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ABSTRACT: Light-harvesting complex II (LHCII) serves a central role in
light harvesting for oxygenic photosynthesis and is arguably the most important
photosynthetic antenna complex. In this work, we present two-dimensional
electronic−vibrational (2DEV) spectra of LHCII isolated from spinach,
demonstrating the possibility of using this technique to track the transfer of
electronic excitation energy between specific pigments within the complex. We
assign the spectral bands via comparison with the 2DEV spectra of the isolated
chromophores, chlorophyll a and b, and present evidence that excitation energy
between the pigments of the complex are observed in these spectra. Finally, we
analyze the essential components of the 2DEV spectra using singular value
decomposition, which makes it possible to reveal the relaxation pathways
within this complex.

Light-harvesting complex II (LHCII) is the major photo-
synthetic antenna complex for higher plants. It comprises a

substantial fraction of the protein content in the thylakoid
membrane and binds a majority of the chlorophyll (Chl) a and
b found in plants.1 In the membrane, LHCII forms a trimer
with pseudo-C3 symmetry. Each monomer binds 14 Chl
molecules, typically 8 Chl a and 6 Chl b, as well as four
carotenoids−two luteins, one neoxanthin and one violaxanthin,
which is believed to interconvert according to the violaxan-
thin−antheraxanthin−zeaxanthin cycle.2 The positions of the
chlorophyll molecules inside the LHCII trimer are shown in
Figure 1. The Chls serve primarily as light-harvesting pigments,
absorbing solar photons and transferring the electronic
excitation energy to the photosystem II (PSII) reaction center.
The role of the various carotenoids is rather more complex, as
they can function both in light harvesting and in photo-
protection.3−9

LHCII is responsible for the majority of light absorption
associated with PSII. Because of this central role in oxygenic
photosynthesis, the structure and the detail of the electronic
excitation dynamics in LHCII have been thoroughly charac-
terized,2 using a wide variety of techniques, ranging from X-ray
crystallography,10,13 genetic manipulation,14,15 and structure-
based modeling12,16 to a broad variety of steady-state and time-
resolved spectroscopies,17−24 including a series of recent studies
utilizing two-dimensional electronic spectroscopy (2DES).25−28

However, there remain limits on our understanding that are

imposed, in large part, by the limitations of the techniques that
have been hitherto available.
All spectroscopic methods which rely solely on interaction

with electronic transitions suffer from the same defect, which is
related ultimately to the difficulty in separating the effects of
differences in electronic site energies of individual pigments and
of electronic coupling between pigments. Electronic transitions
occur between eigenstates of the electronic Hamiltonian, which
in complex systems are often not easily related to the site basis
of actual pigments and their positions. This fact necessitates
sophisticated modeling efforts to provide the link between the
electronic spectroscopies and the actual flow of the excitation
energy through the complex, which is typically the goal of these
studies. A variety of techniques based on a combination of
structural and spectroscopic information have been developed
to address this issue for photosynthetic light-harvesting
complexes,16,29 and progress has also been made in addressing
these questions using quantum chemistry techniques,30−34 but
a significant degree of ambiguity and uncertainty remains.
Additional complexities arise from the fact that the site basis is
generally the natural basis in which to describe the environment
and the interactions between the environment and the
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electronic excited states, and that the strength of the coupling
to the environment is typically of the same order of magnitude
as the strength of the electronic coupling between pigments,
and the thermal energy kBT. Thus, accurate quantum dynamics
simulations must rely on computationally expensive exact
methods35,36 or on approximation schemes that must balance
accuracy with cost.12,16,37,38 The spatial organization of the
electronic eigenstates according to the best currently available
Hamiltonians developed using these modeling procedures is
shown in Figure 1, but an experimental approach capable of
directly providing this link between the electronic eigenstates
and the site basis would be of great value in the research of
photosynthetic light harvesting.
Recently, we have proposed an experimental method by

which this direct link might be obtained, based on 2D
electronic−vibrational (2DEV) spectroscopy.39,40 2DEV spec-
troscopy is a two-color coherent multidimensional spectro-
scopic technique that is capable of directly correlating the
electronic transitions of a molecule with its vibrational
structure, by using a combination of visible and mid-infrared
(IR) laser pulses.39,41,42 The essential idea is to leverage the
local character of certain high frequency Chl vibrational modes,
and use these localized vibrations as a proxy for position within
the large protein complex. The pigments are located in different
positions within the protein, and are therefore exposed to
slightly different electrostatic fields induced by the protein.

Furthermore, the differences in the various binding pockets
induce different minor structural deformations in the Chls
located at each binding site and bind the Chl to the protein
using different axial ligands and hydrogen bonding config-
urations.10 Together, these effects cause shifts in the
frequencies of various high energy vibrations, making it
possible, in principle, to identify specific sites by their
vibrational bands. These are the same effects which result in
different electronic energies for each site. However, unlike the
electronic absorption spectrum, which is determined by both
the site energies as well as the electronic couplings, the
vibrational spectrum of the individual pigments is not likely to
be strongly affected by dipole interactions with neighboring
pigments. Therefore, as long as it is possible to assign
vibrational bands to specific pigments, it should be possible
to use 2DEV spectroscopy to directly relate the electronic
excitation spectrum and the excited state energy transfer
dynamics to specific sites within the complex.
Here, we present 2DEV spectra of the Chl a and Chl b Q

bands in isolated LHCII trimers and demonstrate how different
bands display different dynamics, depending on both the
electronic state that is excited as well as the vibration that is
probed. Some of these features, such as the relaxation from Chl
b sites to Chl a sites, are easy to assign, and provide us with an
unambiguous measurement of these relaxation dynamics,
potentially revealing discrepancies with the best available
Hamiltonians for LHCII. Other vibrational bands are more
difficult to localize and at present can only be tentatively
assigned based on their dynamics and the available Hamil-
tonians. These results compare favorably to previous transient
IR spectra of LHCII, whichbecause of the nature of transient
absorption spectroscopysuffered from limitations in spectral
and temporal resolution, hindering the degree of information
that could be extracted.43 We expect that a combination of
mutant studies, theoretical calculations of vibrational electro-
chromic shifts, and high level QM/MM simulations will make
the assignments of these bands possible, thereby placing these
measurements among the most detailed experimental studies of
the electronic relaxation dynamics in LHCII, or any other
photosynthetic light-harvesting complex, to date.
We present the discussion of the results in three parts. First

we provide assignments for the major features observed in the
2DEV spectra of LHCII, given in comparison to 2DEV spectra
of isolated Chl a and Chl b. Then we qualitatively describe the
dynamics observed in the spectra. Finally, we perform a
principle component analysis of the LHCII spectra based on
the singular value decomposition (SVD) and provide a more
quantitative analysis of the time scales and dynamics observed
in these spectra.
2DEV spectra of isolated Chl a and Chl b and of LHCII at an

early waiting time t2 = 0.25 ps, prior to the majority of the
exciton transfer and relaxation, are shown in Figure 2. The
features in spectra of the isolated chromophores have been
assigned in detail in previous work,44 but for clarity we will
briefly discuss them here. These spectra are dominated by
several broad structures along the detection axis ω3. The
intense bleach features at ω3 = 1655 cm−1 in the Chl a spectra
and at 1665 cm−1 in the Chl b spectra are assigned to CO
stretch modes, while the broad excited state absorptions
peaking near 1610 cm−1 are most likely due to the analogous
modes on the electronic excited states. Less intense bleaches
are observed at 1550 cm−1 and, as depletions in the excited
state feature near 1590 cm−1, are assigned to chlorin ring-

Figure 1. (a) Structure of LHCII trimer viewed from the stromal
surface, from the 2.72 Å X-ray crystal structure.10,11 The Chl a and b
are represented by their Mg (red spheres) and N (Chl a green, Chl b
cyan). The carotenoids and lipids are omitted for clarity. The Chl
ligands in monomer II are labeled with the crystal structure numbers.
The Chl ligands in monomer III are marked with colored orbs, where
the color indicates the 14 exciton states. The size of each orb indicates
the degree to which that site contributes to the exciton, according to
the Novoderezhkin Hamiltonian.12 (b) Electronic absorption spec-
trum of LHCII at 77 K, together with the normalized excitation laser
spectrum.
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stretching modes. Along the excitation axis ω1 of the Chl a
spectra, two major features are observed, at 14 650 and 15 400
cm−1, corresponding to excitation of the electronic transitions
that dominate the visible linear absorption spectrum−the lower
energy Qy band, and the higher energy band that arises from a
vibronic mixture of Qy and Qx.

45 In the Chl b spectra shown in
Figure 2b, the Qy band dominates at ω1 = 15 000 cm−1, and the
Qx associated bands appear as weak features near ω1 = 16 500
cm−1. In addition to these major spectral features, there are also
weaker bands which are important to discuss, particularly a
weak bleach band in the Chl a spectra at ω1 = 14 900 cm−1 and
ω3 = 1680 cm−1 and two moderate intensity bands in the Chl b
spectra at ω1 = 15 350 cm−1, a bleach at ω3 = 1690 cm−1, and
an excited state absorption at 1640 cm−1. These features are
due to the five-coordinate Chl molecules, where the central Mg
is axially bound to only a single solvent molecule, as opposed to
the major features of the spectra, which arise from the six-
coordinate species, axially coordinated by two solvent
molecules.44 According to the crystal structure of LHCII,10

the majority of the Chl pigments are either four- or five-
coordinate, and so the spectral positions of these peaks should
be expected to be more similar to the features observed in the
LHCII spectra.

The 2DEV spectrum of LHCII shown in Figure 2c shows
several bands that can be readily related to the spectra of Chl a
and Chl b. The spectrum shows two major electronic excitation
bands at ω1 = 14 800 and 15 400 cm−1, as well as a low
intensity shoulder to higher excitation energies. These
structures can be understood in direct relationship to the
LHCII linear visible absorption spectrum shown in Figure 1b.
The 14 800 cm−1 band has been assigned as a combination of
several electronic states associated with Chl a Qy transitions,
whereas the 15 400 cm−1 band arises primarily from Chl b
transitions, with some contribution from higher energy Chl a
states.12,25 Presumably, this band also contains contributions
from Chl a Qx transitions, which in isolation occur at a similar
energy. The higher energy shoulder, which extends past 16 500
cm−1, is due to the Qx transitions and higher energy vibronic
excitations.
Along the detection axis ω3, there are several features which

can be directly assigned based on comparison to the 2DEV
spectra of the isolated chromophores. Slices through the Chl a,
Chl b and LHCII spectra at ω1 = 14 800 and 15 400 cm−1 are
shown in Figure 2d,e to facilitate the comparison between these
spectra. The bleach feature at ω1 = 15 400 cm−1 and ω3 = 1690
cm−1 is a clear indication of populated Chl b in LHCII, being

Figure 2. 2DEV spectra of Chl a (a), Chl b (b), and LHCII (c) at t2 = 250 fs. The positive features shown in yellow-red and solid contours indicate
the bleach of the vibrational modes on the ground excited state, and the negative features shown in blue and dashed contours indicate absorptions by
vibrations on the electronic excited states. Each spectrum is normalized relative to its own absolute maximum. The dashed lines at ω1 = 14 800 and
15 400 cm−1 mark the location of the slices shown in (d) and (e). The assignments of the bands of the LHCII spectrum (c) have been labeled.
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located at precisely the same spectral location as the bleach of
the five-coordinate Chl b in the isolated chromophore. The two
prominent positive features in the LHCII spectrum located at
ω1 = 14 800 cm−1 and at ω3 = 1660 and 1680 cm−1 undergo
identical dynamics and most likely arise from the same
underlying band, corresponding to the ground electronic state
CO stretch of the Chl a, with an interfering excited state
band at ω3 = 1670 cm−1. An excited state band corresponding
to the same vibrational mode can be clearly observed at the
early waiting times for initial excitation to the higher energy
electronic band, at ω1 = 15 400 cm−1. It is unclear whether this
excited state band corresponds to a mode on Chl a, on Chl b or
on both, as this band does not appear in the 2DEV spectra of
the isolated chromophores. Another possibility is that this band
arises from distortions induced in nearby protein vibrations due
to the excitation of a Chl. According the 2.72 Å crystal
structure, a number of the Chl ligands are coordinated to the
side chain of a glutamate moiety (a602, b609, a610), an
asparagine moiety (a612) or a glutamine moiety (a613), or to a
backbone carbonyl (b601, b605). Each of these amino acids

possess vibrational modes with frequencies near 1670 cm−1,46

mostly with CO stretch character. If the frequency or
absorption strength of these protein modes is altered by the
electronic excitation of the coordinated Chl, this could
potentially explain the appearance of the new induced
absorption band.
In addition to these bleach bands, which can be used to

identify excited state population on Chl a and Chl b, the bleach
of a chlorin ring stretching mode is observed at ω3 = 1555 cm−1

across the whole excitation band. This band appears to be blue-
shifted by ∼5 cm−1 relative to the corresponding band in the
spectra of the isolated pigments. This shift can be explained by
interactions between the pigments and the protein. The Chls
bound to proteins are generally not entirely planar, as observed
in the crystal structure,10 due to the coordination state and the
structures of the binding pockets. Furthermore, many of the
pigments are in close proximity to charged amino acid residues,
so the shift of this band could also be caused by some
combination of the vibrational electrochromic shift induced by

Figure 3. 2DEV spectra of LHCII at t2 = 0 ps (a), 1 ps (b), 5 ps (c), and 15 ps (d). Slices through these spectra at ω1 = 14 800 and 15 400 cm−1, the
positions marked by vertical dashed lines on (a−d), are shown in (e) and (f) normalized to their absolute maxima at t2 = 0, where the dynamics have
been normalized by the fit to the first right singular vector V1 to facilitate visualization of the excited state dynamics, with the overall relaxation
removed.
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the electrostatic charges of the protein,47−49 and hydrogen
bonding interactions.
The 2DEV spectra of LHCII shown in Figures 2c and 3a−d

are dominated by broad negative features, which correspond to
absorption by vibrations on the electronic excited states. In
addition to the narrow feature at 1670 cm−1 we have already
described, these absorption features are composed of two major
bands, centered at ω3 ≃ 1590 and 1640 cm−1 and arise from
excitation anywhere in the visible absorption spectrum. The gap
between these absorption features at ω3 = 1620 cm−1 is caused
by interference with a bleach feature that can be observed in the
transient infrared absorption spectrum and appears in the t2 < 0
ps vibrational perturbed free induction decay. The intense,
broad absorption feature is most likely related to the Chl CO
stretch modes on the electronic excited states. The ∼100 cm−1

width of this band is caused by the effect of the different protein
environments experienced by each chlorophyll in the complex.
It appears that the protein induced frequency shifts significantly
broaden the electronic excited state features relative to the
ground state bands. This is likely due to the greater
polarizability and more diffuse character of electronic excited
states, which would likely magnify the vibrational shifts due to
nearby electrostatic interactions. The dynamics of different
portions of this band, then, should provide specific information
about the electronic populations of the different Chl moieties in
the LHCII and make it possible to track the flow of electronic
excitation energy through the complex.40

The evolution of the LHCII 2DEV spectrum with respect to
the waiting time t2 is illustrated in Figure 3a−d. The time points
that are easiest to understand are the early time spectrum
shown in Figure 3a, before most electronic energy transfer
occurs, and the long time spectrum shown in Figure 3d, at t2 =
15 ps. The latter, which is subsequent to the majority of the
transient excitation transfer dynamics, shows a significant
degree of symmetry between the two major electronic
excitation bands. The structures in the spectra can be most
readily interpreted in relation to theoretical simulations of the
2DEV spectra of an electronically coupled dimer.40 The t2 = 0
ps spectrum is representative of the distribution of excited state
population initially created by the visible excitation laser. For
each excitation frequency ω1, the spectrum with respect to the
detection frequency ω3 is given by the vibrational spectrum of
the sites which can be populated by a visible excitation at ω1.
The weight in the spectrum of each individual site is provided
by the participation of that site in the exciton states excited by
that excitation energy. The loss of strong dependence on ω1 at
longer waiting times t2 indicates that the excitation energy in
the complex has largely approached its equilibrium distribution
with respect to the excited state manifold. It is believed to take
∼50 ps for excitation energy in LHCII to fully equilibrate.12

The dependence of the spectral intensity on ω1 depends
primarily on the amount of population initially created with
that energy; therefore, this aspect of the structure is not
expected to relax.40 For LHCII at 77 K, when the electronic
excited states have equilibrated, the majority of the population
will be localized on the low energy trimer composed of the sites
a610, a611, and a612.12 This t2 = 15 ps spectrum, then, should
be described reasonably well as the 2DEV spectrum of these
three sites, with the ratio of each given by their relative
population at equilibrium, independent of the excitation energy.
Between the limiting cases of the initial excitation

distribution observed in the t2 = 0 ps spectrum and the long
time spectrum of the roughly equilibrium populations, 2DEV

spectra at intermediate times contain the details of excited state
energy transfer and relaxation. To facilitate the visualization of
the effect of the excitation energy transfer between the various
chromophores in the complex, we plot slices through the two
main electronic excitation bands at ω1 = 14 800 and 15 400
cm−1 in Figure 3e,f. Here, the dynamics have been normalized
to the fit to the first right singular vector V1(t), which
represents the overall relaxation of the spectrum, and will be
discussed in greater detail subsequently.
The dynamics that are easiest to interpret are those of the

bleach features related to Chl b at ω1 = 15 400 cm−1 and ω3 =
1690 cm−1, which decays with increasing t2. At the same time,
the bleach associated with Chl a at ω1 = 15 400 cm−1 and ω3 =
1680 and 1660 cm−1 grows in. These are clear, unambiguous
indications of excited state population that was initially created
in Chl b undergoing energy transfer to Chl a. The Chl a bleach
features located at ω1 = 14 800 and 15 400 cm−1 can be
compared to separately track the population that originated on
Chl b and other high energy excited states from that which
originated on the lower energy Chl a states. Notably, there is a
shoulder at ω3 = 1690 cm−1 for all excitation frequencies that
persists out to long time. This feature may be an indication of a
long-lived excited state population on Chl b, even when the
lower energy electronic absorption band traditionally assigned
as Chl a has been excited. According to the Novoderezhkin
Hamiltonian for LHCII,12 the lowest energy electronic
eigenstate which contains at least 10% of its population on a
Chl b lies 310 cm−1 above the overall lowest energy exciton.
Although this might be sufficient to explain the presence of this
shoulder at ω1 = 14 800 cm−1 for early waiting times, it cannot
explain its persistence with t2: the thermal energy at 77 K is
insufficient to populate this state subsequent to exciton
relaxation. This observation of long-lived Chl b population,
therefore, suggests that there may be a significant problem with
the currently available Hamiltonians for LHCII and that there
are low energy states with significant Chl b character. Even if
these observations are further substantiated, it seems unlikely
that the overall connectivity of the current Hamiltonians is
incorrect, as this is determined in large part by the crystal
structure for LHCII. The models used to estimate the site
energies and coupling strengths, however, will certainly have to
be reevaluated.
In addition to the dynamics of these bleach features

specifically associated with either Chl a or Chl b, the broad
excited state absorption feature also of significant interest. They
can be roughly separated into three regions which display
different kinetics: two narrower bands at ω3 ≃ 1650 and 1635
cm−1, and a broad region encompassing ∼1560−1620 cm−1

(centered near 1590 cm−1). The dynamics of these bands are
somewhat different for the slices corresponding to excitation at
ω1 = 14 800 or 15 400 cm−1, but they share some similar
features. For both excitation regions the 1650 cm−1 band shows
an overall decay, on the time scale of several picoseconds (ps).
This is in sharp contrast with the neighboring band at 1635
cm−1, which shows an initial increase in intensity on a sub-ps
time scale. For the lower energy excitation at ω1 = 14 800 cm−1,
this band then levels off and remains roughly constant for the
remainder of the waiting time. For the higher energy excitation
at ω1 = 15 400 cm−1, however, following a similar initial rise,
this vibrational band subsequently decays, after several ps. The
1590 band behaves differently, showing a monotonic increase in
intensity for both excitation regions. Following an initial sub-ps
time scale shared between the two excitation bands, for the
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higher energy excitation this increase slows substantially, and
the intensity remains roughly constant, whereas it continues to
gain intensity for the lower energy excitation region.
Together, the dynamics of these modes suggest a flow of

excitation energy through the complex. Under this interpreta-
tion, the ω3 = 1650 cm−1 band serves as a proxy for the
population of some higher energy electronic excited states,
which are most likely associated with Chl b moieties,
corresponding in frequency to the band in the Chl b spectrum
at ω3 = 1640 cm−1 and have previously assigned as most likely
being due to the formyl group that differentiates Chl b from
Chl a. The significant initial population of the band even for
lower excitation energies typically associated with Chl a states,
together with the fast relaxation corroborates the suggestion in
the bleach bands of a greater degree of mixing between some
Chl a and Chl b states than has typically been proposed. As the
excitation relaxes from these higher energy states, it flows
through some transient intermediates, which contribute to the
1660 cm−1 band, and end up in the low energy states,
manifesting in the broad 1590 cm−1 band. Because the
dynamics are somewhat different for the higher and lower
energy electronic bands, there must of course be a number of
chromophores that contribute to each of these vibrational
bands, and so the differing dynamics show that there are
distinct energy transfer pathways from the regions of the

protein in which lower energy Chl a states are located, separate
from those regions containing the higher energy, predom-
inantly Chl b states. Because of the similarities in the dynamics,
however, there must also be common pathways through which
a substantial amount of the excitation energy is transported.
The spectral structures and dynamics illustrated in Figure 3

are quite complex. To perform a more quantitative analysis of
these electronic excited states dynamics, the utilization of data
reduction techniques, such as the singular value decomposition
(SVD), becomes essential.50,51 In performing this decom-
position, we consider the total spectrum S(ω1, t2, ω3) as a
mapping between a vector space composed of 2D spectral
surfaces Ui(ω1, ω3) and their associated dynamics Vi(t2) and
linearly weighted by the singular values Σi, so that the spectrum
can be written as a matrix product S = U·Σ·V†. This
decomposition provides a set of basis spectra that, taken
together with the singular values Σi, describe the overall 2DEV
spectrum. The most straightforward way to understand the
SVD components is that the first component is the single
spectrum and dynamics that best describe the total data. If this
component is subtracted off, then the second component is the
best spectrum and dynamics to describe the remainder, and so
forth. Upon performing the SVD, we find that there are four
components that are not dominated by noise. These
components are shown in Figure 4, with the left singular

Figure 4. Singular value decomposition of the LHCII 2DEV spectrum. The first four left singular vectors (spectral component) are shown in (a−d),
normalized to their individual absolute maxima. The corresponding right singular vectors (dynamics component) are shown in (e), with fits to
biexponential decays from t2 = 0 onward. The fit parameters are given in Table 1.
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vectors Ui (the spectral component) shown in panels (a−d)
and the corresponding right singular vectors Vi (the dynamics
component) shown in panel (e). To describe the kinetics of the
right singular vectors, we have performed fits to biexponential
decays of the form Vi(t2) = A1exp(−t2/τ1) + A2exp(−t2/τ2) +
A3 for the data from t2 = 0 ps onward. The results of these fits,
together with the singular values for the significant
components, are provided in Table 1.

The first spectral component U1 shows very similar
structures to the spectrum at t2 = 1 ps, as seen in Figure 3b.
This is indicative of the fact that the overall changes to the
spectrum with respect to t2 are relatively minor, with the major
features remaining essentially unchanged. The dynamics in the
first right singular vector V1 reflect the overall decay of the
spectrum as the excited state population returns to the ground
state. The kinetics are described by two components with
similar amplitudes, time constants of τ1 = 1.13 ps and τ2 = 9.97
ps, with the slower nanosecond scale relaxation captured by the
constant offset.
The other three significant components can be most easily

understood as describing the evolution of the spectrum with
respect to the overall relaxation captured by U1(ω1, ω3) and
V1(t2). The spectral components U2, U3, and U4 are rather
complicated, but there are several features for which we have
made the assignments, which aids in the interpretation of the
associated dynamics. U2 is the only SVD component other than
U1 that shows a significant peak at the position of the Chl b
ground state CO stretch at ω1 = 15 400 cm−1 and ω3 = 1690
cm−1, as well as at the prominent Chl b excited state band at ω3
= 1640. This indicates that a significant process represented by
this component is the relaxation from Chl b to Chl a. The
dynamics in V2 show a very fast 50 fs fit component,
commensurate with the time resolution of the experiment,
and a 0.5 ps fit component. The latter time scale is consistent
with the typical time scale reported for the Chl b to Chl a
energy transfer, which was first measured by fluorescence
upconversion to occur with a time constant of 0.68 ps,17 and
has been measured more recently using transient absorption
and 2DES to occur with two time scales of ∼100−200 fs and
≲1 ps.12,25,28 The current experiment, however, has an
advantage over these previous measurements, as it does not
require any assumption that the excitation at the 15 400 cm−1

band populates only Chl b states or that there is no strong
mixing between the Chl a and Chl b states; we can monitor
vibrational bands that we know uniquely and unambiguously
distinguishes population of Chl b and Chl a.
In addition to the readily assignable features associated with

Chl b, the second, third and fourth SVD components show
dynamics in the excited state absorption bands which can be
related to our earlier qualitative discussion of the dynamics. U2,
which is associated with a very fast, sub-ps decay, has a negative

feature at ω1 = 15 400 cm−1 and ω3 = 1650 cm−1, as well as a
positive feature at ω3 = 1640 cm−1. Together, these suggest a
simultaneous decay of one excited state band, and rise of a
separate band, showing the energy transfer between one set of
Chls and another. The differences in the spectral structures for
excitation at ω1 = 15 400 cm−1 versus at ω1 = 14 800 cm−1

demonstrate that the relevant dynamics, despite occurring on
the same time scale, are following different pathways. In
particular, for the higher energy excitations U2 has a significant
positive feature at ω3 = 1640 cm−1 that is absent for the lower
energy excitations. This represents a gain in this part of the
excited state band following the same dynamics as the decay of
these Chl b states, indicating a Chl a intermediate that is
quickly populated by the relaxation of these higher energy
states which is bypassed by the Chl b excited at lower energies,
which relax directly to the band at ω3 = 1620 cm−1. With
precise assignments, this should make it possible to identify
which Chl a and b moieties are involved in unexpectedly large
mixing, but by following the Novoderezhkin Hamiltonian, we
can conclude that overall these fast dynamics are likely a
signature of either the stromal side relaxation from the b601′−
b608−b609 cluster to the a602−a603 cluster and the a610−
a611−a612 low energy trimer, or of the lumenal side relaxation
from the b606−b607 dimer to the a604−b605 dimer. The third
SVD component shows a rise component with a time scale of
0.46 and 4.21 ps and is associated with a negative spectral
feature at ω3 = 1600 cm−1, which seems then to describe the
long time rise of the excited state band in this region of the
spectrum. Presumably, this band should be related to the low
energy trimer a610−a611−a612 which contribute to the lowest
energy electronic states, and perhaps the bottleneck sites a604,
a613−a614, and a602−a603. The fourth SVD component
shows a fast 0.45 ps rise followed by a 4.21 ps decay and is
associated with a negative band at ω3 = 1645 cm−1. This feature
must be related to some short-lived intermediates, such as
b605, which might act as an important intermediate in the Chl
b to Chl a energy transfer. This seems reasonable, as it is also
associated with a positive band near the Chl b 1690 cm−1

ground state feature, but has its intensity peaked instead at ω3 =
1685 cm−1 and therefore may be a shifted Chl b bleach band.
The Novoderezhkin Hamiltonian12 predicts the popluation on
b605 to decay to a604 on a 3.6 ps time scale, which is in good
agreement with our observed kinetics. The details of these
spectral components suggest that if it is possible to accurately
assign the specific vibrational shifts of each Chl molecule in the
LHCII complex, these data will reveal specific energy transfer
pathways that would be very difficult to resolve with
conventional time-resolved electronic spectroscopies.
In this work, we have presented and discussed the structures

and dynamics observed in 2DEV spectra of the photosynthetic
light-harvesting complex LHCII. The major features of the
spectrum are assigned by comparison to the 2DEV spectra of
isolated Chl a and Chl b. However, there are some significant
differences, the details of which are difficult to precisely assign.
The substantial advantage of this method over traditional
electronic spectroscopic techniques comes from the unambi-
guity with which it can be possible for molecular vibrational
bands to be assigned to specific molecular species, as opposed
to the broad, relatively structureless electronic transitions. The
major difficulty for this system is in making the assignments in a
large and complex system. An analysis of the vibrational shift
induced by the protein due to effects such as specific
conformational distortions, hydrogen bonding, coordination

Table 1. Fits to the Significant Right Singular Vectors
Following the Biexponential Form A1exp(−t/τ1) +
A2exp(−t/τ2) + A3

Vi(t) = A1exp(−t/τ1) + A2exp(−t/τ2) + A3

singular value Σi A1 τ1 (ps) A2 τ2 (ps) A3

29.25 0.07 1.13 0.08 9.97 0.03
4.46 0.22 0.05 0.09 0.50 −0.04
2.92 −0.30 0.46 −0.10 2.90 0.11
1.42 −0.45 0.67 0.39 4.21 −0.15
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state, and shifts induced by the electrostatic fields of the protein
environment will provide greater insight into the detailed
assignments of the observed vibrational bands. Advances in
quantum chemistry methods that would allow for the
exploration of excited state potential surfaces of large and
complex systems like LHCII would be of great value toward
complete understanding of the photophysics of photosynthetic
light harvesting.
We use the dynamics of the spectrum, coupled with a SVD

spectral analysis, to demonstrate how 2DEV can be used to
follow the flow of excitation energy through the complex. The
distinct vibrational bands of the Chl a and Chl b allow us to
directly track the energy transfer between these different
species, with no ambiguities due to imprecise electronic
Hamiltonians or broad electronic line widths. For the
vibrational bands that we can definitively assign to a specific
molecular species, we can track the motion of the electronic
excitation energy through the complex without relying on
modeling and spectral fitting. For example, the spectral
decomposition reveals signatures of a short-lived (∼5 ps) Chl
b intermediate, which is most likely associated with the b605
site. The long-lived shoulder at ω3 = 1690 cm−1 band and
amplitude in the excited state band at ω3 = 1650 cm−1 provide
evidence that we observe a completely unexpected Chl b
population that survives for longer than 25 ps, which is not
predicted by the currently available Hamiltonians. If this
interpretation is correct, this would bring into question the
quality of these models and would suggest that the details of
the exciton transfer dynamics through LHCII need to be
substantially reconsidered.
The 2DEV experiments furthermore allow us to observe

dynamics in the electronic excited state bands that provide
more detailed information about the flow of excitation energy
through the complex. We observe distinct bands which report
on the different phases of the early relaxation of the excitation
energy through the complex. Current computational techniques
make it very difficult to provide these excited state vibrational
bands with definitive assignments due in large part to the
importance of the environmentally induced shifts, and the cost
of excited state quantum chemistry methods. If it becomes
possible to determine precise assignments of the vibrational
band on the electronic excited state for the different sites in the
complex, then these experiments will provide us with
unparalleled resolution of the early time flow of electronic
excitation energy through the LHCII complex.

■ EXPERIMENTAL METHODS
The details of the 2DEV technique have been detailed
previously.39 The experiment was driven with a Ti:Saph
oscillator and regenerative amplifier (Micra, Legend Elite,
Coherent), which was used to pump a home-built visible
NOPA and a home-built mid-IR OPA. The visible pump
covered the region ∼14 250−16 700 cm−1, to span the Q bands
of the Chl a and Chl b absorption spectra. The infrared laser
was centered at 1620 cm−1, resonant with the high frequency
Chl carbonyl and chlorin ring CC stretching vibrational
modes. The first time delay t1 between the visible pump pair
was generated and controlled using a pulse shaper (Dazzler,
Fastlite), and the experiments were performed in the partially
collinear “pump-probe” geometry. t1 was scanned from 0−75 fs
in 1.5 fs steps for the LHCII data and in 2.5 fs steps for the Chl
a and b data in the fully rotating frame. Each visible pulse was
compressed using the pulse shaper together with a SF14 prism

pair to ∼15 fs, as characterized by self-referenced spectral
interferometry52 (Wizzler, Fastlite). The total excitation power
was attenuated to ∼325 nJ and focused with a f = 25 cm silver-
coated 90° off-axis parabolic mirror to a spot size of ∼250 μm.
To measure the changes in the infrared absorption along the

detection axis ω3, the infrared probe laser was dispersed on a
spectrometer, imaged onto a dual-array 64 element HgCdTe
detector (Infrared Systems Development). To mitigate the
effect of shot-to-shot laser noise in the IR, the signal was
normalized against a reference beam. At the sample, each IR
laser beam has a total pulse energy of ∼100 nJ and a duration of
∼60 fs. The beams were focused at the sample using a f = 15
cm gold-coated 90° off-axis parabolic mirror to a spot size of
∼200 μm. The entire IR laser setup was purged with dry, CO2-
free air provided by a lab gas generator (Parker Balston).
The waiting time t2 between the visible pump pair and the IR

probe was controlled with a motorized delay stage. The relative
polarization of the pump and probe lasers was set to either
parallel (giving rise to the signal S∥) or perpendicular (S⊥), and
the isotropic responses were calculated as Siso = S∥ + 2 S⊥. The
desired 2DEV signal was isolated by phase cycling the pump
pulse pair in a 4 × 1 scheme,53,54 and a Fourier transform was
performed along t1 to produce the final electronic excitation
frequency ω1 vs vibrational detection frequency ω3 correlation
spectra, parametrized by the waiting time t2.
The LHCII sample was isolated from spinach, and dispersed

in a buffer of 50 mM Tris−HCl (pH 7.8), 0.12 M NaCl, 0.3 M
sucrose, and 0.03% n-dodecyl β-D-maltoside in D2O. This
solution was mixed with glycerol-d8 in a 70:30 (v/v)
glycerol:LHCII ratio. The sample cell was constructed from
two CaF2 plates with a kapton spacer, and had a path-length of
100 μm and was placed in an optical cryostat (OptistatDN2,
Oxford Instruments) at 77 K. The maximum optical density in
the visible, shown in Figure 1, was 0.8 and was ∼0.4 in the
solvent subtracted infrared absorption (dominated by the
protein amide bands). The Chl a and Chl b samples were
dissolved in ethanol-d6, held at 77 K in the same type of sample
cell. These samples had optical density of 2 at the absorption
maximum in the visible, and of ∼0.1 in the solvent-subtracted
infrared absorption.
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