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Abstract:  Two-dimensional femtosecond broadband electronic spectroscopy was used 
to simultaneously probe parallel pathways of energy transfer in the major light 
harvesting complex of Photosystem II from plants.  Sub-100 femtosecond relaxation 
between delocalized excitonic states on highly coupled clusters of chlorophylls and 
several hundred femtosecond to picosecond components of relaxation between clusters 
were observed. 
  

Introduction 
Photosynthesis, nature’s process for conversion of light energy to chemical energy, 
begins when sunlight is absorbed and the resulting excitation is transferred to the 
reaction center, where charge-separation occurs with near unity quantum efficiency.  
In plants, the major light harvesting complex of Photosystem II (LHCII) is the site of 
the light absorption and of directional energy transfer processes. [1]  Two types of 
chlorophyll (Chl-a and Chl-b) comprise the primary absorbers in the complex.  LHCII 
is trimeric, with three identical monomers each containing fourteen chlorophylls 
grouped into highly coupled clusters of two or three molecules each.  Mapping the 
dynamics of energy transfer within LHCII and relating these dynamics to the spatial 
arrangement of chlorophylls within the complex has the potential to show how 
evolution has given rise to such remarkably efficient energetic dynamics.  Due to the 
two types of chlorophyll as well as to differences in how each chromophore couples 
to its neighbors, the transitions of the first electronic excited state cover a broad 
energy range that is fully encompassed by using broad bandwidth laser pulses.  
Although previous ultrafast experiments and theoretical studies have identified 
elements of energy transfer [2], broadband 2D electronic spectroscopy generates a 
map of multiple simultaneous energy transfer and coupling mechanisms in the Qy 
region and thus a more comprehensive understanding of LHCII’s light-harvesting 
functionality. 
 

Experimental Methods 
Our 2D Fourier-transform technique has been described previously in detail. [3]  
Briefly, an ultrafast pulse is generated from a non-collinear optical parametric 
amplifier (NOPA) pumped by a home-built 3.4 kHz Ti:sapphire regenerative 
amplifier.  The 18 fs NOPA output pulses are centered at 640 nm with a 90 nm 
FWHM.  The NOPA output is split into four pulses arranged in a box geometry.  
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Pulses 1, 2 and 3 interact with the sample to generate the third-order optical response 
in the phase-matched direction, collinear with beam 4, the local oscillator. The signal 
is thus heterodyne detected in the frequency domain.  The measured electric field is 
Fourier-transformed with respect to the delay between pulses 1 and 2 to generate a 2D 
spectrum for each population time, T, the delay between pulses 2 and 3.  The full 2D 
spectrum includes the photon-echo (rephasing) and free polarization decay (non-
rephasing) contributions.  The non-rephasing component, experimentally separated by 
switching the time order of pulses 1 and 2, can be used to more clearly isolate cross-
peaks.  LHCII extracted from Arabidopsis thaliana was dissolved in Hepes buffer (pH 
of 7.6) and mixed with glycerol at 30:70 (v/v).  The sample was held in a 200 µm 
quartz cell and cooled to 77 K.  2D spectra were measured for population times in 10 
fs increments from 0 to 500 fs and 1 ps increments from 1 to 15 ps. 
 

Results and Discussion 
Absolute value two-dimensional spectra of LHCII and their corresponding non-
rephasing components for representative population times are shown in Fig. 1.  The 
absorption of Chl-b and Chl-a appear along the diagonal in our 2D spectra, around 
ω=15385 and 14925 cm-1, respectively.  The vibronic tail, to at higher energies than 
the Chl-b peak, displays rapid relaxation to the vibrational ground state. 

   
Fig. 1: Absolute value normalized 2D spectra of LHCII at 77 K for (left to right) T=30, 260, 500 fs and 2 
ps.  The non-rephasing contribution is separated and displayed below the corresponding correlation (total) 
spectrum.   
 
Overall, many of the energy transfer processes correspond to a model developed by 
Novoderezhkin, et. al. [2]  The chlorophylls are arranged in highly coupled clusters 
(J=10-100 cm-1), each of which supports energetically separated but spatially 
overlapping delocalized excitonic wavefunctions.  This overlap facilitates sub-100 fs 
relaxation processes between the delocalized states within both the Chl-a and Chl-b 
bands, as seen particularly in the cross-peaks emerging within the Chl-a band at 30 fs.  
The T=260 and T=500 fs spectra show energy transferring between clusters within the 
Chl-a manifold on a several hundred femtosecond timescale.  The cross-peaks 
showing energy transfer between the Chl-b and Chl-a manifolds contain multiple 
timescale contributions.  At T=30 fs, the emergence of two cross-peaks (ωτ=15300 
cm-1, ωt=14800 cm-1; ωt=14900 cm-1) indicates rapid energy transfer between these 
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two regions, perhaps seen here, as with the intra-cluster relaxation, but not in [2] 
because of the shorter pulse duration than in previous experimentation.  The intensity 
of the cross-peak with the higher ωt frequency (ωτ=15300 cm-1, ωt=14900 cm-1) 
relative to the cross-peak with the lower ωt frequency (ωτ=15300 cm-1, ωt=14800 cm-

1) is stronger in the T=260 fs spectra than in the T=500 fs spectra, showing that some 
relaxation occurs on a several hundred femtosecond timescale.  The cross-peak still 
exists in the T=2 ps spectra, which shows a picosecond contribution to the cross-peak, 
potentially corroborating a long-lived intermediate state proposed in [2].  The 
chlorophylls in LHCII are arranged in two disordered layers, stromal and lumenal, [4] 
with Chl-b to Chl-a energy transfer processes occurring on both layers.  The Chl-b 
cluster on the stromal level appears to be strongly coupled to neighboring Chl-a 
molecules and might thus show faster relaxation between bands, while the lumenal 
layer would contribute predominantly to the picosecond Chl-b to Chl-a energy 
transfer processes.  The increased relative intensity of the cross-peaks along the 
lowest energy state (ωt=14750 cm-1), seen in the T=260 fs spectrum and more clearly 
in the T=500 fs spectrum, shows that the broad range of initial excitations relaxes to 
the lowest energy state. [5]  The longer-time dynamics, notably Chl-b transfer to two 
distinct Chl-a levels and Chl-a to Chl-a transfer, are reproduced with theoretical 
modeling, as shown in Figure 2.   

 
Fig. 2: 77 K 
normalized to unity 
simulated LHCII 
absolute value 
correlation 2D 
spectra for T=350 
fs and 2 ps (left to 
right).   
 
 
 
 
 
 

Conclusions 
2D electronic spectra display an electronic coupling and energy transfer map for the 
entire Qy region of LHCII.  The spatial overlap of delocalized excitonic 
wavefunctions facilitates rapid relaxation over large energetic gaps.  Overall, the 
spectra demonstrate multiple simultaneous pathways by which the broad range of 
initial excitations relaxes to the lowest energy excitonic state.  There are two clear 
pathways of Chl-b to Chl-a energy transfer through the LHCII complex which could 
be related to the bilayer design of the pigment-protein complex.  Combined with 
knowledge of the molecular structure, mapping the electronic structure has enabled us 
to understand more fully the interactions between chromophores and the role specific 
molecules play in guiding directional energy transfer.   
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