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Abstract.  Two-dimensional Fourier transform electronic spectroscopy is employed to 
investigate quantum beating in the major light-harvesting complex II.  Long-lived excitonic 
coherence is observed for the first time in a higher plant system between two different types of 
chlorophyll molecules. 

Introduction 
Photosynthesis is highly evolved in its ability to transfer energy with near-unity 
quantum efficiency through a matrix of pigment-protein complexes allowing almost 
every photon absorbed by the light-harvesting antennae to be transferred to the 
reaction center [1].  Although the mechanisms by which nature achieves this feat are 
not fully understood, recent studies on the Fenna-Matthews-Olson complex from the 
Chlorobium tepidium green sulfur bacterium and the bacterial reaction center of 
Rhodobacter Sphaeroides indicate that quantum excitonic coherence may be a 
fundamental contributor [2,3].  Furthermore, the coherence examined in these 
experiments is surprisingly long-lived, suggesting that the protein support-structure 
enveloping the chromophores plays an active role in preserving superpositions of the 
excitons within it [2,3].  This phenomenon, however, has not been observed in any 
complex from higher plants, and neither of these bacterial systems plays a dominant 
energy transfer role in photosynthesis.  If excitonic coherence is indeed a vital 
component to the high quantum efficiency of photosynthesis, it must be present in 
antennae complexes. 

Over half of all chlorophylls, the main light harvesting molecule in green plants 
and algae, reside in the light-harvesting complex II (LHCII) of Photosystem II.  
LHCII is far more complex than the previous systems in which excitonic coherence 
has been observed; it contains a total of 42 excitonic states from the lowest energetic, 
Qy, transitions of two different chlorophyll (Chl) variants, Chl a and b.  We explore 
excitonic coherence in LHCII with 2D electronic spectroscopy because it has proven 
valuable in studying similar complex systems [4] as well as in investigating excitonic 
coherence [2]. 

Experimental Methods 
The theory and apparatus used for the 2D FT electronic spectroscopy have been 
described in detail elsewhere [5].  Briefly, three successive pulses, generated from a 
non-collinear optical parametric amplifier pumped by 3.4 kHz 800 nm pulses 
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produced from a home-built Ti:sapphire oscillator/regenerative amplifier system, are 
incident on the sample, the signal from which is then spectrally resolved and 
heterodyne-detected on a CCD camera.  The time delay between pulses 1 and 2, the 
coherence time, is varied for each population time, the delay between pulses 2 and 3.  
The resulting spectrum for each population time is then Fourier-transformed along the 
coherence time axis to produce the final 2D spectrum.  The 18 fs pulses used in this 
experiment were centered at 640 nm with a FWHM of ~90 nm in order to excite the 
Qy transitions of all of the Chl a and Chl b molecules (645 – 680 nm) as well as their 
higher energy vibronic tails.  The total pulse energy incident on the sample was ~30 
nJ.  The population times collected ranged between 0 and 500 fs in 10 fs increments, 
and all experiments were performed at 77 K.  Recombinant LHCII from Arabidopsis 
thaliana in a solution containing pH=7.6 Hepes buffer and n-dodecyl alpha-D-
maltoside detergent was combined 30/70 (v/v) with glycerol in a 200 µm quartz cell. 

Results and Discussion 
Electronic coherence manifests itself in 2D experiments as an amplitude oscillation of 
peaks on and off of the diagonal.  Due to the complexity of the electronic structure of 
LHCII, it is imperative for analysis that beating frequencies due to peaks on the 
diagonal be isolated from interfering with those of nearby cross peaks.  Recent 
theoretical simulations have illustrated that this can be achieved through analysis of 
the nonrephasing contribution to the 2D spectrum alone [6].  Slices of the 
nonrephasing spectra along the diagonal for each population time are shown in Figure 
1.  Oscillations can clearly be seen in both Chl a features at ~14,750 cm-1 and 
~15,000 cm-1 and, though less intense, in the peak at ~15,500 cm-1 due to Chl b.  The 
coherence is long-lived with the beating persisting beyond the extent of the 
experiment at 500 fs.  Furthermore, the peak amplitude oscillates only as a function 
of time, not exciton energy, indicating that the beating is due to electronic, not 
phonon, coupling.  These oscillations can allow the excited energy populations to 
transfer more rapidly among all of the excitons than they would through a purely 
dissipative mechanism. 

 

Fig. 1. Diagonal slices from the nonrephasing contribution to the 2D signal for population 
times from 0 to 500 fs.  A spline interpolation was applied along the population time axis 
which is shown as a function of exciton energy, corresponding to the diagonal frequency in the 
original 2D spectra. 
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Conclusions 
Our 2D electronic spectroscopy studies on LHCII reveal excitonic coherence in both 
Chl a and Chl b, exemplifying the breadth of this phenomenon in photosynthetic 
complexes.  The coherence observed is also long-lived, living beyond the 500 fs of 
this experiment.  Further analysis of the emergent beat frequencies, obtained by 
performing a Fourier-transform along the population time axis, is underway.  A 
display of the data in this format may, in principle, also resolve individual exciton 
energy levels. 
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