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Since the determination of the X-ray structure of the
peripheral light-harvesting complex, LH2, from the purple
bacterium Rhodopseudomonas (Rps.) acidophila,[1, 2] this pig-
ment-protein complex has served as a cornerstone with which
to elucidate the structure–function relationships that lie at the
heart of the high efficiency of bacterial photosynthesis. This
antenna complex accommodates 27 Bacteriochlorophyll
(BChl) a molecules that are organized in two concentric
rings, referred to as B800 and B850, according to the spectral
positions of their absorption bands. Its structure has inspired
many researchers, and convincing evidence was found that
collective effects play an important role in the electronically
excited states of the B850 manifold.[3–10] Yet, due to the
heterogeneity in these systems, direct experimental confir-
mation of delocalized exciton states is difficult to obtain in
conventional ensemble-averaged experiments, but was ac-
complished by single-molecule spectroscopy.[11] Apart from
details that are still a matter of hot debate, it is now generally
accepted that an exciton model that takes the heterogeneity
in the site energies of the individual BChl a molecules into
account grasps the essential features observed in absorption
and fluorescence–excitation spectroscopy of LH2.[10, 12,13]

There are several observations in the emission spectra that
are inconsistent with this model, and this suggested a model
that considers exciton self-trapping in the B850 assembly.[14–16]

However, thus far, most of the single-molecule work per-
formed on pigment-protein complexes from purple bacteria
has focused on fluorescence–excitation spectroscopy, and the

few studies that dealt with single-complex emission spectros-
copy did not consider self-trapping processes[17–21] and/or were
conducted at room temperature, where all decisive spectral
details are completely masked by thermal broadening.[22–30]

Recently, we addressed this issue by performing fluores-
cence–excitation and fluorescence spectroscopy on the same
individual complex.[31] We found that, in contrast to the
excitation spectra, the emission spectra could be grouped into
three categories. Those that consist of a narrow zero-phonon
line (ZPL), accompanied by a broader phonon side band
(PSB) at lower energy, those that showed a broad structure-
less asymmetric band, and those that looked like a super-
position of spectra from the former two categories. Moreover,
we observed a clear correlation between the spectral peak
position of the emission and the widths of the emission
spectra. In agreement with selective spectroscopy data
obtained from ensembles of LH2,[32,33] the complexes with
emission spectra that featured a clear ZPL/PSB profile
occurred preferentially on the blue side of the ensemble-
averaged emission peak, and complexes with rather red-
shifted spectra typically featured structureless broad bands.
This observation clearly indicates that the electron–phonon
coupling strength strongly varies from complex to complex, as
well as being a function of the spectral position. Therefore, we
came to the conclusion that exciton self-trapping might
indeed be effective for some of the LH2 complexes emitting
at the red end of the spectrum. At that time, the minimum
exposure time for recording an individual emission spectrum
from a single complex was 60 s and we could not fully rule out
that some of the broader spectra were the result of fast
spectral diffusion processes smearing out the underlying ZPL/
PSB profile.

Herein, we describe our investigations of single LH2
complexes with a significantly improved spectral resolution
and, more importantly, a reduction of the exposure time for
recording an emission spectrum by using improved CCD
technology. We find that spectral diffusion does indeed play
a role, but, more interestingly, we also observed that the
electron–phonon coupling strengths within an individual com-
plex vary strongly as a function of time. The spectral features
and correlations for a single complex are similar to those we
found before for the variations between different individual
complexes. As the electron–phonon coupling strength can be
associated with the displacement of the equilibrium positions
of the nuclei upon photoexcitation of the chromophore
assembly, these findings are of direct relevance for the
degree of exciton delocalization within the B850 states.

In Figure 1a we present a stack of 1000 consecutively
recorded emission spectra from a single LH2 complex in
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a two-dimensional representation (see also the movie in the
Supporting Information). The horizontal axis corresponds to
the emission energy and the vertical axis indicates the number
of individual spectra, each one recorded with an exposure
time of 5 s. From the spectral trail displayed in Figure 1a, we
extracted ten examples of individual spectra, which are shown
in Figure 1 b,c. The spectra are grouped according to their
spectral profiles. On the left hand side (Figure 1b), the
individual spectra feature a sharp zero-phonon line (ZPL) at
the high-energy end of the spectrum, and a spectrally broad
phonon side band (PSB) at lower energies. The full width at
half maximum (FWHM) of the ZPLs varies from 10 cm�1 to
15 cm�1. Although these linewidths are the smallest ever
observed in the emission of LH2, this is still far broader than
the homogeneous linewidth of about 0.005 cm�1 (150 MHz)
that one would expect from the lifetime of the first excited
singlet state.[16, 34,35] The contributions to the linewidths that
exceed the finite spectral resolution of about 7 cm�1 probably
reflect unresolved spectral diffusion. In contrast, the spectra
on the right side (Figure 1c) appear as asymmetric broad
bands with a width in the order of 150–200 cm�1. We cannot
rule out that these profiles are still influenced by spectral
fluctuations on time scales faster than 5 s. In both cases, the
arrows that connect the spectra with the pattern in Figure 1a
indicate the position of the example spectrum within the stack
of spectra. Apparently, both types of spectral profiles appear

randomly in time from the
same single complex. These
subtle details that are pres-
ent in the individual spectra
are completely masked in
the time-averaged sum spec-
trum that is shown in Fig-
ure 1d. It features an asym-
metric profile with a width
of 183 cm�1 (FWHM) and
peaks at 11 386 cm�1. Given
the spectral trail displayed
in Figure 1a, it is clear that
both the shape and the
width of the sum spectrum
are heavily affected by spec-
tral diffusion.

This example shows that
a more quantitative analysis
of the spectral profile of the
time-averaged sum spec-
trum of many consecutively
recorded emission spectra is
prevented by the strong
spectral diffusion. To extract
emission spectra with a rea-
sonable signal-to-noise ratio
from the data, we applied
a multivariate pattern rec-
ognition algorithm.[36,37]

These algorithms are used
to reconstruct the three
dimensional structure of

large biomolecules from two-dimensional projections that
have been obtained by cryo-electron microscopy.[38, 39] We
have previously demonstrated that such algorithms can be
successfully exploited for spectroscopy to retrieve the optical
spectra from individual objects in disordered hosts.[40–43]

Briefly, the spectra are grouped into a predetermined
number of classes by pattern recognition techniques. This is
achieved by maximizing the interclass variance and minimiz-
ing the intraclass variance (in a mathematical, least squares
sense). Subsequently, the spectra assigned to the same class
are averaged, which yields the class-averaged spectra (CAS).
In other words, only spectra that are sufficiently similar are
averaged.[36] This method eliminates all contributions to line
broadening from spectral diffusion that are slower than the
exposure time of 5 s.

The bar graph in Figure 2 shows the number of individual
spectra that contributed to a distinct CAS as a function of the
spectral peak position of the CAS for the example presented
in Figure 1. The distribution is surrounded by examples of
CAS that are arranged from left to right, according to their
spectral peak position from red to blue. The CAS on the blue
side allow for a clear distinction between the ZPL and the
PSB. Moving across from the blue to the red side, the intensity
distribution between the ZPL and the PSB gradually changes
until the narrow feature becomes invisible and an asymmetric
band is observed for the emission spectra.

Figure 1. a) Stack of 1000 emission spectra recorded consecu-
tively from a single LH2 complex. The exposure time was 5 s for
each individual spectrum. The emitted intensity is indicated by
the color. b) Five examples of individual emission spectra that
feature a sharp line at the high-energy end of the spectrum. The
arrows and the numbers indicate the position of the spectra
within the stack of spectra. The widths of the sharp spectral
features are given by the numbers next to the spectra and have

been determined to within (�1 cm�1). c) Five examples of individual emission spectra with a broad
structureless profile. The arrows and the numbers indicate the position of the spectra within the stack of
spectra. The widths of the bands are given by the numbers next to the spectra. For clarity, all spectra in (b)
and (c) are offset with respect to each other. d) Sum of all 1000 emission spectra. Note the different scales
for the abscissae in (a)and (d) with respect to (b) and (c).
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The general trend is that spectra with distinctive ZPLs are
predominantly blue shifted with respect to the averaged
emission maximum, whereas spectra with a broad structure-
less band appear predominantly at the red end. This
correlation is illustrated in Figure 3, which shows the widths
of the CAS (taken as FWHM, regardless of the spectral
profile), as a function of the spectral peak position. As can be
seen, there are no entries in this graph in the lower left corner
and only a few entries in the top right corner. Examples for
CAS that qualify for the latter case are shown in the inset of
the main figure, and it is argued that these spectral profiles
might be the result of unresolved fast spectral diffusion.

Further examples of CAS from individual complexes are
presented in Figure 4a. It shows the sum spectrum (black)
together with the two CAS that feature the most blue- and
red-shifted emission peaks for seven individual complexes.
For an easier comparison, the most blue- and red-shifted CAS
from the example shown in Figure 2, are reproduced as
example 1. Extreme examples for complexes that feature only

little variation of the spectral profile of their emission spectra
are 2 and 3. For the spectra from example 2, both CAS feature
a clear ZPL and a PSB, and the spectral separation between
the two emission peaks amounts to 94 cm�1. In contrast, for
example 3, both the red-most and the blue-most CAS appear
as structureless asymmetric bands. Here the spectral separa-
tion amounts to 135 cm�1.

In total, we studied 26 LH2 complexes and, owing to the
improved temporal and spectral resolution, the observed
degree of heterogeneity (spectral profiles, fluctuations of the
emitted intensity, spectral diffusion behavior, and magnitude
of the spectral jumps) is far larger than previously observed
by us.[31] Figure 4b displays the widths of the two most
spectrally separated CAS (blue and red) as a function of their
spectral peak position for all complexes studied. For better
visibility, the CAS from the same individual complex are
connected by a straight line. This reveals that for each
individual complex the width of the red-most CAS is always
larger than the width of the blue-most CAS, whatever the
actual profile of the emission spectrum looked like. As shown
in Figure 4c, the distribution of the spectral separations
between the two extreme CAS is rather broad and covers the
range from some 10 cm�1 to 350 cm�1.

Such spectral jumps have been observed previously, either
directly in room temperature experiments that allowed for
recording sequences of spectra with short exposure times,[24]

or as line broadening in experiments at cryogenic temper-
atures, where the signals were integrated over 1–10 min.[17,18]

Given the low fluorescence quantum yield of LH2 (ca. 10 %),
the optical excitation of the complex leads to an increase of
the local temperature in the protein environment due to
radiationless dissipation of excitation energy. Therefore, it is
likely that the fluctuations of the electron–phonon coupling
strength reflect light-induced conformational changes of the
complex. As the spectral jumps and the connected spectral

Figure 2. Distribution of the spectral peak position of the 20 class-averaged spectra (CAS). This analysis is based on a multivariate statistical
pattern recognition algorithm (see text for details) and has been performed with the data shown in Figure 1a. The vertical axis corresponds to the
number of individual spectra that have contributed to a distinct class. The bar graph is surrounded by examples of CAS.

Figure 3. Spectral widths (FWHM) of the CAS presented in Figure 2 as
a function of the spectral peak positions.
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profiles are reversible, we exclude deterioration of the
complexes.

Given that the spectral separation between the most blue
and most red emission spectra is on average around 150 cm�1,
which roughly corresponds to the thermal energy at room
temperature (200 cm�1), it can be expected that the lineshape
fluctuations will be much faster at room temperature, which,
together with thermal broadening effects, prevents the
observation of distinctly different emission profiles. Although
it was found that spectral jumps were well correlated with
a broadening of the emission profile under ambient con-
ditions. However, this correlation was both positive and
negative; that is, broadening of the spectrum was observed for
both spectral jumps to the blue and spectral jumps to the
red.[24, 27] To explain these time-averaged spectral envelopes,
simulations using a modified Redfield theory were per-
formed. There it was postulated that distinct conformations
of the protein environment induce two different site energies
for each individual pigment within the B850 assembly.[28,29]

However, this model failed to explain the extreme spectral
fluctuations and so it was later generalized to a four-state
model, including two additional extremely blue- and red-
shifted site energies for each pigment.[30] Thereby, the red-
shifted realizations were associated with exciton self-trapping

and a concomitant degree
of exciton localization. Our
experiments directly visual-
ize the fluctuations of the
electron–phonon coupling
strength within a single pig-
ment-protein complex and
demonstrate that the LH2
ensemble emission spec-
trum should not be
regarded as static. For
each individual complex
that contributes to it, there
is a continuous movement
of the spectral peak posi-
tion accompanied by
a change of the spectral
profile. Emissions at the
red end of the spectrum
are dominated by contribu-
tions of broad featureless
individual spectra, whereas
the blue end of the spec-
trum predominantly con-
sists of a superposition of
ZPL/PSB-type spectral
profiles. This might explain
the inconsistencies that
have been observed in
absorption and emission
studies on ensembles of
LH2 concerning the elec-
tron–phonon coupling
strength.[15]

In summary, we have
registered emission spectra from individual LH2 complexes
from Rps. acidophila at low temperature. Even for an
individual complex, drastic fluctuations of the spectral profile
were found and the correlation between the shape and the
peak position of the emission spectrum provides direct
evidence for strong fluctuations of the electron–phonon
coupling strength. This demonstrates that conclusions about
the B850 electronic excitations based on fluorescence–
excitation spectroscopy on the one hand, and emission
spectroscopy on the other, should be compared only with
great care.[27] Fluorescence–excitation spectroscopy monitors
the exciton wavefunction when it is “born”. In contrast,
emission spectroscopy provides information about the decay
of the exciton, which might have undergone a temporal
development, particularly if the electron–phonon coupling
strength is fluctuating. This distinction is important for the
correct interpretation of subsequent energy transfer reac-
tions.

Experimental Section
Sample preparation was carried out as described in [31]. Briefly, LH2
complexes from Rps. acidophila (strain 10050, stored at �80 8C) were
diluted in buffer solution (20 mm Tris/HCl, pH 8.0, 0.1% LDAO) to

Figure 4. a) Examples of the most blue- and red-shifted CAS (blue and red, respectively) and the sum of all
recorded emission spectra (black) for seven individual LH2 complexes. The blue CAS are peak normalized,
and the red CAS are normalized such that the intensity ratio between the two CAS from the same complex is
conserved. The sum spectra are peak normalized to 150% of the peak of the corresponding blue CAS for
better visibility. Spectra that belong to different complexes have been offset with respect to each other for
clarity. Example 1 was used for illustrations in Figures 1 and 2, and its spectra are reproduced here for
comparison. b) Spectral widths (FWHM) of the most red-shifted (*) and the most blue-shifted CAS (~) as
a function of the spectral peak position. As a guide for the eye, CAS that belong to the same complex have
been connected by a straight line. c) Distribution of the spectral separations between the most blue- and red-
shifted CAS from the same complex.
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concentrations of about 10�11
m. In the last dilution step, 1.8% (wt/wt)

polyvinyl alcohol (PVA; Mw = 30 000–70000 gmol�1) was added and
a small drop of the solution was spin-coated onto a quartz substrate.
The samples were then mounted in a helium bath cryostat and cooled
to 1.2 K. For the optical experiments, the samples were illuminated
with a continuous-wave tuneable titanium-sapphire (Ti:Sa) laser
(3900S, Spectra Physics) pumped by a frequency-doubled continuous-
wave neodymium-yttrium-vanadate (Nd:YVO4) laser (Millennia Vs,
Spectra Physics) using a home-built microscope. First, a wide-field
image of the sample was taken by exciting the sample through a band-
pass filter (BP 858/30; Dr. Hugo Anders) at ca. 855 nm. The emission
was collected by a microscope objective (NA = 0.85, Mikrothek) that
was mounted inside the cryostat. After passing a set of band-pass
filters (BP 900/50, AHF-Analysetechnik) the signal was reflected by
a mirror that was mounted on the turret inside a spectrometer
(SpectraPro-150, Acton Research Corporation) and focused onto
a back-illuminated CCD camera (iKon-M DU934N-BR-DD, Andor
Technology). Next, spatially well-isolated complexes were selected
from the wide-field image and the fluorescence–excitation spectra of
these complexes were registered.[31] Finally, the complex under study
was excited in the B800 spectral region. To do so, the laser light passed
a band-pass filter (BP 805/60; AHF Analysetechnik) and the wave-
length was wobbled across one (or more) of the sharp B800
absorptions determined before. The polarization was kept fixed and
the excitation intensity was about 1 kWcm�2. The emitted light was
directed through a set of long-pass filters (LP 830, AHF Analyse-
technik), and, by rotating the turret in the aforementioned spectrom-
eter, dispersed by a grating (600 lines/mm) to provide a spectral
resolution of about 7 cm�1. For each complex, 100–2000 emission
spectra were repetitively recorded by accumulating the emission for
3–15 s on the same CCD camera, as mentioned above. All spectra
displayed have been corrected for the spectral instrument response.
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