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Abstract In this paper, we introduce the photo-induced
ultrafast dynamics taking place in the peripheral light har-
vesting antenna LH2 from purple bacteria Rhodobacter
sphaeroides by using absorption, fluorescence emission and
ultrafast spectroscopic techniques. Three kinds of LH2 sam-
ples, pH treated LH2 (complete removal of B§00 pigments),
carotenoid mutated LH2 (GM 309) and electrochemical
oxidation treated LH2 were used in comparison with native
LH2 to investigate the mechanism of photo- induced ul-
trafast energy transfer within the LH2 complex.

Keywords bacteria, photosynthesis, light-harvesting an-
tenna, femtosecond pump-probe, energy transfer

PACS numbers 34.30.+h, 42.65.Re, 78.47.+p

1 Introduction

Life on Earth ultimately depends on the collected energy
emitted by the Sun. Photosynthesis is the only process of
biological importance that can harvest this energy. Photo-
synthetic organisms use solar energy to synthesize organic
compounds, e.g., carbohydrates, that cannot be formed
without input of energy. Energy stored in these molecules
can be used later to power cellular processes and can serve
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as energy source for all forms of life.

Although the photosynthetic process in various photo-
synthetic systems (plant and bacteria) might show some dif-
ferences, the primary process in all photosynthetic systems
is the ultrafast photophysical process which happens in the
antenna and reaction center (RC) [1—3]. The solar energy is
first absorbed by the antenna, the pigment-protein com-
plexes that are generally located in the membrane of the
system and contain molecules such as bacteriochloro-
phylls/chlorophylls (BChls/Chls) and carotenoids (Cars).
These molecules can absorb the light energy in different
regions of the solar spectrum from 400 nm to 1 050 nm,
leading to an increased light absorption efficiency of the
system [4], which is determined by their chemical structure
and is drastically affected by the interactions with their en-
vironment. The excitation energy in the light harvesting an-
tenna would be transferred to RC, leading to the charge
separation in the reaction center and the subsequent compli-
cated physical and chemical processes.

In the antenna, the absorption of light leads to the excita-
tion of the excited state in pigments. Energy transfer of the
excitation between the closely packed pigments occurs on
ultrashort timescales, ranging from subpicoseconds (hundred
of femtosecond) to picosecond (ps) and eventually the exci-
tation ends up in the reaction center (RC), the special pig-
ment-protein complex responsible for the charge separation
[4]. The initial light energy is stored in a transmembrane
electrochemical gradient that drives the formation of energy
compounds like adenosine triphosphate (ATP), which can be
used later for biochemical synthesis in the cell.

Investigating the dynamics of the different primary proc-
esses in (bacteria) photosynthesis, which range from tens of
femtoseconds (1 fs =107 s) to picoseconds (ps), is a very
important and attractive task that has been greatly driven by
the technological developments during past decades. After
the invention of the first ruby laser, an enormous variety of
laser systems has been developed, which cover quite a broad
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spectral range and very wide scale of the pulse duration,
from continuous laser beam to the ultrashort laser pulses.
The significant success in building the picosecond and fem-
tosecond laser dramatically stimulated the research of the
ultrafast energy transfer process in the primary process in
photosynthesis, leading to the better understanding of the
primary process. Nowadays, most ultrafast experiments are
based on the use of Ti: sapphire laser which allowed the
study of dynamics on a femtosecond timescale. The utiliza-
tion of the ultrashort pulses greatly improves the precision
with which the dynamics of the primary process can be
studied, and the ultrafast spectroscopic techniques are being
widely used in the study of photosynthesis and photobiology
field.

In this paper, we introduce our research work on the ul-
trafast dynamics that happen in isolated LH2 complex of
purple bacteria. In Sect. 2, we review the experimental setup
of femtosecond pump-probe measurement. Section 3 is the
introduction of photosynthetic unit of purple bacteria. In
Sects. 4, 5 and 6, three kinds of treated or mutated LH2 sam-
ples were compared with native LH2 to investigate the
mechanism of energy transfer among B800, B850 and caro-
tenoid pigments within the LH2 complex. A summary is
given in Sect. 7.

2 Femtosecond pump-probe measurement

The femtosecond pump-probe technique is a very useful
technique in studing the ultrafast response of different kinds
of the materials, including polymers, condensed matters,
atoms and molecules, and the biological systems. The ex-

perimental setup of the femtosecond pump-probe is shown
in Fig. 1. The principle of pump-probe is that when an in-
tense ultrashort laser beam (pump beam) is incident on the
sample to be studied, it may induce some changes in the
electronic and/or optical properties of the sample. For de-
tecting the photo-induced changes in the sample, another
weak beam (probe beam) is used to incident on that spot of
the sample. Due to the change of the optical properties of the
sample under the action of the pump beam, the transmittance
and the refractive index of the sample are different from
those of the unperturbed material. Hence, the change of the
transmittance, or the differential absorption, carries a lot of
information about the processes occurring in the material.
For measuring the dynamic response, an optical delay line
(ODL) is used to generate the optical delay between pump
and probe beams, which can easily control the optical delay
within 10 fs and is now widely used in the measurement of
the ultrafast response in the fs domain. To increase the signal
to noise ratio (SNR), lock-in amplifier is commonly used
and a chopper is inserted in the path of the pump beam. The
output from the lock-in amplifier is the differential absorp-
tion signal of the sample [5].

In our experiment, femtosecond pump-probe measure-
ments were carried out byusinga Spectra Physics Ti:
sapphire laser at room temperature. In one color configura-
tion, the output fs pulses from the oscillation stage were
used, which had the pulse duration of about 120 fs, repeti-
tion rate of 82 MHz and the tunable range from 760 nm to
860 nm. The average pump power incident on the sample is
about 30 mW, and the ratio of the intensity between the
pump and probe beam is about 8:1. Two color pump-probe
measurements were taken by using the output from an am
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Fig. 1
ODL is optical delay line; S is sample; A is aperture; D is detector.

Lock-in

Experimental setup of femtosecond pump-probe measurement. Where BS is beam splitter; M1 —MS5 are mirrors; L1, L2 are lenses;



plifier stage with 1 kHz repetition rate, 140 fs pulse duration
and 800 nm central wavelength. The laser output was split
by a beam splitter into two beams, one was used as the
pump beam and the other was utilized to generate a super-
continuum from which the wavelength of the probe beam
was selected by a monochromator.

3 Photosynthetic unit of purple bacteria

The purple bacterial photosynthetic units are simpler than
those of plants, and they generally consist of only one type
of RC and two types of antennae, Light-harvesting 1 (LH1)
and Light-harvesting 2 (LH2). Both the peripheral LH2 and
LH1 antenna of purple bacteria, are characterized by a high
degree of symmetry, nine-fold [6,7] or eight-fold [8], re-
spectively. In Fig. 2, a typical spatial arrangement of the
purple bacterial photosynthetic complexes is shown, the
reaction center is surrounded by the core antenna LH1, and
outside the RC-LH1 complex lies the peripheral antenna
LH2. The excitation energy is captured by a pigment in the
LH2 complex and is transferred between a number of LH2s
before eventually ending up, via the LHI, in the RC. Here,
we mainly focus on the function and dynamics of LH2 com-
plex. The structure of LH2 had been determined at 0.24 nm
resolution [6] and is shown in Fig. 3 (a). It is characterized
by nine-fold axial symmetry, with two a-helical polypep-
tides, three bacteriochlorophylls ¢ and one (or possibly two)
carotenoid per unit. LH2 has two parallel rings of Bchl
molecules, giving rise to 0, absorption band located at 800
nm (B800 band) and 850 nm (B850 band), which are caused

285

by the different pigments, denoted as B800 and B850,
respectively. The B800 band originates from 9 between qua-
simonomeric Bchl molecules that have their planes parallel
to the membrane surface, the large distance of 2 nm adjacent
B800 Bchl molecules leads to a weak interaction energy of ~
20 cm™'. The B850 band originates from 18 strongly inter-
acting Bchl molecules with their planes perpendicular to the
membrance surface. The much shorter distance of about 0.9
nm between neighboring B850 Bchl molecules leads to large
interacting energy of ~ 250—300 cm™' [9—11].

Fig.2 Model for the photosynthetic unit of purple bacteria.

The absorption spectra of LH2 complexes are shown in
Fig. 3 (b). There are carotenoids absorption bands at 512,
479 and 451 nm corresponding to different vibronic bands,
and typical B800 and B850 bands are at 800 and 850 nm,
respectively. In the LH2 complex, under photoexcitation of
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Fig. 3 (a) Structure of LH2 ring. (b) absorption spectrum of LH2 at room temperature. (¢) and (d) Fluorescence emission spectra of the

LH2 under excitation at 760 nm.
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B800 pigments, the excitation energy can be transferred
from B800 to B850 pigments. In native bacteria photosyn-
thetic system, the excitation of B850 pigment would be
transferred to LH1 and finally to RC, but in isolated LH2
complex, this excitation would be finally dissipated via
fluorescence emission from B850. The fluorescence emis-
sion spectra of the LH2 complexes upon photoexcitation of
B800 pigments are shown in Fig. 3 (c) and (d). Under the
excitation of 760 nm, a strong fluorescence emission at 865
nm is detected, which originates from the spontaneous emis-
sion of B850 pigments. Moreover, a weak emission peak
located at 805 nm is also observed, which comes from the
spontaneous emission of B800 pigments.

Three kinds of samples used in the experiment are de-
scribed in the following:

(i) The native LH2: Rhodobacter sphaeroides (RS601)
was grown anaerobically at 30°C in Sistrom’s minimal me-
dium. Cells were collected by centrifugation. After cells
were ruptured using an ultrasonifier, chromatophores were
isolated with high-speed centrifugation. Finally, chromato-
phores were solubilised by using LDAO and LH2 com-
plexes were purified by using DEAE-cellulose chromatog-
raphy.

(i) The LH2 complexes with completely removed B800:
LH2 complexes were acidified by plus acetic acid in LM
buffer (0.01 mol/L Tris—HCI, 0.01 mol/L n-dodecyl-
B-maltosid, 0.005 mol/L ascorbic acid pH 8.0). After incuba-
tion for 30 min at pH 3.6, the absorption spectra
of sample were detected. To remove free BChl, chromato-
graphs were performed on DEAE-cellulose 52. The chro-
matographs were performed on a FPLC and eluted compo-
nents were monitored by absorbance at 280 nm. Afterwards,
pH was adjusted back to 8.0 with NaOH. Fanally, we ac-
quired the LH2 complexe with competely removed B800
(called B850p).

(iii) The carotenoid mutated LH2: GM309, a special
green mutant strain (GM309) was obtained by ethylmethane
sulfonate (EMS) induced mutagenesis from Rb. sphaeroides
601 (RS601). HPLC-Mass analysis of carotenoids showed
that the neurosporene was accumulated in LH2 of GM309
[12]. In our experiments, the mutation frequency of pigment
mutants in surviving cells is 1.6x107. In organisms with
such a low mutation frequency, it is unlikely to find double
mutants of both apoproteins and carotenoids.

4 Energy transfer within the LH2 complex

Excitation of the B800 band in the isolated LH2 complex is
followed by energy transfer processes between the B800
pigments, from B800 to B850, between the B850 pigments
and eventually by decay of the excited state of B850. Inter-
molecular excitation transfer among weakly coupled B800
molecules or from B800 to B850 is generally described by
the Forster hopping mechanism [10, 13—15], while exci-

tonic character of the excited state has been identified in
B850 band, where the excitation is delocalized over a num-
ber of B850 pigment molecules due to the strong pig-
ment—pigment interaction and the dynamics take place
through relaxation among different excitonic states in the
B850 ring [13—18]. Theoretical calculated spectroscopic
properties of the B850 ring in LH2 indicate that the absorp-
tion transition in B850 can span over the spectral region
from 780 to 880 nm [19]. According to the excitonic model,
the major absorption near 850 nm is due to two degenerate
delocalized excitonic levels (k==1), while transition from
the ground state to the lowest excitonic level (k = 0) is for-
mally forbidden. Because of the energetic and structural
disorder effect, the originally degenerate excitonic levels
may be distorted, leading to the possible transition to all
these excitonic levels [20].

The ultrafast energy transfer between B800 pigments,
B800—B850 and between B850 pigments have been widely
studied with various techniques, such as femtosecond
pump-probe [21, 22], femtosecond transient absorption [23,
24] and transient grating techniques [25]. For B800-B850
energy transfer, it was found that the excitation energy in
B800 pigments can be efficiently transferred to B850 with a
time of ~ 0.7 picosecond at room temperature and 1.2 ps at
77 K [26, 27]. The fs pump-probe dynamics of LH2 com-
plex at 800 nm is given in Fig. 4 (a). Under excitation of 800
nm beam, the LH2 complex shows a dominated transient
photobleaching (PB) signal and an additional photoabsorp-
tion (PA) appeared at delayed time, which is attributed to the
excited state absorption of B850 pigments. The ultrashort
decay time of the PB signal was determined to be about 650
fs which mainly reflects the energy transfer rate from B800
to B850 pigments.
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Fig. 4 Normalized one color fs pump-probe dynamics of LH2 at (a) 800
nm, (b) 820 nm and (¢) 850 nm. The solid lines represent the fitting results.

When the laser wavelength was tuned from 820 nm to
850 nm, the main excitation was in the B850 band. The ex-
perimental results clearly demonstrate the evolution of the
excited B850 pigments and the obvious excitation wave-
length dependence was observed. The dominated PB or PA
signal at different wavelengths depends on the absorption



cross-sections of the ground state and the excited state as
well as on the populations in different excited states, and the
photodynamics of LH2 complex. The dynamics of native
LH2 at 820 and 850 nm are shown in Fig. 4 (b) and (c), re-
spectively. Under the excitation at 850 nm, the dynamics
consist of an initial ultrafast decay of the PB and a
long-lived decay component. Three time constants of ~ 200
fs, ~ 2 ps and > 100 ps are obtained from the data fitting,
which reflects the intra / interband energy transfer pathways
in the B850 ring [28]. Moreover, the longest time constant
that corresponds to the long lifetime of the lowest excitonic
level of B850 (z ~ 1 ns [29]) cannot be accurately fitted from
the data because of the relatively short time window.

For the dynamics of B800—B850 energy transfer, calcu-
lations based on the conventional Forster theory cannot per-
fectly explain the experimentally measured transfer times
[14,15]. It was suggested that some factors in the calcula-
tions were underestimated, such as the spectral overlapping
of B800 with upper excitonic levels of B850 ring, the other
factor comes from the additional electronic coupling medi-
ated by carotenoids, which will be introduced at Sect. 5.
Theoretically calculated spectroscopic properties of the
B850 ring in LH2 indicated that the absorption transition in
B850 spans over the range from 780 to 880 nm [19]. In that
case, the upper excitonic levels of B850 band, lying in the
vicinity of the B§800 band, might play a role in the relaxation
dynamics under the excitation near 800 nm [30, 31]. More-
over, by using the different B§00-released LH2 complexes,
the characteristics of upper excitonic levels of B850 band
have been directly observed by circular dichroism spectra,
nonlinear absorption and ultrafast pump-probe techniques
[32,33].

Figure 5 shows the absorption spectrum of B850p. The
absorption peak of B850 band in B850p is red-shifted about
1.5 nm compared with that of native LH2 as a result of the
deletion of B800 pigments [30], and the absorption band of
B800 completely disappears due to the total removal of
B800 pigments. The BChI-B800 molecules were released
through acidification, which indicates that the interactions
between BChl-B800 molecules and apoproteins are sensitive
to pH values. B850 molecules are arranged tightly between
o and B by forming hydrogen bonds between BChI-B850
and a-Trp45-NE1 or a-Tyr-44-OH [34]. There is a coordi-
nate linkage between the Mg®" of BChl-B850 and histidine
residue (aHis31,His30). The unchanged Q, transition peaks
of B850 exhibit that the interactions between BChI-B850
molecules and apoproteins are nearly not affected by acidi-
fication with different pH values.

When the excitation wavelength was at 800 nm, for
B850p with completely released B800 pigments, the dy-
namics exhibit a dominated PA signal (see Fig. 6) instead of
the PB signal observed in native LH2 complexes [35]. The
PA decay process comes from the excited-state absorption of
upper excitonic levels of B850 band under the direct optical
excitation [36]. It is proposed that the mixed PA and PB be-
haviors of the LH2 complexes are closely related to the con-
tribution of the excited states in both B800 and B850 pig-
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ments around 800 nm. Because the absorption cross section
of the first excited state in B800 pigments is smaller than
that of the ground state, B800 pigments produce a PB signal
in the pump-probe dynamics. On the other hand, as the ab-
sorption cross section of the high lying excitonic levels is
larger than that of the ground state for B850 pigments, the
transient behavior demonstrates a PA signal.
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Fig. 6 Normalized one color fs pump-probe dynamics of B850 p at 800
nm.

When the laser wavelength was tuned from 820 nm to
850 nm, The dynamics of B850 p at 820 and 850 nm shows
the similar dynamical behavior as compared with that of
native LH2 (as shown in Fig. 7). It is considered that al-
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Fig. 7 Normalized one color fs pump-probe dynamics of B850 p at (a)
820 nm and (b) 850 nm. The solid lines represent the fitting results.
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though the deletion of B800 pigments results in a small red
shift of B850 band in B850 p, the coupling of the B850 pig-
ments in the ring is not significantly affected [29]. In that
case, in the range between 820 nm and 850 nm, the fs dy-
namics of two kinds of LH2 complexes would be similar,
mainly reflecting the effect of B850 pigments [30, 33].

5 How carotenoid affect the energy transfer within the
LH2 complex

One of the most important constituents in the light harvest-
ing LH2 of many photosynthetic systems is the carotenoid.
The diverse roles played by carotenoids in light-harvesting
complexes, including light harvesting, photoprotection, and
structure stabilization [37—39], are directly related to the
efficiency and viability of the photosynthetic systems. In the
bacterial light-harvesting systems, light absorbed by carote-
noids is transferred via singlet-singlet interaction to B80O
and B850 bacteriochlorophylls (BChl) in the ratio 25 % to
75 % [40—42]. As we mentioned above, for the B800—
B850 energy transfer, the commonly used Forster theory
provides an unsatisfactory estimate of the energy transfer
efficiency. The effect of the carotenoid on the energy trans-
fer between B800 and B850 can be compared to that in do-
nor-bridge-acceptor systems. By using quantum chemical
calculations, it was suggested that the transition densities of
both the B800 and B850 BChls are perturbed by interaction
with the bridging carotenoids and that the B800-B850 cou-
pling is increased by approximately 20 %—30 % via mixing
of the BChl and carotenoid transition moments [43].

Recently, different kinds of mutated carotenoids with ex-
tended m-electron conjugation systems ranging from seven
to thirteen carbon-carbon double bonds were studied by
time-resolved transient absorption. Results revealed that the
lifetime of the SI state of these carotenoids is decreased
with the increasing conjugation length [44]. In this section,
we discuss how carotenoids with different conjugation
lengths affect the ultrafast dynamic processes of energy
transfer in LH2. The carotenoid mutated LH2 complexes
(called GM 309) containing nine carbon-carbon double
bonds carotenoids (neurosporene) were studied in compari-
son with the native LH2 containing ten carbon-carbon dou-
ble bonds carotenoids (spheroidene) (see Fig. 8). The ex-
perimental results exhibit remarkably different BS0O0—B850
energy transfer behaviors.

The absorption spectra of two LH2 complexes, native
LH2 and GM309, are shown in Fig. 9. In the near-infrared
region, both spectra are dominated by characteristic features
due to the Qy bands of BChl, with peak wavelengths of the
B800 and B850 at 800 nm and 850 nm for both LH2 sam-
ples. In the 400—550 nm region, due to the vibronic bands
of carotenoids, a typical three-peak absorption feature
dominates the absorption spectrum of native LH2. A sig-

nificant blue shift of ~ 20 nm of the three carotenoid peaks
was observed in GM309, because of the higher energy levels
of neurosporene with nine carbon-carbon double bonds as
compared to those of spheroidene with ten carbon-carbon
double bonds [44, 45].
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Fig. 8 Molecular structure of the carotenoids (Cars).
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Fig. 9 Absorption spectra of LH2 complexes: wild-type LH2 containing
spheroidene (gray line) and green carotenoid mutated GM309 containing
neurosporene (black line).

The fluorescence emission spectra of the two LH2 com-
plexes upon photoexcitation of B800 pigments are shown in
Fig. 10. The intensity of the fluorescence emission from
B850 of GM309 is 40 percent of that of native LH2, which
reveals that the energy transfer from B800 to B850 is partly
blocked by the carotenoid mutation and that nonradiative
relaxation processes may play a crucial role in the mutated
LH2 complex.

The one color fs pump-probe results of native LH2 and
GM309 at 800 nm are given in Fig. 11. Under excitation at
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Fig. 10 Fluorescence emission spectra of the native LH2 and GM 309
under excitation at 800 nm.



800 nm, the decay time of the PB signal, which mainly re-
flects the energy transfer rate from B800 to B850, is dra-
matically increased in GM309 (870 fs) in comparison with
that in native LH2 (650 fs). It has been postulated that the
discrepancy between the experimentally measured and the
calculated energy transfer rates from B800 to B850 may
partly come from the mediated coupling via the carotenoids
[14, 43], It has been recently reported that singlet-singlet
energy transfer rates are increased by through-band ex-
change interaction [46—48]. In particular, the work of Kilsa
et al. [46] highlighted an expected increased electronic en-
ergy transfer rate for the decreased energy separation be-
tween the singlet excited state of donor and bridge. Based on
our experimental results, we suggest that the energy transfer
rate between B800 and B850 in GM309 could be decreased
due to the fact that neurosporene, containing nine car-
bon-carbon double bonds, induces a relatively higher band
gap between the B800 donor and the carotenoid bridge as
compared to that in native LH2.

AT/a.u.

Delay time /ps

Fig. 11 Normalized one color fs pump-probe dynamics of the native LH2
and GM 309 at 800 nm. The solid lines represent the fitting results.

Two color fs pump probe measurements were also carried
out with the probe beam at 860 nm under excitation at 800
nm. The results are shown in Fig. 12. Excitation of B800
pigments results in the transient dynamics of B850 pigments
with a fast rise of photobleaching and a slow decay process.
The fast rise component comes from the energy transfer
from B800 to B850 and the cross correlation between the
pump and the probe beams. In that case, the slower rising
time constant for GM309 reflects the decreased B800
—B850 energy transfer rate as compared to that in native
LH2. Fitting results by rate equations for the LH2 system
show that the first half of the rising edge is mainly contrib-
uted by the cross correlation between the pump beam and
the probe beam, while the latter part reflects the
B800—B850 energy transfer process. The decay process
reflects the relaxation of the excited B850 pigments, via
both the radiative and nonradiative processes. Time-resolved
fluorescence measurements of these two samples (see
Fig. 12) show that B850 with a fluorescence lifetime of
1 026 £ 50 ps for GM309 is very similar to that of the native
LH2 of 1 060 + 50 ps. It is known that the two a-apoprotein
tyrosines (a-Tyr 44, 45) are important B850-binding sites of
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BChI-B850 [49]. It was reported that the presence of differ-
ent carotenoid termini in LH2 influences the hydrogen
bonding between o-Tyr 44, 45 and the BChI-B850 using
FT-Raman measurement [50]. A plausible explanation is that
the perturbation of the protein structure may be induced by
the change of the carotenoid polar group. However, based on
our results, losing the carotenoid polar group does not in-
fluence the lifetime of the B850 excited singlet state.
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Fig. 12 Normalized two color fs pump-probe dynamics of the native LH2
and GM 309 at a probe wavelength of 860 nm and excitation at 800 nm.
The cross correlation trace between the excitation pulse and the probe pulse
is also given in the figure.

6 The effect of electrochemical oxidation on the en-
ergy transfer within the LH2 complex

As crucial species directly participating in the ultrafast
photo-induced excitation relaxation, BChls are treated as the
main objects for probing the structural properties and pri-
mary events in both the antenna complexes and RC of the
photosynthetic bacteria. A great deal of work has focused on
the effect of BChl oxidation on the structural characteriza-
tion and the energy transfer mechanism by using the steady
[51—54] and time-resolved absorption [27, 55—57], fluo-
rescence emission [53, 55, 58], circular dichroic and electron
paramagnetic resonance (EPR) [S9—61]. Among all these
works, monitoring of the fluorescence quenching enables the
direct and clear observation of the change of energy transfer,
which is in tight connection with the BChl oxidation process
[53, 55, 58]. Generally speaking, the loss of fluorescence is
mainly due to the trapping of excitation energy somewhere
in the photosynthetic units. In most cases, trapping of exci-
tation in molecular aggregates occurs if an impurity has an
excited state energy level lower than that of the aggregates
[53, 55, 62—66]. Therefore, the BChls radical cation, which
has an optical absorption band reported near 925 nm [67 —
69], could act as such an impurity for effectively trapping
the excitation energy in the bacteria photosynthetic units. In
this section, we introduce the crucial dependence between
the BChl radical cation generation with the pigment-protein
arrangement and energy transfer in LH2 from Rb sphaeroides
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601 for a comprehension of the detailed dynamical evolution
of the competitive quenching pathway, which was generated
by electrochemical oxidation of the LH2 complexes.

The electrochemical experiments were performed with
steady absorption, steady fluorescence, and femtosecond
pump-probe measurements adopted simultaneously. The
well-designed spectroelectrochemical study of the BChl
oxidation provides an effective way for in-situ probing the
electrochemical-affected ultrafast energy transfer processes,
which could hardly be derived from those traditional meth-
ods. The experimental results revealed that the BChl-B850
radical cation acted as an additional channel, rapid quench-
ing the excitation energy with almost unchanged B800 —
B850 energy transfer rate.

The electrochemical experiments were performed within
a home-made, three-electrode spectroelectrochemical cell
with optical path length ~1 mm in the dark. Two homoge-
neous minigrid gold nets with surface area of 1.6 cm” were
used as the working electrode and auxiliary electrode, re-
spectively. An Ag/AgCl wire was employed as the reference
one. The gold electrode was washed successsively with 1 M
KOH in 60 % ethanol, deionized water, 2 MHCI, and then
rinsed carefully with deionized water again for cleaning be-
fore each spectroelectrochemical experiment. A CHI-660A
electrochemical workstation (CHI Instrument Co., USA)
was employed for conducting the electrochemical experi-
ments. The potentials presented in this paper were vs. the
standard hydrogen electrode (SHE).
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Fig. 13 Time-resolved fluorescence emission from B850 : (a) GM 309
and (b) native LH2.

The optically transparent cell for spectroelectrochemical
experiments was placed properly in the fs pump-probe sys-
tem. Two SM-240 CCD spectrophotometers were also es-
tablished suitably in the system for achieving the real-time
detecting of the oxidation process (see inset of Fig. 14). The
absorption, fluorescence emission, and fs pump-probe were
measured during the oxidation with three independent com-
puters. All light beams were blocked after each measurement
to avoid the possible photo-oxidation.

Firstly, NIR-absorption-monitored electrochemical exp-
eriments were carried out to probe the oxidation behavior of
the BChls in LH2. At redox potential higher than 0.8 V, ob-
vious spectral changes of both the B800 and B850 bands
indicate clearly the BChl oxidation. The detailed effect of
in-situ electrochemical oxidation (at the potential of ~ 0.8 V)
on the BChl absorption of LH2 is demonstrated in Fig. 14.
The BChl oxidation results in bleaching of both the B800
and B850 O, bands accompanied with a slight red shift of
the B850 band from 850 nm to 855 nm. With the continu-
ously applied potential (~0.8 V), the B800 absorption peak
completely disappears 30 minutes later, whereas the B850
absorption peak still keeps ~ 40 % of its original absorbance.
Meanwhile, a new absorption peak emerges at 685 nm,
which is probably due to the formation of the BChl dication
(BChI*") [51]. The absorption spectra recorded at different
oxidation time reveal a bleaching of both the O, bands of
B800 and B850. Interestingly, although the degradation of
both B800 and B850 O, bands takes place at practically the
same potential, the B800 band bleaches faster than the B850
band [52], which indicates that the ring structure of the
monomeric BChI-B800 is more incompact than the dimeric
BChl-B850. The observed concomitant slight red shift of
B850 band (from 850 nm to 855 nm) is likely attributed to
the changes of BChl-protein and BChl-BChl interaction,
which arise from the minor changes in distance between the
pigment molecules [70—72] and/or the changes in hydrogen
bonding between the protein and the pigment [73, 74] upon
the electrochemical oxidation. Moreover, the loss of
BChI-B800 caused by electrochemical oxidation may also
bring the BChl-B850 band to a slight red shift, as is similar
to the observation upon selective removal of the BChl-B800
from the native LH2 [11, 75].

Figure 15 (a) shows the evolution of the fluorescence
emission spectra (under excitation of 800 nm beam) during
the electrochemical oxidation. Distinct quenching of fluo-
rescence emission occurs immediately while the electro-
chemical oxidation starts. The relationship between the
change of the absorbance as well as fluorescence emission
with the time for electrochemical oxidation of LH2 is shown
in Fig. 15 (b). Remarkable decrease of fluorescence intensity
is observed as compared with the bleaching of both B800
and B850 absorption bands at the same experimental condi-
tion. A 50 % loss of the original fluorescence intensity is
observed after 6 min oxidation, while only 5 %—10 %
reduction of the original absorbance of BChl (B800 and
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cence spectroelectrochemical experiments are also established in the system for the real-time monitor of the oxidation process.

B850) is acquired. As the oxidation goes on, the fluores-
cence emission is completely quenched about 20 min later,
however, the absorbances of B800 and B850 bands still keep
30 % and 70 % of the original value, respectively. Electro-
chemical oxidation of LH2 dramatically quenches the fluo-
rescence emission from B850, demonstrating that oxidation
of few BChl molecule within the B80O ring and the B850
ring is sufficient to produce ~ 50 % quenching of the fluo-
rescence intensity. This phenomenon is well consistent with
the results obtained from photooxidation of LH2 from Rps.
Acidophila [55] and chemical oxidation of LH1 from RA.
Marinum [53]. It appears that the presence of a single oxi-
dized BChl molecule in the BChI-B850 ring could ef-
fecttively quench the fluorescence originating from the ex-
citation of B800 ring [55], yet the degradation of BChl-B800
is certainly not the key factor to the fluorescence quenching.
When the fluorescence emission is completely quenched, the
absorption peak of BChl-B800 still keeps 30 % of the origi-
nal absorbance [see Fig. 15 (b)].

One color fs pump-probe experiment results of the LH2
excited at 800 nm during the electrocheimical oxidation
process are given in Fig. 16. For the unoxidized LH2, the
initial dynamics exhibits an ultrafast decay of the PB, and an
additional PA attributed to the excited state absorption of the
B850 band. With BChl oxidation taking place, a significant
disappearance of the PA signal is observed 6 min later. Then,
a new PB signal with long lifetime and gradually increased
magnitude is observed. Eventually, the dynamics evolution
of B800 is mainly dominated by the long lifetime PB signal.
The corresponding fitting results reveal that the fast decay
time component of 0.65 ps, which mainly reflects the rate of
energy transfer from B800 to B850 [28], is nearly ind-
pendent on the electrochemical oxidation.
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Fig. 15 (a) Effect of electrochemical oxidation on the fluorescence emis-
sion of LH2 at different oxidation time. (b) Comparison of the
time-dependent changes of the BChl O, band absorption and fluorescence
emission intensity of LH2 during electrochemical oxidation.
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Upon electrochemical oxidation of the native LH2, the
rate of B800—B850 energy transfer is nearly unchanged
during the electrochemical oxidation. It has been suggested
that the nearest B800-B800 neighborhood excitonic cou-
pling is very weak, and therefore the B800 excitation is con-
sidered to be highly localized on the individual BS800 mole-
cule [76]. Accordingly, oxidation of the BChl-B800 mole-
cules does not affect greatly the excitation energy transfer
from the unoxidized BChIl-B800 molecules to the B850 ring.
On the other hand, the oxidized BChI-B850 molecules,
though quenching the excitation energy efficiently, seem to
also have minor effect on the B800—B850 energy transfer
rate [27]. Moreover, although the B800—BS850 energy
transfer rate is not affected strongly by the electrochemical
oxidation, a disappeared PA signal accompanied with a
long-life PB signal generated is clearly observed. The PA
signal is mainly attributed to the excited state absorption of
the B850 band [see Fig. 4 (a)]. Thus, it is proposed that
some other signals may be mixed in this dynamics upon the
electrochemical oxidation, that is, the BChl radical cation in
the B850 ring may act as an additional energy transfer
channel to effectively quench the excitation energy. Such
pathway may compete with the original energy transfer
channel for trapping the excitation energy. At oxidation time
of 6 min, the fact that 50 % of fluorescence quenching oc-
curs in comparison with the ~10 % of BChI-B800 absorb-
ance reduction reflects that almost half of the excitation en-
ergy is trapped by the BChl-B850 radical cation. The corre-
sponding dynamical evolution shows a mono-exponential
decay process, which may be ascribed to the overlapping of
the PA and PB signals. As the oxidation goes on, the propor-

tion of BChl -B850 radical cation increases gradually, which
enhances the trapping of excitation energy through such
radical cation, and thus makes the increased PB signal to
dominate the dynamics. At oxidation time of 20 min, the
dynamics primarily reflects the excitation energy trapping
process conducted by the BChI-B850 radical cation.

The pump-probe experiments of the LH2 conducted at
850 nm also clearly demonstrate the effect of electrochemi-
cal oxidation on the excited B850 dynamic process, as dis-
played in Fig. 16. For the unoxidized LH2, three time com-
ponents of ~ 200 fs, ~ 2 ps, and > 100 ps were achieved by
data fitting, which reflects the intra/interband energy transfer
pathways in the B850 ring [28]. The applied potential in-
duces a stepwise decrease of the signal intensity and a dra-
matic change of dynamics depending on the oxidation time.
After 20 min oxidation, the dynamics evolution of B850
shows a bi-exponential decay process with time constants of
<100 fs and ~ 100 ps.

The characteristic changes in B850 dynamics also indi-
cate that an additional channel generated by oxidation of
BChl-B850 molecules acts as the excitation energy trapping
pathway. Fitting results for unoxidized LH2 exhibit a
tri-exponential decay process. At oxidation time of 20 min,
the completely quenched fluorescence reflects that the exci-
tation energy is likely to be mostly trapped by the BChl
-B850 radical cation, and the correspondent dynamics is
predominated by bi-exponential decay processes. The decay
time of the initial ultrafast process ( < 100 fs) is faster than
that of the unoxidized LH2 and is beyond the resolution of
the apparatus. Such ultrafast process observed may be inter-
preted as a time-scale of the quenching process between the
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Fig. 16 Effect of electrochemical oxidation on the time-dependent one-color fs pump probe for LH2 excited at 800 nm and 850 nm. The

solid lines represent the fitting results.



excited BChl-B850 and the BChI-B850 radical cation, which
is fast enough to compete with the original intracomplex
excited state dynamics and energy transfer within LH2 [66,
77]. The 100 ps component could be probably ascribed to
the lifetime of the B850 radical cation [57].

Figure 17 shows the proposed schemes of the excitation
energy relaxation processes in the electrochemical oxidized
LH2 complex. Compared with that of the unoxidized LH2
complex [see Fig.17 (a)], the oxidation may induce the gen-
eration of a new energy levels from the BChl-B850 radical
cation [see Fig.17 (b)], which might act as an additional
quenching energy channel to compete with the original
BChl-B850 relaxation channel for trapping the excitation
energy. After 20 min oxidation, the relaxation of excitation
energy from the original channel is completely blocked,
while only the channel produced by the BChl-B850 radical
cation plays the key role of energy trapping pathway.

- 700 fs - 700 fs
—?mo fs, 2 ps <100 fs

Ins 1ns 100 ps
B80O B850 B80O B850 B850+

() (b)

Fig. 17 Proposed energetic diagrams of main transitions and relaxations
in LH2 under the condition of unoxidation or oxidation. (a) The energy
relaxation process of unoxidized LH2; (b) the energy relaxation process of
oxidized LH2 during the oxidation time of twenty minutes.

7 Summary

In this paper, we introduce the comparison of dynamical
evolution between the native LH2 and some mutated or
treated LH2 complexes which include the B800 completely
deleted LH2, carotenoid mutated LH2 and electrochemical
oxidation treated LH2. Based on these researches, the en-
ergy transfer processes among the different pigments in the
light-harvesting complex of purple bacteria are well eluci-
dated. The LH2 complex can be considered as a do-
nor-bridge-acceptor system where bacteriochlorophylls and
carotenoid have interaction and play important roles in the
energy transfer mechanism of LH2 complexes.

The understanding of the function of these pigments in
the light-harvesting systems may inspire researchers to de-
sign and synthesize artificial multichromophoric molecular
optical devices [78, 79], such as photonic wires [78], which
can be optimized for efficient and rapid transfer of excited
state energy over large distances. Additionally, the on/off
switching control of the fluorescence might be accomplished
by deactivation of the quencher or change of the interaction
geometry between the chromophore and quencher [80],
which could act as a photoswitch to introduce a controllable
and highly efficient competing pathway in the photonic
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wire [78].
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