imply that the organi-
zation of the baseplate BChl a molecules have a local
order with respect to their transition dipoles. In this
regard, it is noted that a cluster organization contain-
ing similar amount of molecules has been suggested for
the baseplate of the Cf. aurantiacus by excitation an-
nihilation measurements(?4.

Finally, we want to point out that we have observed
the similar damped oscillatory behavior as was observed
by Savikhin et al[?7). These oscillations turned out to
be even more pronounced at 77 K than at room tem-
perature, as shown in Fig. 4 and Fig. 5. The presence
of oscillations causes some difficulty in optimizing the
fits of the observed decays, especially during the first
few picoseconds. An analysis of these oscillations in

chlorosomes will be published elsewhere.
V. Summary

1. The optical inhomogeneity of the Qy band of
the bacteriochlorophyll ¢ absorption in the chlorosomes
from Cf. aurantiacus could be due to the presence of
either an excitonic manifold or at least three distinct
spectral forms of BChl ¢. These spectral forms may
be organized in such a way as to cause a gradual de-

crease of polarization from the short-wavelength to the
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long - wavelength absorbing chromophores. This orga-
nization pattern corresponds to the observed residual
anisotropies of 0.34 at 720 nm, 0.30 at 730 nm and 0.22
between 734 and 760 nm. This organization may favor

energy transfer.

2. A fast isotropic component with a characteristic
lifetime between 620 fs and 1.5 ps at room temperature
and lifetimes from 400 fs to 1.6 ps at 77 K, were resolved
in the 720 - 760 nm spectral range. The general trend is
an increasing lifetime with detection wavelength. Very
similar time constants were observed in the correspond-
ing single exponential anisotropy decays at both room
and cryogenic temperature. This fast decay may origi-
nate from either a multiple excitonic relaxation or from
a sequential excitation energy transfer between distinct
spectral forms of BChl ¢ pigments, whose transition mo-
ment orientation differs from each other. In order to ac-
count for the features of these decay lifetimes observed,

a complicated scheme of excitonic levels is expected.

3. The subsequent energy transfer from the chloro-
somal BChl ¢ to the baseplate BChl a molecules takes
place within b - 8 ps at room temperature and between
6 and 10 ps at 77 K, and also exhibits some inhomogene-
ity. The slowest isotropic component with a lifetime of
around a 100 ps might be related to excitation trapping
by internal traps in the BChl ¢ antenna or by reaction

centers.

4. The 2 ps 1sotropic component resolved at 780 and
796 nm may represent a vibrational relaxation or energy
transfer processes in the baseplate BChl a pigments.
In the case of energy transfer, it can only proceed be-
tween BChl @ molecules with dissimilar spectra, but
having similar transition dipole moments, to account
for the much shorter isotropic time constant, compared
to those of the corresponding anisotropic kinetics. This
also implies that the BChl a molecules have some local

order.
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