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ABSTRACT: Light-harvesting complexes in photosynthetic organisms display fast and
efficient energy transfer dynamics, which depend critically on the electronic structure of
the coupled chromophores within the complexes and their interactions with their
environment. We present ultrafast anisotropy dynamics, resolved in both time and
frequency, of the transmembrane light-harvesting complex LH2 from Rhodobacter
sphaeroides in its native membrane environment using polarization-controlled two-
dimensional electronic spectroscopy. Time-dependent anisotropy obtained from both
experiment and modified Redfield simulation reveals an orientational preference for
excited state absorption and an ultrafast equilibration within the B850 band in LH2.
This ultrafast equilibration is favorable for subsequent energy transfer toward the
reaction center. Our results also show a dynamic difference in excited state absorption
anisotropy between the directly excited B850 population and the population that is
initially excited at 800 nm, suggesting absorption from B850 states to higher-lying excited states following energy transfer from
B850*. These results give insight into the ultrafast dynamics of bacterial light harvesting and the excited state energy landscape
of LH2 in the native membrane environment.

Transmembrane pigment−protein complexes harvest light
from the sun and transfer energy to the reaction center

(RC) with high quantum efficiency.1 In purple bacteria, the
peripheral antenna, light-harvesting complex 2 (LH2), contains
27 bacteriochlorophyll a (BChl a) arranged in two distinct
rings termed B800 and B850 according to their wavelengths of
maximum absorption (Figure 1a inset).2 This dense packing of
chromophores within a protein scaffold is common to light-
harvesting complexes and results in a complicated electronic
structure with a manifold of excitonic states. Energy migrates
through LH2 from B800 to B850 on a 700−800 fs time
scale3−5 and undergoes ultrafast intra-B850 band energy
transfer from higher-lying B850* excited states in 60−200
fs.6 LH2 in Rhodobacter sphaeroides (Rba. sphaeroides) absorbs
solar energy and transfers excitations to energetically down-
stream light-harvesting complex 1 (LH1) and then to the RC
to initiate photochemistry.1,7,8 After absorption, excitations in
LH2 undergo exciton relaxation, during which their transition
dipoles can reorient. This reorientation is constrained by the
two-dimensional ring structure of LH2.6,9,10 Exciton local-
ization and the time dependence of transition dipole

orientations will produce transient anisotropy, which can be
readily measured with polarization-dependent experiments.
Generalized Förster theory suggests that the degree of
excitation delocalization within B800 and B850 influences
the energy transfer and relaxation processes.11 This delocaliza-
tion has been probed by pump−probe anisotropy, photon
echo peak shift, and superradiance experiments.12−16

Two-dimensional electronic spectroscopy (2DES)17−19

provides information not accessible in pump−probe experi-
ments by providing frequency resolution in both the excitation
and detection domains while maintaining ultrafast time
resolution. By controlling the polarization of the laser pulses,
we can observe transient anisotropic dynamics of pigment−
protein complexes. Anisotropy in multidimensional spectros-
copy has been used to monitor the orientational dynamics of
transition dipoles in hydrogen bonding networks in water both
experimentally20−22 and theoretically.23 Recently, the approach
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revealed excitonic hopping on carbon nanotube thin films,24

enabled spectral feature assignment in chlorophylls,25 and
showed vibrational relaxation and energy transfer in an
explosive.26 Other polarization-dependent third-order spec-
troscopy experiments have been utilized to suppress and
amplify selected pathways27−30 and to probe changes in
transition dipoles such as quantum coherences in LH2.31

In this Letter, we extend the application of two-dimensional
anisotropy spectroscopy to study the anisotropic dynamics of
LH2. We follow the dynamics of transition dipole reorientation
in this light-harvesting complex to improve our understanding
of the excited state energy landscape. We are able to reproduce
the temporal trends in our 2D anisotropy spectra using
modified Redfield theory. In 2DES, three time-ordered
ultrafast pulses interact with the sample, resulting in a third-
order polarization that generates a stimulated emission (SE)/
ground state bleach (GSB)/ excited state absorption (ESA)
signal in a phase-matched direction. Two-dimensional spectra
correlate excitation wavelengths (λexc) with detection wave-
lengths (λdet) of SE/GSB/ESA at a given waiting time, T.19

2DES spectra are collected using the GRadient Assisted
Photon Echo Spectroscopy (GRAPES) apparatus that spatially
encodes the time delay between pulses 1 and 2, the coherence
time, τ.32 The all-parallel, ⟨ZZZZ⟩, and perpendicular,
⟨XXZZ⟩, excitation pulse sequence polarizations are acquired
separately using an achromatic half-wave plate to rotate the
polarization of pulses 1 and 2 by 90°.

For this anisotropy study, LH2 in its native membrane
environment was prepared from an LH2-only mutant of Rba.
sphaeroides.33 Details of the preparation of membrane frag-
ments can be found in the Supporting Information. The laser
excitation spectrum used for 2DES experiments covered the Qy
absorbance peaks of both B800 and B850 (Figure 1a). Parallel
and perpendicular 2DES spectra in Figure 1b,d reveal similar
spectral features with a positive SE/GSB diagonal peak at 800
nm corresponding to B800, a strong diagonal B850 feature
with contributions from SE/GSB (positive) just below the
diagonal near 850 nm, and ESA (negative) just above the
diagonal near 850 nm. Energy transfer from B800 to B850
corresponds to the growth of the SE/GSB and ESA crosspeaks
in the lower right quadrant. These features are consistent with
previous 2DES studies on isolated LH2 and live cells of Rba.
sphaeroides.33−35 Additional waiting time traces from the B800,
B850, and lower crosspeak features are shown in Figure S1 in
the Supporting Information.
To construct the Hamiltonian and simulate 2D electronic

and anisotropy spectra using modified Redfield theory, we
need the geometric orientation of transition dipoles and the
couplings between them. A high-resolution crystal structure is
not available for LH2 from Rba. sphaeroides. Cryoelectron
microscopy of LH2 in Rba. sphaeroides demonstrates C9
symmetry of its molecular aggregation.36 Due to the lack of
high-resolution crystal structures, the positions of transition
dipole moments of BChls are adopted from a high-resolution
crystal structure of LH2 from Rps. acidophila (PDB ID: 1NKZ)

Figure 1. (a) Linear absorbance of LH2-only membranes in a 200 μm path length and the laser excitation spectrum (gray shaded area) used in two-
dimensional electronic spectroscopy (2DES) experiments. The laser spectrum is broad enough to interrogate both the B800 and B850 bands. The
inset shows the crystal structure of LH2 from Rps. acidophila (PDB ID: 1NKZ).2 B800 and B850 rings of BChl a are shown in green and red,
respectively, with phytyl tails removed for visual clarity. (b−d) Absorptive 2DES spectra of LH2-only membranes at a waiting time of 200 fs for (b)

all-parallel ⟨ZZZZ⟩, (c) isotropic ( )2
3

+ ⊥ , and (d) perpendicular ⟨XXZZ⟩ polarization sequences. (e) Waiting time traces shown as an average of

six scans from the SE/GSB crosspeak feature (λexc = 800 nm, λdet = 853 nm) for all-parallel (blue) and perpendicular (red) experiments and the
calculated isotropic (yellow) response. The shaded area indicates ± the standard error of the mean (σ) from six scans.
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with the same 9-fold symmetry, as shown in Figure 1a.2 A
previous study showed that the circular dichroism (CD)
spectra of LH2 complexes from various purple bacteria

primarily fall into two categories, molischianum-like or
acidophila-like, and Rba. sphaeroides is considered to be in
the former category.37 Because CD spectroscopy is sensitive to

Figure 2. (a) Waiting time series of 2DES anisotropy in LH2-only membranes at 0, 50, and 300 fs. The color saturation level and gray contours
indicate the all-parallel 2DES signal magnitude at the corresponding waiting time. Colored dots indicate points corresponding to the waiting time
traces in (b). (b) Waiting time traces of anisotropy from the B800 diagonal SE/GSB (λexc = 800 nm, λdet = 800 nm [A, blue]), B850 diagonal ESA
(λexc = 850 nm, λdet = 832 nm [B, green]), B850 diagonal SE/GSB (λexc = 850 nm, λdet = 854 nm [C, yellow]), crosspeak SE/GSB (λexc = 800 nm,
λdet = 853 nm [D, red]), and crosspeak ESA (λexc = 800 nm, λdet = 832 nm [E, purple]). The shaded area indicates ± standard error of the mean
(σ) from six scans. The gray traces indicate the monoexponential fit to traces A−D and the biexponential fit to trace E (refer to the Supporting
Information for fit details).

Figure 3. (a) Simulated waiting time series of 2DES anisotropy in LH2 at 0, 50, and 300 fs. The color saturation level and gray contours indicate
the simulated all-parallel 2DES signal magnitude at the corresponding waiting time. Colored dots indicate points corresponding to the waiting time
traces in (b). (b) Waiting time traces of simulated anisotropy from the B800 diagonal SE/GSB (λexc = 800 nm, λdet = 805 nm [A, blue]), B850
diagonal ESA (λexc = 847 nm, λdet = 836 nm [B, green]), B850 diagonal SE/GSB (λexc = 847 nm, λdet = 850 nm [C, yellow]), crosspeak SE/GSB
(λexc = 799 nm, λdet = 849 nm [D, red]), and crosspeak ESA (λexc = 799 nm, λdet = 834 nm [E, purple]).

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.8b03223
J. Phys. Chem. Lett. 2019, 10, 270−277

272

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b03223/suppl_file/jz8b03223_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b03223/suppl_file/jz8b03223_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.8b03223


the orientations of transition dipole moments, we adopted the
orientations of the BChl Qy transition dipoles from the crystal
structure of LH2 from Rsp. molischianum (PDB ID: 1LGH38)
and separately applied rotations on B800, B850α, and B850β
transition dipole moments as in Georgakopoulou et al. to
better align with the reported features in CD spectra of LH2
from Rba. sphaeroides and maintain a 9-fold symmetry.37,39

Detailed information on the model parameters and all
simulated 2D electronic and anisotropy spectra (Figures S2
and S3) are provided in the Supporting Information.
The time-dependent anisotropy signal r(T) for each (λexc,

λdet) point on the 2DES spectrum was calculated by combining
the parallel (I∥) and perpendicular (I⊥) absorptive time-
dependent signals in the following equation

r T
I T I T

I T I T
( )

( ) ( )

( ) 2 ( )
=

−
+

⊥

⊥ (1)

A waiting time series of 2DES anisotropy spectra (Figure 2a)
reveals correlations between the transition dipoles at the
excitation wavelength and those at the detection wavelength at
several waiting times. Anisotropy spectra at additional waiting
times are shown in Figure S4. An alternative representation of
anisotropy spectra at early waiting times is shown in Figure S5.
Waiting time traces (Figure 2b) show time-dependent
anisotropic dynamics from various features in the spectra.
These results are reproducible over multiple experimental runs,
as shown in the Supporting Information (Figures S7−S9).
The measured anisotropy of the B850 SE/GSB feature

(trace C in Figure 2b) reveals a fast 60 ± 3 fs decay of the
anisotropy signal, starting at 0.35 and decaying to approx-
imately 0.1. The anisotropy of the B800 main diagonal peak
(trace A in Figure 2b) starts close to 0.4 and decays on a ∼400
fs time scale. These results agree with published transient
absorption anisotropy experiments.6,10,40 The rapid anisotropy
decay of the B850 SE/GSB corresponds to ultrafast
reorientation of the B850 transition dipoles.14,41 Simulated
anisotropy spectra (Figure 3a) and the waiting time trace
(trace C in Figure 3b) reproduce these dynamics. Novoder-
ezhkin et al. attribute the 300−400 fs B800 anisotropy decay to
one-exciton coherence dynamics;6 however, our data do not
cover sufficiently long waiting times to observe the picosecond
time scale interchromophore hopping in the B800 ring.6,10 In
our simulations, the B800 anisotropy decay (trace A in Figure
3b) is faster than the experimental anisotropy decay of this
feature. We are unable to definitively assign this difference, but
the faster decay seen in simulation may be due to coherence
dynamics, which is not included in the model.
In addition to B800 (A) and B850 (C) diagonal SE/GSB

signals, we also observe the anisotropy dynamics of the B850
diagonal ESA (trace B in Figure 2b) feature, which was
inaccessible in prior experiments. The B850 diagonal ESA
feature (B) shows an initial anisotropy of 0.34 at T = 0 fs. An
anisotropy value of 0.34 indicates preferential alignment of
ESA with the initial excitation transition dipole. This result
indicates that once the system has been polarized along a given
axis the system is more polarizable along that axis than along
any other axis. The anisotropy rapidly decays to approximately
0.1 with a 77 ± 7 fs lifetime due to ultrafast reorientation and
randomization of transition dipoles on B850, similar to that
observed in the diagonal B850 SE/GSB (C) feature. This
result is also in agreement with simulation (trace B in Figure

3b), which shows a rapid anisotropy decay from a value of
0.42.
The crosspeak SE/GSB (trace D in Figure 2b) has an

approximately constant anisotropy across the measured waiting
times. This crosspeak corresponds to SE/GSB from the B850
ring following energy transfer from B800 and B850*, which
occurs on respective time scales of 700−800 and 60−200 fs.6

The anisotropy dynamics show some oscillatory structure at T
< 100 fs, which may result from energy transfer from B850* to
B850, but this signal is less clear than the crosspeak ESA (E)
anisotropy dynamics due to overlap with strong couplings in
the spectral region of the crosspeak SE/GSB (D). Energy
transfer from an initially localized B800 state into the B850
ring results in an immediately random orientation of the
transition dipole in the plane of the ring, indicating transfer
into a delocalized B850 state, as evidenced by the constant
∼0.1 anisotropy value of the crosspeak SE/GSB (D). If the
system retained memory of the initial B800 transition dipole
orientation following energy transfer before reorienting, we
would expect the anisotropy dynamics of the crosspeak SE/
GSB (D) to resemble the anisotropy of the B850 SE/GSB (C)
and ESA (B) features with an ultrafast decay from ∼0.4.
A waiting time anisotropy trace from the lower crosspeak

ESA (trace E in Figure 2b) shows initial ultrafast growth of a
negative anisotropy signal, followed by ultrafast decay of this
negative anisotropy to approach a constant anisotropy value of
∼0.1 at T > 100 fs. This anisotropy is distinctly different from
the dynamics of the lower crosspeak SE/GSB (D), which is flat
across the range of waiting times, and additionally different
from the B850 SE/GSB (C) and ESA (B) anisotropies, which
only decay. While the B850 diagonal ESA (B) and the B850
diagonal SE/GSB (C) features show identical dynamics, the
crosspeaks ESA (E) and SE/GSB (D) are fundamentally
different from one another. At early waiting times (T < 50 fs),
the growth of a negative anisotropy of the crosspeak ESA (E)
may correspond to ESA from B850 to higher-lying excited
states following energy transfer from B850*. B850* states are
higher-lying states in the B850 manifold that spectrally overlap
with B800 and additionally relax to B850 on the 60−200 fs
time scale.6 Calculated energies of the B850* states at different
realizations of the static disorder are shown in Figure S10. This
time scale of energy transfer from B850* to B850 corresponds
to the ultrafast rise of the negative anisotropy signal. Dynamics
corresponding to these B850* states will overlap spectrally
with the B800 diagonal and crosspeak features, as opposed to
the B850 diagonal features. At later waiting times, this ESA
signal originating from B850* would be overwhelmed by ESA
from B850 following energy transfer from B800, which
supports why the negative anisotropy only persists for <100 fs.
ESA from B850 to higher-lying excited states following

energy transfer from B850* may correspond to energy transfer
to or from a state with out-of-plane character to give rise to an
anisotropy of <0.1 at early times. In fluorescence experiments,
a negative anisotropy value arises from relaxation or energy
transfer to a state with the transition dipole oriented 45−135°
from the initially excited state; transfer or relaxation between
states with orthogonal transition dipoles yields an anisotropy
value of −0.2.42,43 Nonlinear anisotropy experiments are
sensitive to differences in transition dipole orientation between
different electronic states in ESA signals in addition to
reporting on changes in orientation due to relaxation and
energy transfer.43 The anisotropy measurement of an ESA
feature correlates the initial excitation transition dipole
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moment orientation (in this case, B850*) with the transition
dipole moment orientation of the ESA transition (in this case,
B850 to a higher-lying excited state). In the case of a two-
dimensional ring structure, like LH2, the anisotropy could
correspond to ESA to and from a state in which the transition
dipole is coplanar to the ring following energy transfer from a
state in which the transition dipole is orthogonal to the plane
of the ring (or vice versa). The B850* transition dipoles have
significant out-of-plane character and in many instances of
static disorder are oriented >45° from the plane of the LH2
ring (Figure S11). Energy transfer from an out-of-plane B850*
state to B850 states parallel to the plane of the ring and then
subsequent ESA to higher-lying excited states parallel to the
plane of the ring would be in agreement with these negative
anisotropy signals. At longer times (T > 100 fs), the anisotropy
of the crosspeak ESA feature is close to 0.1, indicating that the
transition dipole moment orientation is randomly distributed
but constrained to be coplanar to the ring.12,14,40,44

The B850 SE/GSB feature also shows a trend of anisotropy
decay constants across the excitation wavelength axis (λexc)
(Figure 4). A series of points from the same detection
wavelength (854 nm) after being excited at varying wave-
lengths across the B850 band reveal that those excited on the
blue edge show faster anisotropy decay. An excitation
wavelength of 839.6 nm yields an anisotropy decay constant
of 27.6 ± 2.7 fs, whereas an excitation wavelength of 862.6 nm
yields an anisotropy decay constant of 72.0 ± 5.9 fs. This trend
of faster anisotropy decay at bluer excitation wavelengths
moving across the B850 SE/GSB band is reproduced in our
simulation (Figure 5). In pump−probe anisotropy experi-
ments, Nagarajan et al. showed a faster anisotropy decay with
827 nm excitation than that with 850 nm excitation, but they
did not see a continuous trend across excitation wavelengths.12

These higher-energy excitons relax quickly, resulting in a faster
loss of transition dipole orientation and more rapid anisotropy
decay than excitons on the red edge of the band. Segatta et al.
calculated an increasing relaxation rate with increasing energy
in LH2 B850 excitons using TD-DFT/MMPol at cryogenic
temperature.45 The rapid relaxation of higher-energy excitons
in the B850 band limits back transfer to favor downstream
energy transfer to LH1 and the RC. Similar directional
behavior has been observed in LH1 in vivo.46

We have measured the first 2DES anisotropy spectra of
membrane-bound LH2 from Rba. sphaeroides. We observed an
orientational preference for ESA on the B850 ring and
detected an ultrafast anisotropy decay of B850 ESA (B) that
matches the magnitude and time scale of the ultrafast
anisotropy decay of the previously established B850 SE/GSB
(C). We also observed negative anisotropy at early waiting
times in the crosspeak ESA (E), which may be due to ESA
following energy transfer to B850 from B850* states that
overlap spectrally with the B800 ring. Our results show
ultrafast relaxation of higher-energy excitons within the B850
manifold, which is favorable for directing excitons toward the
RC. These data reveal dynamics underlying the B850 2DES
peak that are uniquely accessible with anisotropy experiments.
These experimental results agree with our simulated 2D
anisotropy spectra. We believe that this extension of anisotropy
in 2DES will serve as a new paradigm of probing ultrafast
orientational dynamics of transition dipoles and exciton
dynamics on systems with confined geometry.

■ EXPERIMENTAL METHODS
The principles and experimental setup of 2DES have been
detailed elsewhere.19 The data in this Letter were acquired
using GRAPES.32 The pulse used in this experiment was
generated by a 5 kHz regenerative amplifier seeded by a
Ti:sapphire oscillator (Coherent Inc.). The pulse was then
passed through 2 m of argon gas (15 psi above atmospheric)
and an SLM-based pulse shaper (Biophotonics Inc.) to obtain
sub-25 fs pulses. Polarization rotation was achieved using a
broad-band achromatic half-wave plate (Union Optic
cemented, achromatic, zero order, 500−900 nm). Wave plate
bandwidth performance is characterized in Figure S12.
Integrated power across the beam at the time of the
experiment showed suppression > 113:1. 2DES correlates
absorption frequency with signal frequency as a function of a

Figure 4. Waiting time traces of anisotropy from the SE/GSB B850
feature at varying λexc values and λdet = 854 nm. The shaded area
indicates ± the standard error of the mean (σ) from six scans. Gray
traces show the monoexponential fit to each waiting time trace. The
middle panel zooms in on the first 200 fs. Colored dots on the 2D
anisotropy spectrum from T = 50 fs show the spectral locations of the
corresponding waiting time traces.
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time delay between pulses 2 and 3, waiting time T, which was
continuously scanned by a mechanical translation stage at a
speed of 1.5 μm/s. The signal was heterodyned with an
attenuated local oscillator pulse and spectrally resolved with an
Andor Shamrock spectrometer, followed by detection on a
high-speed CMOS 2D array camera (Phantom Miro M310) at
a collection rate of 50 Hz. Absorptive spectra were produced
by reconstructing the nonrephasing component of the data
according to Sohail et al.46 The absolute phase of the 2D
spectra was determined by fitting to separately acquired
pump−probe spectra according to the projection-slice
theorem.19,34 All parallel and perpendicular 2D spectra were
normalized to the global maximum of the averaged parallel
spectra.
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