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Abstract: We report coherent dynamics in the photosystem II reaction center observed by two
dimensional electronic spectroscopy. We discuss the physical nature of the coherences and their
importance for charge separation.
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1. Introduction
Photosynthetic systems contain light-harvesting antennae arrays that gather solar energy and transfer it to reaction
centers where it is converted to a charge separated state. In oxygenic photosynthesis the first charge separation event
occurs in the Photosystem II reaction center (PSII RC); the only natural biological system capable of using solar
energy to split water. Two-dimensional electronic spectroscopy (2DES) has provided an incisive tool for studying
energy transfer and the electronic structure of photosynthetic complexes [1]. 2DES provides a direct view of
populations and coherences that appear on the diagonal and off-diagonal regions of a 2D spectrum. 2DES studies of
a number of photosynthetic systems have revealed coherent oscillations as a function of population time [2-4]. An
intense ongoing debate aims to understand the physical nature of the coherences and their possible role in enhancing
energy transfer. While the bulk of 2DES experiments have focused on light harvesting antenna, 2DES has recently
been applied to reaction centers [5, 6]. Here we report clear coherent signatures in the 2DES spectra of the PSII RC.
We also discuss the physical origins of the coherences and speculate about their relevance to the essential charge
separation function in the PSII RC.
2. Methods
D1-D2-cyt b559 reaction centers were isolated as described previously [5]. Glycerol was added to produce a
glycerol:buffer ratio of 2:1 (v/v), and the sample was vacuum degassed prior to being sealed in an optical cell with a
sample thickness of 380 µm and an OD of ~0.2 at 680 nm. The 2DES measurements were made using a hybrid
diffractive optic and pulse-shaping based approach that combines the advantages of background-free detection with
the precise time-delays and phase-cycling capabilities of a pulse-shaper [7]. The 2DES spectra were phased to pump
probe data using the projection slice theorem [8]. In order to resolve low frequency modes, population kinetics were
removed using a global exponential fit.
3. Results
Figure 1 shows a typical absorptive 2DES spectrum of the PSII RC at a population time of 170 fs. Marked on the
spectrum (arrows) are several diagonal and off-diagonal locations where we observe strong coherences as a function
of the population time (t2). The frequency content of these individual time traces is also shown in Figure 1, where
the Fourier transform has been taken with respect to t2 after removal of background kinetics. We observe dominant
coherences at 91 cm-1, 127 cm-1, 251 cm-1, 339 cm-1, 730 cm-1, 854 cm-1 and 974 cm-1. Electronic coherence between
excitonic states should manifest itself as modulation in the off-diagonal 2D spectrum region as a function of t2. This
modulation should occur at a frequency that corresponds to the difference frequency between the participating
excitonic states[2]. We find that the lowest four observed modes closely match exciton difference frequencies
within the Novoderezhkin [9] and Gelzinis [10] models. All but the 127 cm-1 mode also reasonably match
vibrational frequencies as determined by Raman [11] or fluorescence line-narrowing [12] experiments.
The coherences we observe here persist on picosecond timescales at 77 K. In both the BRC and the PSII
RC this time scale is coincident with the primary charge separation steps, raising the interesting question of whether
the coherent dynamics are important for the charge separation process. To understand the origin of the
experimentally observed coherences and determine their importance for charge separation, we have performed
theoretical simulations of the dimeric special pair of the PSII RC including explicit coupling to discrete vibrations,
using an approach recently developed by Butkus et al. [13]. The simulations show that molecular vibrations strongly
modulate the 2D spectra, and that coupling the special pair electronic dimer to a single vibrational mode creates

08.Tue.C.1.pdf

Ultrafast Phenomena 2014 © 2014 OSA

coherences at several frequencies. Additional simulations find that particular vibrations observed by 2DES
dramatically speed up the rate of initial charge separation in the PSII RC.
1.0

1

0.5
Resi

5
0
-5 0

750

1000

FT Amplitude (a.u.)

250 t (fs) 500
2

2

0.5
5
0
-5 0

Resi

0.0
1.0

250 t (fs) 500
2

750

1000

3

0.5

4
0
-4 0

Resi

Amplitude (a.u.)

0.0
1.0

0.0
1.0

0.0

750

1000

4
4
0
-4 0

Resi

0.5

250 t (fs) 500
2

0

250 t (fs) 500
2

750

1000

500 1000 1500

0 200 400 600 8001000

Population Time, t2 (fs) Oscillation Frequency (cm-1)

Figure 1. Left: Absorptive (real, phased) 2D spectrum of the PSII RC at 77K at a population time of 170 fs. Right: Representative
population time (t2) traces taken at the locations indicated by the numbered arrows. Data is shown in red, with background fit in black.
The insets show the data after subtraction of the background. Also shown are the corresponding Fourier transforms of the population
time traces (taken after background subtraction). Gray vertical lines show locations of peaks found consistently throughout the 2D
spectrum.
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