
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Two-color Three-pulse Photon Echo Studies on the Photosynthetic Bacterial Reaction 
Center

Permalink
https://escholarship.org/uc/item/1d23j386

Author
Lee, Hohjai

Publication Date
2009
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1d23j386
https://escholarship.org
http://www.cdlib.org/


 
 
 
 

Two-color Three-pulse Photon Echo Studies on  
the Photosynthetic Bacterial Reaction Center 

 
by 

 
Hohjai Lee 

 
 
 

A dissertation submitted in partial satisfaction of the 
 

requirements for the degree of 
 

Doctor of Philosophy 
 

in 
 

Chemistry 
 

in the 
 

Graduate Division 
 

of the 
 

University of California, Berkeley 
 
 
 

Committee in charge: 
 

Professor Graham R. Fleming, Chair 
Professor Herbert L. Strauss 
Professor Krishna K. Niyogi 

 
 
 

Fall 2009 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Two-color Three-pulse Photon Echo Studies on 
the Photosynthetic Bacterial Reaction Center 

 
 
 

© 2009 
 
 

by 
 
 

Hohjai Lee 



 1

 
 

Abstract 
 

Two-color Three-pulse Photon Echo Studies on 
the Photosynthetic Bacterial Reaction Center 

 
By 

 
Hohjai Lee 

 
Doctor of Philosophy in Chemistry 

 
University of California, Berkeley 

 
Professor Graham R. Fleming, Chair 

 
 

Photosynthesis begins with absorbing the sun light by the light harvesting complexes. 
The solar energy is then funneled into the reaction center (RC) via the energy transfer between 

the light harvesting complexes at ultrafast rates (~ 1
100 fs

) with extremely high quantum 

efficiency (~100 %). Most of the complexes are composed of pigments and protein matrices that 
tightly bind them. The pigments are responsible for absorbing and transferring the energy. The 
roles of the protein environment of photosynthetic pigment-protein complexes have been 
suggested, but the detailed mechanisms are still not fully understood.  

In this dissertation, non-linear spectroscopic methods using ultrashort pulses (~ 40-fs 
FWHM), three-pulse photon echo studies are presented to investigate the roles of protein 
environment of the photosynthetic bacterial RC. The technique characterizes the protein 
dynamics around the pigments (a bacteriochlorophyll a, B and a bacteriopheophytin a, H) in the 
RC. In particular, two-color three-pulse electronic coherence photon echo technique is used to 
observe the quantum coherence between the excited states of coupled H and B, whose life time is 
sensitive to the protein dynamics. I found a long-lasting quantum coherence suggesting that the 
protein actively preserves the quantum coherence. A scenario in which the long-lasting 
coherence can accelerate the rate of energy trap is described with a simple Bloch model 
simulation.   

In addition, one- and two-color three-pulse photon echo peak shift (1C- and 2C3PEPS) 
techniques are used to measure the coupling strength between H and B in the wild type RC. The 
coupling strength is facilitated from the geometry between the pigments governed by the protein 
environment. The simulation based on the standard response function formalism is used to obtain 
the coupling strength. 2C3PEPS signal from H and B of the oxidized RC is reproduced to extract 
the coupling constant between them by quantum-master equation which efficiently incorporates 
pulse overlap effect and bath memory effect. The values will enable the molecular level of 
studies on the photosynthetic energy and electron transfer.  
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1.1 Photosynthetic processes in light harvesting pigment-protein complexes and ultrafast 
laser spectroscopy 

Photosynthesis is the process where a plant synthesizes its energy source carbohydrates 
using energy from the sun.  The general concept of the photosynthesis was set up more than half-
century ago; carbon dioxide and water absorbed are converted to the carbohydrates and oxygen 
molecules in the presence of the sunlight absorbed in chloroplast.  However, the details in each 
step of the photosynthesis are still not completely understood, and it remains a very active 
research topic. 

In particular, the initial light harvesting step that is followed by charge separation has 
attracted the interests of both experimentalists and theorists because of the extremely high 
quantum efficiencies related to the ultrafast energy transfer. Kinetics in the light harvesting 
complex 1, 2 (LH1 and LH2), and the reaction center (RC) of a photosynthetic purple bacterium 
shown in Fig. 1.1 is a good example.1,2 The captured solar energy is transferred between light 

harvesting complexes on the time scale of femtosecond ( 1
1,000,000,000,000,000

second) to 

picosecond ( 1
1,000,000,000,000

second).  The kinetics of the population transfer between them 

have been extensively studied with the various spectroscopic tools using ultrashort pulse lasers, 
such as pump-probe techniques, time-resolved fluorescence spectroscopy and so on.3,4   

It is noteworthy that the energy- and electron-transfers in the initial steps of 
photosynthesis are mostly mediated by pigments tightly surrounded by protein matrixes. For 
example, LHCII (light-harvesting complex II, distinct from LH2 in purple bacteria) found in 
plants and algae consists of three transmembrane helices that coordinate seven chlorophylls a, 
five chlorophylls b, two lutein, five neozanthin, and one violaxanthin molecules.5,6 FMO 
complex (named after Fenna and Matthews, who determined its structure, and Olson, who 
discovered the protein), a peripheral antenna complex in green sulfur bacteria is a trimeric 
complex of protein subunits each of which holds seven bacteriochlorophyll a (BChl a) 
molecules.7  In purple bacteria RC where charge transfer occurs upon the excitation of special 
pair (see section 1.2), three transmembrane protein subunits bind four BChl a and two 
bacteriopheophytin a (BPhy a) molecules with a carotenoid molecule.8,9  These pigment 
molecules have large number of conjugated π-bonds so that they can efficiently interact with 
radiation from sun. (see Fig. 1.2)  

Interestingly, the linear absorption spectrum of pigments inside the protein matrix is not 
always same as that of free pigments in solvent. The difference is clearly shown in Fig. 1.3: the 
solid line is for the absorption of RCs from Rhodobacter sphaeroides (Rb. sphaeroides) whereas 
the dashed line is for the free BChl a and BPhy a in a solvent at the same concentration.10 There 
might be two possibilities to explain the peculiar electronic energy landscape: electronic 
coupling between pigments that redistributes the eigenenergies, and the presence of protein 
matrix that can alter the energies by close binding to the pigments. Likewise, the ultrafast time 
scale and extremely high efficiency in energy- and electron-transfer processes in photosynthetic 
system are often attributed to peculiar roles of the protein matrix, such as holding the pigments in 
certain geometry to furnish the couplings between pigments or the close interaction between 
pigments and neighboring amino acids.  

Time-resolved measurement of population dynamics combined with single-site mutations 
have been successfully used to nail down single residues responsible for the ultrafast and 
efficient events in the light harvesting processes.11-13 However, a technique sensitive to the 
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environment of pigments or their coupled counterpart such as protein relaxation time, electron 
(of pigment)-phonon (of protein) coupling strength is needed to quantify the electronic coupling 
and the dynamics of the protein matrix. 

 

 

Figure 1.1 Schematic kinetics and pathways of energy transfer in the photosynthetic 
units of purple bacteria (Protein Data Bank file 1PYH, 1KZU, and 1M3X). Inset is an 
AFM image of membrane of the purple bacteria. Reproduced from Refs.1 and 2. 
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Figure 1.2 Molecular structures of (a) BChl a and (b) BPhy a 



 5

 
 

 

Figure 1.3 Absorption spectra of intact RCs from Rb. sphaeroides (solid line) in 0.01M 
Tris-HCl buffer (pH 7.5) containing 0.1% LDAO and a neutral organic extract of the 
pigments (dashed line) at the same concentration in dry petroleum ether. Reproduced 
from Ref.7. 

  
In our group, the three-pulse photon echo peak shift technique (3PEPS) has been 

developed and applied to solvation dynamics of organic dye solutions. The technique can be 
extended to investigate the protein environment, which is regarded as ‘environment’ in the 
pigment-protein complex. Several 3PEPS studies on the RCs of a photosynthetic purple 
bacterium, Rb. sphaeroides are demonstrated in the later chapters. The combination of one-color 
and two-color three-pulse photon echo peak shift (1C- and 2C3PEPS) techniques has been 
extensively used to quantify the coupling strengths between pigments and their environment 
(proteins) dynamics. The knowledge obtained from the 1C- and 2C3PEPS will lead to a better 
understanding of natural architectures in photosynthetic systems and provide a design principle 
for the artificial photosynthetic devices, photovoltaic cells, etc.  
 
1.2 Photosynthetic bacterial reaction center of Rhodobacter sphaeroides 

The three-pulse photon echo (3PE) researches reported in this dissertation are performed 
on the RC extracted from a photosynthetic purple bacterium Rb. sphaeroides (previously, 
Rhodopseudomonas sphaeroides). This RC has many advantages for spectroscopic 
measurements on energy transfer in photosynthesis. The first reason for this is that its high-
resolution crystal structure is available. Second, its absorption bands are relatively well separated 
and assigned. Third, it is one of the simplest sunlight-harnessing pigment-protein complexes 
containing only seven pigments (four BChl a, two BPhy a, and one carotenoid) and thus, it can 
be treated as a good model system. Furthermore, the structure of the purple bacterial RC has 
proved to be useful in localizing cofactors associated with the D1 and D2 proteins in PSII, the 
RC of higher plants. Protein sequence homology between the two complexes makes this possible 
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and it implies that the knowledge about the purple bacteria RC can be applied to investigate 
PSII.14  

The Rb. sphaeroides RC is embedded in the inner cell membrane of the bacteria. As 
illustrated in Fig. 1.1, solar energy captured by the LH1 and LH2 is channeled into the RC that 
transduces the energy to chemical energy by a primary electron transfer reaction with almost 
unity quantum efficiency.15 The structure of RC of Rb. sphaeroides is shown in Fig. 1.4. Three 
protein subunits tightly bind six pigments with pseudo-C2 symmetry and the two branches are 
denoted by branches A and B. Two facing BChl a on periplasmic side of the membrane form a 
dimeric special pair (P). Another pair of BChl a (BA and BB) are situated on each side of P and 
BPhy a(HA and HB) is next to each B. The distance between the pigments on a branch is in the 
range of 11~17 Å. The absorption bands of these pigments are noted as P, B and H in Fig. 1.3 
(solid line). The notation is based on the pigment which makes the major contribution to each 
band. In addition, there is a quinone on each branch, and non-heme Fe atom between the 
quinones.  
 

 
Figure 1.4 Reaction center of Rhodobacter spaeroides. P: special pair, B: accessory 
bacteriochlorophyll a, H: bacteriopheophytin a, Q: quinone (Protein Data Bank file 
1M3X) 
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Excitation of P is immediately followed by an electron transfer from P to BA to HA to 
form P+BH- through the membrane on the 3-ps time scale. The A branch is 200 times more 
active than B branch for the electron transfer.16 Pump-probe and time-resolved fluorescence 
studies also found that excitation energy in an isolated RC is transferred from H to B and from B 
to P about 100- to 150-fs, respectively.17-19 
 
1.3 Time-integrated three-pulse photon echo techniques  

Three-pulse photon echo (3PE), as the name implies, is an optical response of sample to 
interactions with three sequential laser pulses. The observable is the macroscopic 3rd order 
polarization, P(3) that generates coherent radiation in a special direction.  Figure 1.5 shows a 
schematic description of the 3PE experiment. The k1, k2, and k3 represent wave vectors of the 
three incident pulses, and τ and T are the delays between the pulses. ks is the wave vector of one 
of the 3PE signals that satisfies momentum conservation; ks=-k1+k2-k3. In other words, the 
specific direction of the 3PE signal is determined by the geometry of the three interacting pulses 
and it is called phase-matched direction.  

 

Figure 1.5 Schematic illustration of the 3PE signal generation. k1, k2, and k3 are wave 
vectors for the three incident pulses. τ and T are the time delays between k1 and k2and 
between k2 and k3 respectively. 

 
It is known that photon echo radiation is facilitated by the constructive interference 

between a collection of oscillating dipoles, and the intensity of the radiation depends on the 
density of the macroscopic polarization, P(3).20 A simplified description of the 3PE signal 
generation is displayed in Table 1.1. For the simplicity, only two-level system (a ground 
state, g  and an excited state e ) satisfying  

gH g gω=  

eH e eω=  

eg e g geω ω ω ω= − = − , 
is considered, but a multilevel system can also be described in a similar way. k’s are wave 
vectors of the incident pulses and a photon echo signal in a phase-matched direction ks=-
k1+k2+k3 is selected. Each column of the table represents the state of the system before and after  
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each interacting pulse. In the first row, the wave functions of a single molecular system are 
expressed with proper time evolution operators as the system interacts with each sequential pulse. 
In the second row, the mixed ensemble system is described by a density matrix. One never 
knows the exact Schrödinger equation for the mixed ensemble system, thus the system is treated 
statistically using the density operator, a quantum analog of classical phase distribution 
function.21 Diagonal terms of the density matrix are called ‘populations’ which represent the 
probabilities that the system would be in the corresponding eigenstates. The off-diagonal term 
are called ‘coherence’ terms and responsible for interferences between two or more states.22 It is 
useful to specify the relative phase of the oscillating dipoles because the macroscopic 
polarization reflects the extent of the constructive interference of dipoles and it is shown in the 
bottom row of the table. 

Before the first pulse hits, every molecule is in the thermally equilibrated  g  state, and 

only g g component in the density matrix is non-zero. After the first pulse interaction (-k1), 

the system is in a coherence between g and e states. The quantum coherence is caused by a 
linear superposition of eigenstates, and the parts of the combined wavefunction have a fixed 
phase relationship with one another. The expression for this state is the coherence term g e in 
the density matrix, and the time interval τ is called the ‘coherence time.’ Unlike the population 
term, the coherence term oscillate due to ( )ge nie ω δω τ− − factor. The oscillation frequency is governed 
by the energy gap between g and e which is distributed in an inhomogeneous manner 
( ge nω δω− ) because each pigment in different members of the protein ensemble may have 
slightly different electronic transition energies, even though they occupy structurally identical 
locations. This inhomogeneous distribution of the oscillation frequency increases relative phase 
differences during the τ as seen in the diverging relative phases in the fourth row. The interaction 
with the second pulse (+k2) drives the system to another population state, e e  (or 

g g again). The interval (T) is called ‘population time’, and the relative phase of the 
oscillations is frozen for that period.  The third pulse brings the system to another coherence state 
e g . The oscillatory feature during this second coherence time (t) is same as that in τ, but the 

opposite sign of the wave vector (+k3) reverses the oscillations.  Therefore, the oscillations return 
in-phase if each molecule remembers its original frequency or, in other words, if the oscillation 
during τ is correlated with the one during t. This process is called ‘rephasing’ and t is ‘rephasing 
time.’ The regained constructive interference generates electromagnetic radiation, so called 
‘photon echo’ and the signal is integrated along the time window of t to obtain a time-integrated 
echo profile. More general discussions on photon echo are also available elsewhere.23-25  

However, a real system loses its memory and this results in a reduced rephasing 
capability with time. Under the randomly fluctuating environment, the transition frequencies of 
the molecules in a system can change between different frequencies (spectral diffusion), and 
their phases can also change. These weaken the system’s memory (dephasing). The effect is 
reflected by the reduced 3PE signal and makes 3PE a very powerful tool to probe the dynamics 
of the surrounding matrix. 

The sequential interactions of pulses within a system and echo signal generation in 
specific phase matched directions are conveniently illustrated by double-side Feynman diagram 
(DSFD).23 The DSFDs corresponding to the processes mentioned above are in Fig. 1.6.(a). The 
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density matrix elements inside the diagram give the state of the system and the direction of time 
evolution is from bottom to top. The arrow indicates an electromagnetic field that interacts on 
either side of the density matrix; a negative wave vector points to left while a positive wave 
vector points to right.  

 

 

Figure 1.6 (a) Rephasing Feynman diagrams for 1C3PEPS of a two-level system ( g  

and e ), (b) for 2C3PEPS and  (c) for 2CECPE of an excitonically coupled system 

( g , µ , ν and f , see Fig. 1.7) in the kS=-k1+k2+k3 phase-matched direction. The red 
color is used for k2 and kS to note that they have a different center wavelength from k1 
and k3. 
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1.3.1 One-color three-pulse photon echo peak shift(1C3PEPS) 
In disordered systems like photosynthetic complexes where electronic dephasing is 

extremely rapid, it is well established that the 3PEPS provides useful information about solvation 
dynamics, i.e. the rearrangement of the “solvent” (the protein environment) nuclei to 
accommodate electronic excitations on the chromophores. The photon echo signal is integrated 
over the rephasing time t, and its profile is recoded as a function of τ for a given population time 
T. The profile peaks at a positive τ value in the presence of rephasing capability in the system. 
The peak shift (τ*) is defined simply as the coherence time (τ) at which the 3PE signal reaches 
maximum intensity at a given T. If all the three pulses have the same center wavelength, it is 
called one-color three-pulse photon echo peak shift (1C3PEPS). The usefulness of 1C3PEPS lies 
in the fact that it closely follows the time correlation function of a transition frequency for a 
pigment, which can contain for example, solvation dynamics information.26,27 In general, the 
initial peak shift (τ*(T=0)) reflects the system-bath coupling strength because it is proportional 
to the reciprocal value of the mean squared fluctuation amplitude of the transition frequency. 
Peak shifts at large T indicate the extent of static disorder, and the decay captures dephasing 
dynamics of the system.28  

1C3PEPS has been successfully applied to various photosynthetic pigment-protein 
complexes. For example, Jimenez et al found large (~25 fs) initial peak shifts for LH1 and LH2 
of Rb. sphaeroides, which indicates weak coupling of the pigments of these complexes to the 
surrounding protein matrix.29 This relatively weak coupling may be essential to minimize heat 
dissipation to the surroundings and, therefore, maximize the energy transfer efficiency from LH2 
to LH1 to the RC. The contribution of energy transfer within LH1 complex in Rhodospirillum 
rubrum to 1C3PEPS signal decay was demonstrated by Yu et al.30 This experiment also 
demonstrated that the 1C3PEPS is sensitive to energy transfer within the spectral window of the 
laser pulse as well as energy transfer out of the detection window because the peak shift 
measures the rephasing capability.  Moreover, unlike conventional transient absorption or time-
resolved fluorescence studies, 1C3PEPS is insensitive to reverse energy transfers between 
transitions of similar energies.  These features are useful in studying the diagonal elements of a 
Hamiltonian of photosynthetic systems in which multiple replicas of pigments are common. In 
this sense, the evolution of 1C3PEPS reflects the details of excited state dynamics of a 
photosynthetic system. 

 
1.3.2 Two-color three-pulse photon echo peak shift (2C3PEPS) 

The correlation that causes 3PEPS is not limited to the correlation in a single spectral 
window, but can be extended to the correlation between the two coupled spectral windows. The 
latter is strongly suspected in photosynthetic pigment-protein complexes where the pigments are 
closely located and electronically coupled to each other. Let us consider a dimeric system as 
shown in Fig. 1.7. g  is the common ground state, a  and b  are excited states of A and B 
monomers before the coupling, and their energies are Ea and Eb (i.e., site energies). When the 
coupling occurs, the excited states wavefunctions are delocalized and coupled excited states 
(exciton states) appear, denoted by µ and ν states with energies Eµ and Eν. f  is a two-

exciton state corresponding to µ ν⊗ or ν µ⊗ . When the extent of the coupling (J) is given, 
the Eµ and Eν can be expressed as 
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The two excitonic states keep attributes from both a  and b . Therefore, the fluctuation on one 
of the excitionic states will influence the fluctuation of the other. In other words, their 
fluctuations will be correlated.  
 

 

Figure 1.7 Energy level diagram for an excitonically coupled dimer. g : ground, a and 

b : excited states of the two two-level system, molecules A and B, µ and ν : upper 

and lower one-excitonic states , f : two-exciton state, J: coupling constant 
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Agarwal et al. employed a different color for the third pulse from the color for the first 
two pulses ( 1 2 3λ λ λ= ≠ ) to investigate the correlation between the two different spectral 
windows within a broad absorption band of an organic dye, IR144, and this technique is 
categorized as two-color three-pulse photon echo peak shift (2C3PEPS).31 General DSFDs for 
the 2C3PEPS are listed in Fig. 1.6 (b). In the case of 1 2 3λ λ λ= < , it is called ‘downhill’ 
experiment while in the case of 1 2 3λ λ λ= > , it is called ‘uphill’ experiment. The solvent effect 
on such a spectral correlation was also studied by this technique.32 

At the same time, our group proposed that one can quantify a coupling strength between 
the excitonically coupled pigments by 2C3PEPS and 1C3PEPS without prior knowledge of their 
site energies.33,34 Briefly, because the J is related to the mixing angle (θ) with the difference in 
energy between the two observed exciton states given by  

2
12 1

tan(2 )
E E Jµ ν θ

 
− = +  

 
,  

the J value can be determined with the mixing angle obtained from the experimental mixing 
coefficient, µνC   

))()((
2
1)(

)(cossin2
3*

22
*

κττ
κ

τ

τθθ
νµµν

µν
µν

TTT

TC
++

≈= , 

where )(/)( ** TT νµµν ττκ = . As shown in the notation of Fig. 1.7, )(* Tµτ  and )(* Tντ  represent 
the 1C3PEPS values for upper and lower excitonic states, respectively, and )(* Tµντ  and )(* Tνµτ  
represent uphill and downhill 2C3PEPS, respectively. It should be noted that 1C3PEPS data for 
the two bands of interest are prerequisite because they contain solvation dynamics information 
for each band which is critical to interpret 2C3PEPS data. The idea was implemented on 
phthalocyanine dimer performed by Prall et al. to directly quantify the mixing coefficient 
between two coupled excitonic states.35 The 2C3PEPS technique can also directly extract the 
electronic coupling strength between the pigments in a photosynthetic system that form the two 
excitonic states resonating with the pulses of two different colors. The coupling strengths 
experimentally measured will lead to detailed description of the energy and electron transfer 
processes between pigments at molecular level. 

 
1.3.3 Two-color electronic coherence photon echo (2CECPE) 

Recently Engel et al. reported that excitonic quantum coherence during the excitation 
transfer in the FMO complex of green sulfur bacteria lasts ~660 fs using two-dimensional (2D) 
electronic spectroscopy.36 This is comparable to its sub-picosecond population transfer time. 
This was striking because such a long-lasting electronic quantum coherence had not been 
expected mainly due to rapid dephasing in the biological system: the random fluctuation in 
protein matrix would wash out the phase information of each quantum coherence and, therefore 
the electronic quantum coherence was disregarded in theoretical modeling of photosynthetic 
complexes (the secular approximation). The authors suggested the reversible wave-like energy 
transfer between pigments rather than incoherent energy hopping in the FMO complex.  

This long-lived quantum coherence observed in the FMO complex immediately 
demanded the details of the electronic quantum coherence in biological environments. However, 
the information from the 2D electronic spectroscopy is limited since the signal is intrinsically 
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overshadowed by the contribution from the pathways related to the population dynamics. In 
order words, the combination of the DSFDs in Fig. 1.6 (b) (population state during the interval 
between the first and second pulses) and Fig. 1.6 (c) (coherence state between the first and 
second pulses) may contribute to signal measured in the 2D electronic spectroscopy.  

A new technique two-color electronic coherence photon echo (2CECPE) was developed 
in my thesis research to elucidate the electronic quantum coherence selectively. This technique 
utilizes alternating two-color pulse sequencing ( 1 3 2λ λ λ= ≠ ) to produce the quantum coherence 
between two excitonic states (e.g. µ andν in Fig. 1.7), and in turn, generates signals that 
experience only the coherence state during the time between the first and second pulses (i.e. 
DSFDs in Fig. 1.6. (c) only). This feature allows the quantification of the time scales for the 
quantum coherence. The alternating two-color pulse sequence was used by Wright and co-
workers in 2D infrared spectroscopy to observe quantum coherence transfer between 
Rh(CO)2(acac) vibrational states.37 However, to our best knowledge 2CECPE is the first 
measurement of the quantum coherence between electronic exciton states. The electronic 
quantum coherence is hard to detect because it is presumably more vulnerable to the dephasing 
than that of vibration levels due to the higher frequency oscillation in addition to the 
inhomogeneous protein environments. It should be also noted that the quantum coherence 
observed is directly associated with excitonic energy transfer. The rephasing capability of the 
pathways is low because the quantum coherence even during T diminishes the system memory 
seriously compared to 1C3PE. In order to have noticeable and long-lasting 2CECPE signal, a 
system needs enough correlation between the two excitonic states via an excitonic coupling 
and/or a correlated interaction from environment. Thereby 2CECPE provides the unique 
information of the excitionic quantum coherence and valuable insights on pigment-protein 
interactions. 
 
1.4 Experimental methods 
1.4.1 Optical layout 

The schematic experimental setup is illustrated in Fig. 1.8. a Ti:sapphire  regenerative 
(regen) amplifier (Legend Elite USP, Coherent) generates 800-nm pulses of 1 mJ at a 1 kHz 
repetition rate. It is pumped by a ~9-W pulsed Nd:YLF laser at 1kHz (Evolution 30, Positive 
Light) and seeded by the ultrashort pulses from  a Ti:sapphire mode-locked oscillator operated at 
80 MHz (Micra, Coherent). Some portion of nascent regen amplifier output is steered to a 
frequency-resolved optical gating system, GRENOUILLE (Model 8-20-USB, Swamp optics) 
solely by reflective optics for pulse characterization. The pulse is maintained to have ~35-fs 
FWHM with a minimal phase gradient along the full spectral band (~33-nm FWHM). Only <5% 
of the total regen amplifier output power is used to perform the 3PE experiments in this 
dissertation. The output of the regen amplifier is directly used to excite the B band of the RC (see 
Fig. 1.3), a 750-nm pulse for the H band is generated from optical parametric amplifier (OPA, 
Coherent 9450) signal output, whereas 890-nm pulses for the P- band are from OPA idler output. 
15-mW 800-nm pulses pump the OPA to yield the 750 and 890-nm pulses of 100~200 nJ. Note 
that a narrow band pass filter (~20-nm FWHM) is placed for each wavelength to minimize a 
spectral overlap for the 2C3PE experiment. Otherwise the overlapped spectral components 
generate a 1C3PE signal that is orders of magnitudes stronger than the 2C3PE signal because of 
its stronger rephasing capability.  

A pair of prisms (PR) on an optical rail with a folding mirror were routinely used to 
compress the pulses to ~40 fs of FWHM.  The combination of a λ/2 waveplate (WP) and a 
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polarizing cube (P) enables continuous power adjustment of the pulses. When a beam is divided 
into two by a beam splitter (BS), the same thickness of compensating window (Cw) is placed in 
the reflected beam to introduce the same amount of glass on all the split beams.  

 

 

Figure 1.8 Schematic illustration of optical layout for 3PEPS experiment. Solid line: laser 
beam pathway, dashed line: electronic connection, BS: beam splitter, BF: bandpass filter 
Pr: prism, RR: retro reflector, P: polarizing cube, WP: wave plate, L: lens, Cp: optical 
chopper, Cw: compensating window. 
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The prepared three pulses are aligned toward three retro-reflectors (RR) two of which 
(for k2 and k3) are placed on the motorized linear stages (UTM 150 PP.1, Newport). The delays τ 
and T are scanned by scanning the stages by a data acquisition computer. Then, the pulses 
bounced from the RRs travel in equilateral triangle geometry after pickup mirrors as shown in 
Fig. 1.5 in order to isolate the 3PE signals in the phased-matched directions from the incident 
pulses.  They are focused onto a sample by 2-inch diameter quartz planocovex lens (f=200 mm) 
and then collimated by the identical lens.  

Careful attention is paid to maximize the spatial overlap of all the three pulses at the 
sample position because the 3PE signal is only generated from the molecules that interact with 
all the three pulses; a 50-µm pinhole on XYZ-axis stage is placed at the focal position and the 
pulse power through the pinhole is maximized by adjusting the pinhole position and the pickup 
mirror angles to ensure that the beam waists of the three pulses match.  The low-power near-IR 
pulses are viewed by IR-sensitive camera (WAT-902C, Watec) for alignment purposes. 

In 2C3PE experiments, a coarse delay adjustment may be needed because the beam path 
length of the pulse through the OPA may significantly differ from the one of the 800-nm pulse. 
For this purpose, another RR is put in the 800-nm beam pathway and its position is determined 
with sub-nanosecond accuracy by measuring the delay between two different color pulses on a 
digital oscilloscope (TDS3054, Tektronix) fed from a photodiode (DET210, Thorlabs) at the 
sample position. A better time-zeroing is carried out by a pump-probe-type setup using the 
proper organic dyes (e.g., IR144, IR140, and IR132 from Exciton Inc. for 750, 800, 890 nm, 
respectively). The final time-zeroing is done by autocorrelation where the intensity of frequency-
mixed signal on the photodiode after a BBO crystal (type Ι, θ=29.2º, 100-µm thick, Photop) is 
maximized as the RRs on the motorized stages are scanned.   

When the maximum temporal and spatial overlaps of the three incident pulses are 
achieved, 3PE signal generation can occur efficiently. A preliminary photon echo generation 
using a concentrated organic dye (approx. 5-mg dye/20-mL solvent) in a flowing cell (200-µm 
pathlength, type 48, Starna Cells) is useful for better alignments because the generated echo 
signal is strong enough to be seen with the IR-sensitive camera. The incident pulses (k1, k2, and 
k3) are blocked by a mask and only relevant photon echo signals in the phase-matched directions 
(-k1+k2+k3 and k1-k2+k3) are allowed toward the photomultiplier tubes (PMTs) (R626-10, 
Hamamatsu Photonics).  The two phase-matched directions were chosen to take advantage of the 
symmetric and identical 3PE profiles to determine the peak shift more accurately. (see section 
1.4.3) 150-mm FL lenses focus the signals on active areas of the PMTs. Two lock-in amplifiers 
read the time-integrated photon echo signals from the two PMTs by means of measuring signals 
with respect to a reference fed by an optical chopper (Cp) that is synchronized with 1-kHz 
triggering signal from the Evolution 30. Note that for the 2C3PE narrow band pass filters (BFs) 
are placed in front of the PMTs to eliminate the scattering from the chopped pulse (either k1 or 
k2) because the center wavelength of the 3PE is different from the k1 and k2 according to the 
phase matching condition. It also means that, in general, k3 is not chopped. For the same reason, 
special care is needed to minimize the scattering for the 1C3PE experiment, by maximizing the 
separations between incident beams and echo signals on the mask, minimizing the holes for 
signals on the mask, and/or placing additional irises before PMTs. The alignment in the detection 
part with concentrated dyes is generally valid even when the RC sample in a cryostat (Optistat 
DN cryostat, Oxford Instruments) replaces the flow dye cell. However, the effect of the extra 
quartz window (2-mm thick) on the outer chamber of the cryostat on pulse width and pulse delay 
should be properly considered. For instance, in the current autocorrelation setup the pulse 
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broadening is negligible and extra pulse delay introduced between 800 and 750 nm is approx. 25-
fs FWHM.  

During all the measurements, the total incident pulse intensity on the RC sample is kept 
less than 1.3×10-4 J/cm2 to avoid any unwanted non-linear optical behavior or thermal damage.38 
Also, at very high excitation energies it is possible to create multiple excitations (excitons) in the 
sample, and produce spurious signals in the same phase-matched directions as the third order 
signal.  This possibility is discussed by Bruggemann et al.39 Pump-probe experiments are 
performed before and after every 3PE scan to make sure no different dynamics occurs from 
thermal damage. 
 
1.4.2 Two-time-ordering scan 

Variations in the 3PE technique can be considered based on the information one wants to 
obtain. One example is 2D spectroscopy which is extensively used to study hidden dynamics 
behind broad and congested linear spectra of proteins, polymers, and photosynthetic complexes. 
It is a phase sensitive heterodyne detection version of 3PE. Besides the modifications in the 
detection scheme, center wavelength, polarization, and shape of the input pulses are also possible 
factors one can control, and 2C3PEPS is an example that utilizes the center wavelengths of the 
pulses. Another control is the pulse ordering. When it is combined with non-collinear incident 
pulse geometry and specific phase-matched directions, signals from different DSFDs appear 
distinctively on photon echo profile map as a function of τ and T.   

For 1C3PE where all three pulses have a same color, ‘symmetric scan’ is often used. It is 
a simplified version utilizing the symmetric and identical photon echo signals on different time 
for a shorter scanning time. The details of the scan method are discussed elsewhere.40 In this 
section, ‘two-time-ordering scan’ used for both 1C- and 2C3PE experiments in this dissertation 
will be discussed. Understanding of the scan method will help one to understand origin of signals 
and design new experiments for new information.  

The two-time-ordering scan carries out two scans: A scan and B scan. The A scan sweeps 
the k1-k2 delay (τ) with the k2-k3 delay (T) fixed and the B scan sweeps the k1-k2 delay (τ) with 
the k1-k3 delay (T+τ) fixed. In other words, during the A scan, the RR3 moves together with the 
RR2 to keep the distance between k2 and k3 (T) constant, whereas during the B scan the RR3 
stays put as RR2 moves to keep the distance between k1 and k3 (T+τ) constant. In Table 1.2 and 
1.3 all the possible pulse sequences and relevant signal types with their responsible DSFDs on 
the two different phase-matched directions (kI = -k1+k2+k3 and kII = k1-k2+k3) are listed for the 
1C3PE and 2C3PE, respectively. Areas corresponding to the different signal types of the A and 
B scans are mapped as functions of τ and T and of τ and T+τ, respectively, on Fig. 1.9.  

In the 1C3PE experiment, the types of signals on kI and kII are dictated by the 
corresponding double DSFDs for a simple two-level system. Type Rs in Table 1.2 are signals 
from the rephrasing pathway where the first and second coherences are complex conjugates 
(‘type I’ in some literatures). A signal through the non-rephasing pathway is denoted by ‘NR’ 
(‘type II’ in some literatures).28 As shown on Table 1.2 and Fig.1.9, the rephasing signals whose 
peak positions are recorded on 1C3PEPS appears at areas 1 and 2 in kI direction and areas 5 and 
6 in kII. The pulse sequences are not same, but the same colors for the three pulses effectively 
generate identical DSFDs. Note that 3PE profiles at area 1 of A scan and 6 of B scan are mirror 
images, whereas 3PE profiles at area 5 of A scan and area 2 of B scan are mirror images. In 
practice, the 1C3PEPSs from kI direction at area 1 of A scan and kII direction at area 6 of B scan 
are directly averaged for more accurate determination of the peak shift. Recently Yang reported 
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that this method measure more accurate peak shifts at short times of T leading to more accurate 
estimation of the short-time solvation dynamics by minimizing the artifact caused by fitting 
experimental time-integrated signals with the symmetric scan.41 

 
kI(= -k1+k2+k3) kII(= k1-k2+k3) Area Pulse 

Sequence Feynman Diagrams Type Feynman Diagrams Type

1 k1--k2--k3 R 

 

NR 

2 k1--k3--k2 R 

 

D 

3 k3--k1--k2 

 

NR 

 

D 

4 k3--k2--k1 

 

D 

 

NR 

5 k2--k3--k1 

 

D 

 

R 

6 k2--k1--k3 

 

NR 

 

R 

 

Table 1.2 1C3PE in two time ordering scan. The Feynman diagrams are based on two-
level system. The numbers on the first column is corresponding to the areas on Fig. 1.9. 
R: rephasing, NR: non-rephasing, D: double quantum coherence pathway. 
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kI(= -k1+k2+k3) kII(= k1-k2+k3) Area Pulse 
Sequence Feynman Diagrams Type Feynman Diagrams Type 

1 k1--k2--k3 

 

R2C 

 

NR1 

2 k1--k3--k2 2CECPE 

 

NR3 

3 k3--k1--k2 

 

NR2 

 

NR4 

4 k3--k2--k1 

 

NR4 

 

NR2 

5 k2--k3--k1 

 

NR3 

 

2CECPE 

6 k2--k1--k3 NR1 

 

R2C 

 
Table 1.3 2C3PE in two time ordering scan. The Feynman diagrams are based on 
downhill experiment on four-level system in Fig. 1.6. The numbers on the first column is 
corresponding to the areas on Fig. 1.9. R2C: rephasing, NRs: non-rephasing, 2CECPE: 
two-color electronic coherence photo echo pathways. The red color is used for k3 and kI 
and kII to note that they have a different center wavelength from k1 and k2. 
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Figure 1.9 3PE signal map from two time ordering scan. The pulse sequences and 
Feynman diagrams corresponding to numbered area are listed on Tables 1.2 and 1.3. 

 
If the system has three energy levels (ground g , single excited e and double excited d ) 
where the ωde is comparable to egω , additional pathways are available to form double quantum 

coherences between ground and double excited states ( g d ) at areas 2 and 3 in kI, and 4 and 5 
in kII. The 2D electronic spectroscopy based on these pulse sequences to monitor the electron 
correlation between single and double excited states have been studied theoretically and 
experimentally.42,43 Although signal type D in the Table 1.2 represents the signals related to the 
double quantum coherence, the related DSFDs are not listed here to avoid complexity.  

In the 2C3PE, the center wavelength of the k3 is different from those of k1 and k2 
(λ1=λ2≠λ3). The pulses of different color are shown in red on Table 1.3. DSFDs on the table are 
generated based on downhill pathways (λ1=λ2>λ3) on an excitonically coupled two-level 
systems shown in Fig. 1.7.  

The kI signal at area 1 and kII signal at area 6 are from the rephasing pathways (R2C). 
Similarly, they are used to obtain 2C3PEPS as a function of population time, T. Another 
rephasing pathway signals form at position 2 in kI and 5 in kII, and they are utilized in 2CECPE. 
Therefore 2C3PEPS and 2CECPE experiments may be obtained in a single scanning if the scan 
ranges are set properly.  

The rest in the Table 1.3 are non-rephasing pathways where the system does not evolve in 
conjugate frequencies during τ and t. Type NR1 has a population state during T while Types 
NR2, NR3 and NR4 experience coherences between two one-excitonic states and even between 
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ground and two-excitonic states during T, respectively. The signals measured from them are 
dominantly from free induction decay, and the available information may be limited in a 
homodyne detection experiment like 2C3PEPS because the free induction decay is not sensitive 
to the memory effect.  However, more information might be obtained from them in phase 
sensitive heterodyne detection such as 2D spectroscopy as mentioned earlier.43,44 
 
1.4.3 Sample preparation 

Wild type RCs and chemically oxidized RCs of the photosynthetic purple bacteria are 
main samples for the experiments in following chapters, and the details about cell culturing and 
the protein purification processes are described in the Appendix. In high temperature studies, the 
sample is often flowed through the cell to continuously regenerate fresh sample in the focal spot 
of the laser beams.  However, all the 3PE experiments were performed on low temperature 
glasses to take advantage of reduced band broadening due to the nuclear motions, minimal 
thermal damage, and the small sample volume required.  

The samples are prepared by mixing the protein solution with a cryoprotectant, glycerol 
and freezing them inside a windowed cryostat to 77 K (liquid N2 temperature) in a thin quartz 
cell (200-µm path length) to minimize effects due to reabsorption of emitted signals.  Cracks 
often form, which would scatter laser light into the detector and therefore make it hard to find at 
an optimal position of the samples. This difficulty can be circumvented by placing the cryostat 
first without the liquid N2 (i.e, at room temperature) and finding the sample position that 
maximize the echo signal before filling the cryostat with liquid N2. The optical density (OD) of 
the sample (0.1~0.3 for the B band) is chosen to minimize signal distortions due to propagation 
of signal and pulses through the sample (exacerbated at high ODs) or interference with the 
solvent response (exacerbated at low ODs).45 

 
1.5 Dissertation outline 

Chapter 2 contains 1C- and 2C3PEPS studies on H and B bands of the wild type RC to 
directly extract the coupling constant J between H and B. The analysis is performed based on the 
response function formalism of nonlinear spectroscopy.  

In chapter 3 the 1C- and 2C3PEPS data on H and B bands of the chemically oxidized RC 
are analyzed by a time-nonlocal quantum master equation coupled with perturbative scheme. The 
theoretical approach efficiently incorporates the pulse overlap effect and bath memory effect.  

In chapter 4, the first implementation of 2CECPE on H and B band of the chemically 
oxidized RC is reported. The results show the surprisingly long electronic quantum coherence 
between the two excitonic states that is actively preserved by protein environment.  

I report 1C- and 2C3PEPS experiments performed on the B and P bands of the wild type 
RC in Chapter 5. Using the standard non-linear response function formalism, I analyze the data 
and investigate the interplay of the strongly coupled P dimer and the coupling strength between 
B and lower excitonic states of P dimer, P-. 
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the reaction center of purple photosynthetic bacteria by  

Two-color three-pulse photon echo peaks shift 
spectroscopy 
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2.1 Introduction 
The reaction center (RC) of purple photosynthetic bacteria converts the energy of 

sunlight to chemical charge separation with a quantum yield of nearly 100%.1-3 Six 
chromophores are involved (see Figure 2.1):  two facing bacteriochlorophylls form the special 
pair (P); an accessory bacteriochlorophyll flanks P on each side (BA and BB); and adjacent to 
each B is a bacteriopheophytin (HA and HB).4 In addition, a quinone molecule sits near each H 
(QA and QB). Energy transfer occurs from H to B to P, and electron transfer takes place from P 
toward HA, then to QA and QB.2 

 

 

Figure 2.1 The chromophores of the reaction center of Rb. sphaeroides: the special pair 
of bacteriochlorophylls (P), accessory bacteriochlorophylls (B), bacteriopheophytins 
(H), and quinones (Q). Structure 1PCR from the Protein Data Bank.  

 
Because the various chromophores are in such close proximity (5−10 Å), they influence 

each other. For example, there is significant mixing between the electronic states of the 
chromophores, and this contributes to the speed and efficiency of energy and electron transfer in 
the RC. Another manifestation of the mixing is the distinctive Qy region of the absorption 
spectrum, displayed in Figure 2.2. The 750, 800, and 860 nm bands are labeled H, B, and P, 
describing which chromophore makes the dominant contribution to each band. But these labels 
do not give a full description of the character of the states, because each spectral band is actually 
a mixed band with contributions from multiple chromophores.5-18 For example, the two 
molecules which form P strongly couple to form two new exciton states:  the lower one (P-) 
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absorbs at 860 nm, labeled P in Figure 2.2, whereas the upper one (P+) gives rise to a band that is 
not clearly resolved between 810 and 835 nm.19 

 

 

Figure 2.2 Absorption spectrum of the RC at 77 K (solid lines), with bands labeled 
according to the dominant contributing chromophore; the spectra of the two colors of 
laser pulses used in the experiments (dashed lines).  

 
Various experimental and theoretical efforts have been made to quantitatively determine 

the magnitude of the coupling between various chromophores in the reaction center, but this has 
been difficult. The splitting observed in the absorption spectrum cannot be used alone, because 
the “original” positions of the bands are not known, and in addition, the observed spectral bands 
are superpositions of A-side and B-side chromophores. For example, the main 800 nm peak 
corresponds to BA, but the shoulder at 810 nm corresponds to BB.19,20 One approach to determine 
the coupling from the absorption spectrum while avoiding these problems is to use mutants in 
which pigments are exchanged or deleted, but because of the changes in the RC this technique 
introduces, this has resulted only in qualitative results.21 The main experimental approach used to 
experimentally determine the coupling has been to deduce coupling values on the basis of the 
time scales of energy and electron transfer.22-24 

We recently demonstrated that two-color, three-pulse photon echo peak shift (2C3PEPS) 
provides direct experimental access to the strength of electronic coupling in an excitonically 
coupled dimer.25 In these homodimers, the excited electronic states become mixed so that a 
nuclear fluctuation that affects either of the chromophores appears as a correlated shift in the 
energies of both of the exciton states. 2C3PEPS is sensitive to this kind of correlation between 
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spectral regions. Because the extent of correlation in the fluctuations of the exciton states is 
dependent on the strength of the coupling between the two chromophores, 2C3PEPS can 
accurately measure the value of the coupling without knowing the original site energies of the 
two chromophores.26,27 The information content of the 2C3PEPS experiment is that of a cross-
peak in a two-dimensional experiment, although 2C3PEPS lacks the phase information present in 
a two-dimensional experiment. 

Although not as strongly coupled as the special pair, the B and H chromophores are 
significantly coupled to each other. The states observed in the absorption spectrum correspond to 
mixtures of B and H. Theoretical calculations based on the dipole−dipole approximation indicate 
that the value for the electronic coupling between nearest neighbor B and H chromophores lies in 
the range of 100−200 cm-1.5-18 The purpose of this study is to make a direct experimental 
measurement of this parameter. 

 
2.2 Experimental methods 

His-tagged Rhodobacter sphaeroides cells were supplied by the Boxer lab. Cells were 
grown and reaction centers were purified according to their published protocol.28 Briefly, cells 
were grown semiaerobically in the dark. Cells were disrupted with a French press, and reaction 
centers were solubilized with the detergent lauryldimethylamine oxide (LDAO). Purification was 
carried out with a nickel−NTA column followed by a DEAE column. Our yield and purity were 
similar to their published values. After concentration of the sample, sodium ascorbate was added 
(~100 mM) to prereduce QA. The samples were diluted with 60% glycerol and placed in a 0.2 
mm quartz cell. Under these conditions, the optical density at 800 nm was 0.1−0.3. Experiments 
were performed at 77 K using an Optistat DN cryostat from Oxford Instruments. To test the 
integrity of our sample, one-color, 800 nm transient absorption experiments were periodically 
carried out before and after collection of other data, and we found that this data was consistent 
with the literature. 

The photon echo experiment29-31 is carried out by focusing the three pulses, arranged in 
equilateral triangle geometry, onto the sample with a 20 cm singlet lens. Integrated echo profiles 
are measured as a function of the coherence time (the period between the first two pulses) for 
fixed values of the population time (the period between the second and third pulses). The peak 
shift for a given population time is the value of the coherence time that gives the maximum 
signal, as determined by fitting to a single Gaussian function. 

The B and H spectral bands are centered at 800 and 760 nm, respectively, and colors for 
the laser pulses were chosen to correspond to these two bands. For the one-color experiments, all 
three pulses are of the same color. For the two-color experiments, the first two pulses are set to 
the “pump” wavelength, while the third pulse is set to the “probe” wavelength. We carried out 
one-color experiments at both 750 and 800 nm and two-color experiments with both the 750 and 
800 nm pulses as the pump color (“downhill” and “uphill” experiments, respectively) with the 
other color as the probe. We will refer to the four experiments as 1C 750, 1C 800, 2C downhill, 
and 2C uphill. As shown in previous theoretical work, in order to determine the degree of mixing 
in this type of system, peak shifts at all four color combinations are needed.27 The integrated 
photon echo signal is collected on PMTs in two phase-matched directions. For the two-color 
experiments, 25 nm bandwidth filters corresponding to the probe wavelength were placed in 
front of the PMTs to prevent scattering from the pump beams. Data were collected using an 
optical chopper and lock-in amplifiers. 
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Laser pulses were produced by a home-built amplifier seeded by a Femtosource Compact 
Pro Ti:Sapphire oscillator (Femtolasers, Inc.). This system produces 40 fs pulses, centered 
at ~800 nm, at 1 kHz. Part of this beam was used directly for the experiments, while ~5 mW was 
used to pump an optical parametric amplifier (Coherent 9450) to produce ~40 fs pulses centered 
at 750 nm. Optical filters centered at 750 and 800 nm with bandwidths of 25 nm were used in the 
experiments to prevent undesired spectral overlap between the beams and to improve day-to-day 
reproducibility of the pulse shapes. The exception was the 1C 750 experiment, in which razor 
blades in the prism compression line were used to control the bandwidth (this was done to 
increase the available pulse power in this experiment). The spectra of the laser pulses are shown 
in Figure 2.2; note the minimal spectral overlap between the pulses, that each pulse overlaps with 
most of the corresponding spectral band, and that each pulse has negligible overlap with the 
other spectral band. The final pulse energies on the sample were 1−5 nJ/pulse. 

 
2.3 Theoretical considerations 

Yang and Fleming26 (YF) have described the theoretical basis for understanding both 
one- and two-color photon echo peak shifts for a strongly coupled homodimer. This theory was 
extended by Mancal and Fleming27 (MF) for application to heterodimers. Their work showed 
how the electronic mixing between the two monomers could be determined by measuring the 
one- and two-color peak shifts in the long population time limit (after 100 fs). We briefly 
summarize their work here. 

In an excitonically coupled dimer, excited states of each monomer, with energies εa and 
εb, respectively, are mixed to form two new exciton states, an upper state (µ) and a lower state (ν), 
which correspond to the observed spectral bands. The degree of mixing is described by the 
mixing angle, θ, according to the equation 

2tan(2 )
a b

Jθ
ε ε
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−

 (1) 

where J is the coupling between the monomers. 
Because µ and ν are exciton states that contain contributions from both of the original 

monomer states, any nuclear motions associated with one of the monomers cause correlated 
fluctuation in both µ and ν. The 2C3PEPS signal is sensitive to this correlation. The coupling 
coefficient, Cµν, is the critical parameter that relates the experiment to the coupling. MF showed 
that for a heterodimer system with no energy transfer and in which the chromophores have 
independent baths, the experimental coupling coefficient (Cτ*) is found from the one- and two-
color peak shifts,  
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where )(/)( ** TT νµµν ττκ = . In this equation, )(* Tµτ  and )(* Tντ  represent the one color peak 
shift on the upper and lower exciton states, respectively, and )(* Tµντ and )(* Tνµτ represent the 
downhill and uphill peak shifts, respectively. The peak shifts are a function of the population 
time, T. 

To determine the electronic coupling, J, from Cτ*, we could use the following equation 
based on the difference in energy between the two exciton states:  
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Up to this point, we have discussed the theoretical framework for a system with no 
population dynamics. Obviously, this will not be sufficient to describe the RC. To include the 
dynamics, we will use the approach developed by YF for energy transfer and reactive systems.32-

34 In implementing this approach, we make three simplifying assumptions. First, we assume that 
the population dynamics can be separated from the nuclear dynamics; this assumption is often 
justified, but partially breaks down in this case because the energy transfer is so fast. Second, we 
assume that there is no correlated energy transfer due to static inhomogeneity;33,35 this is justified 
in our case because of the small inhomogeneity in the spectral bands (as will be shown by the 
1C3PEPS data). Third, we assume that we can ignore the effect of nuclear dynamics associated 
with energy transfer, or in other words, that all phase information is lost upon energy transfer.36 

The peak shift is less sensitive to population dynamics than other techniques, so 
simulations with a number of population dynamics schemes with a range of time scales could be 
used to give satisfactory fits. Thus, the population dynamics used in our simulations are based on 
the literature.13-15,19,22,37-56 Energy transfer from HA to BA or HB to BB occurs on a 50 fs time scale. 
Energy transfer from BB and BA to P+ takes place on a 175 fs time scale. Internal conversion 
from P+ to P- occurs on a 75 fs time scale. Charge separation from P- to P+BA

-HA then to P+BAHA
-

 takes place on 2 and 1 ps time scales. We tested the effect of including direct charge transfer 
from B or H in our simulations,46,49-52,57 but again, these changes in the population dynamics had 
only a small effect on the peak shift, so we did not include them in most of our simulations. We 
include two characteristics of the system in our simulations:  first, after charge separation to 
P+BAHA

-, the BA band undergoes an electrochromic blue shift of ~300 cm-1; second, when BA or 
HA carries a charge, the corresponding band is bleached. For the experiments in which the first 
two pulses are at 800 nm, we assume that we excite 75% BA and 25% BB because of the location 
of the spectra and because this yields good fits. For similar reasons, in the experiments in which 
the first two pulses are at 750 nm, we assume that we excite HA and HB equally. 

To implement the simulations, we use the response function formalism, in which a 
number of possible pathways are added together to determine the overall response of the system 
to the laser pulses.58-60 Because of population dynamics, different pathways will contribute to the 
signal with different magnitudes at each time in the experiment. We assume that the 750 nm 
pulse interacts only with the H band, and the 800 nm pulse interacts with the B band, the B band 
after its electrochromic shift due to electron transfer, and with P- through an excited-state 
absorption which, at 77 K, we assume is centered at 810 nm.51 We neglect interaction with the 
P+ state (centered between 810 and 835 nm) because of its relatively small transition dipole 
moment and the small population that builds up on it. 

Each pathway that can give rise to a signal is represented by a Feynman diagram; those 
used for our simulations are shown in Figure 2.3. In the diagrams, the arrows represent the 
three pulses, and the letters in the diagrams represent the electronic states through which the 
system can pass:  ground (g), B (b), H (h), P- (p), the B/H two-exciton state (q), and the two-
exciton state corresponding to excited-state absorption from P- (P). In one-color diagrams that 
could correspond to either the 800 or 750 nm experiments, an e is used to represent either B or H, 
depending on the experiment. In two-color diagrams, for the uphill (downhill) experiments, an e 
is used to represent B (H), and an f is used to represent H (B). An italic e or b denotes that the 
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interaction will be different after formation of P+BAHA
- due to the electrochromic shift of the 

BA band. 
 

Figure 2.3 Feynman diagrams for the one-color (1C), left, and two-color (2C), right, 
experiments. See text for details. 

 
The left-hand side of Figure 2.3 shows the diagrams used in the one-color simulations. In 

these diagrams, all three pulses are of the same color. Rgg
1 and Ree

1 correspond to pathways in 
which no energy or electron-transfer takes place; these diagrams are the two diagrams normally 
used to describe a two-level system. Rge

1 corresponds to the pathway in which B (or H) is excited, 
followed by energy transfer that returns B (H) to its ground state, followed by re-excitation, 
either to the original  
excited state or, in the case of B, to its electrochromically shifted excited state if electron transfer 
to P+BAHA

- has taken place. Rge
1 can also be used to describe direct electron transfer from BA to 

P+BA
-HA, followed by electron transfer to P+BAHA

-. Rpb
1 applies only to the 800 nm experiment 

and corresponds to the case in which B is excited, and this excitation energy is transferred 
(through P+) to P-, from which there is an excited-state absorption to a two-exciton state.22 

The right-hand side of Figure 2.3 shows the six diagrams used in the two-color 
simulations. In these diagrams, the first two pulses correspond to one color, and the third pulse is 
of the other color. Rgg

2 and Ree
2 correspond to the case without energy or electron transfer, in 

which the first two pulses interact with B (H) and the third pulse interacts with H (B). These are 
the diagrams used by YF and MF in their simulations of strongly coupled dimers. Rge

2 applies to 
RCs that interact with the third pulse after the population has moved away from B (or H). 

The other three diagrams apply to the downhill experiment only and correspond to the 
excitation of H by the first two pulses. For Rbh

2, this is followed by energy transfer to B, 
followed by interaction with the third pulse. For Rgbh

2, this is followed by energy transfer to B 
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and then subsequent energy or electron transfer, or both, away from B, followed by interaction of 
the third pulse with B. For Rph

2, this is followed by energy transfer to B, then P+, then P-, 
followed by an excited-state absorption from P-. 

 
2.4 Results 

The 1C 800 transient grating signal (not shown) decays on a 90 fs time scale to ~10% of 
the maximum value before rising to higher value on a 3 ps time scale. The rise lasts until ~10 ps, 
at which point the signal stays approximately constant until the end of our data collection (100 
ps). The 1C 800 peak shift decay is shown as the filled circles in the left panel of Figure 2.4. It 
begins at ~45 fs at zero population time and decays to ~30 fs on a sub-50 fs time scale, reaching 
a local minimum at ~60 fs. It then rises, peaking at a population time of ~700 fs before falling 
again. From ~3 ps, the peak shift decays on a longer time scale (~30 ps), nearly reaching its 
terminal peak shift of ~20 fs by a population time of ~50 ps. The magnitude and exact time 
scales of the rise and fall of the bump feature varied because at the corresponding population 
times, there is a local minimum in the transient grating data, which means there is a very small 
signal from which to determine the peak shift. 

 

 

Figure 2.4 Peak shift plots for RCs at 77 K. (left) Open circles and thick solid line are 
experimental and simulated 1C 750-nm peak shifts. Filled circles and thin solid line are 
experimental and simulated 1C 800-nm peak shifts; the dashed line is simulated 800-
nm peak shift without the excited-state absorption from P-. (right) Filled circles and 
thin line are experimental and simulated 2C downhill peak shift signals. Open circles 
and thick line are experimental and simulated 2C uphill peak shift signals. 

 
The 1C 750 transient grating signal (not shown) decays on a time scale of 50 fs to a value 

near zero before rising very slightly on a 3 ps time scale. The 1C 750 peak shift signal is shown 
as the open circles in the left-hand panel of Figure 2.4. It begins at 25 fs and decays to ~9 fs on a 
sub-50 fs time scale before decaying to zero on a longer time scale, which is difficult to 
determine because of the noise in the data. The reason the peak shift becomes noisy is that at that 
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time, as in the 1C 800 case, the transient grating (and the corresponding signal that gives rise to 
the peak shift determination) has become very small. It should be noted that the fact that the 
signal goes to zero does not mean that the peak shift is zero; rather, it simply means we cannot 
determine the peak shift. 

The 2C downhill transient grating signal (not shown) rises on a 100 fs time scale before 
decaying on a 220-fs time scale. Although these time scales are longer than the time scales in the 
other data sets, we find that the same parameters for the population dynamics allow us to fit the 
data satisfactorily. As in the 1C 800 case, the decay reaches a finite offset before rising on a 3 
ps time scale and leveling off after ~10−20 ps. 

The 2C downhill peak shift signal is shown as the filled circles in the right-hand panel of 
Figure 2.4. It begins at ~15 fs, but the uncertainty in this value is large (±5 fs) because of the 
uncertainty in time zero (which is difficult to set in two-color experiments)31 and the fact that the 
peak shift is rapidly changing in that region. The peak shift decays on two time scales:  a sub-50 
fs time scale and an ~500 fs time scale. A unique aspect of the 2C downhill peak shift is that it 
goes to negative values, crossing zero at ~75 fs before reaching a minimum of approximately −2 
fs at a population time of 200 fs. This is followed by a rise; the peak shift becomes positive at ~1 
ps, and reaches a maximum of 1 fs before decaying very slightly. It should be noted that the peak 
shift crosses from negative to positive at the point where the transient grating reaches its 
minimum. 

The 2C uphill transient grating signal (not shown) decays on a 120 fs time scale, and 
there is no observed rise. The 2C uphill peak shift is shown as the open circles in the right-hand 
panel of Figure 2.4. The peak shift starts at 15 fs, although this value again has a relatively 
large uncertainty (±5 fs) for the same reasons as the initial 2C downhill peak shift. The peak shift 
decays on a sub-50 fs time scale, reaching a minimum of −2 fs around a population time of 100 
fs. It then rises to a value of ~2 fs at 300 fs before leveling off. After ~500 fs, the data becomes 
too noisy to fit (again, due to the decay of the signal to zero). 

 
2.5 Discussion 

The main purpose of our experiments is to determine the coupling between B and H, but 
before discussing our measurement of this parameter in detail, we will first analyze the major 
features of each data set individually. Our ability to understand and simulate the data will give us 
confidence in our estimates of the electronic coupling. 

The 1C 800 transient grating and peak shift experiments performed at 273 K have been 
previously reported by Groot et al.61 Our transient grating data is in good agreement with that 
work, and our simulations confirm their interpretation of its features. We performed simulations 
including alternate charge separation pathways and found that the offset after the initial decay 
does increase with an increase in direct B-to-H charge separation; our simulations show that the 
transient grating would decay to near zero without a contribution from direct B*H to B+H- charge 
separation. 

After fixing the population dynamics on the basis of literature values and our transient 
grating data, the two variable parameters in the 1C 800 peak shift simulations were the B−H 
coupling and the line-broadening function, g(t); the simulation is shown as the thinner solid line 
in the left-hand panel of Figure 2.4. We opted to use a simple g(t), with a 60 fs Gaussian with 25 
cm-1 of coupling and an inhomogeneous width of 45 cm-1. To model the slow decay of the peak 
shift we see on a ~30 ps time scale, we include an additional 30 ps exponential mode with 15 cm-
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1 of coupling. Our decision not to include specific vibrational modes in our simulations was 
based mainly on the fact that these modes were not necessary for a satisfactory fit of the data. 

Our observed 1C 800 peak shift is very large over the whole time range. This can be 
attributed to three factors. First is the presence of inhomogeneous broadening present in the B 
band, which leads to a large peak shift at long times relative to the peak shift at time zero. 
Resonance Raman experiments62 and the 273 K work by Groot et al. report an inhomogeneous 
width of 55 cm-1; we use 45 cm-1. Second, the overall coupling to the bath is quite small, which 
leads to a large initial peak shift. Third, as previous experiments have shown, peak shifts are 
generally larger at lower temperatures, and the temperature dependence is greater for systems 
that are weakly coupled to the bath, as in this case.63-65 

We included a 30 ps exponential component in our line-broadening function because we 
see a small decay on a long time scale (between population times of ~10 and 100 ps, the peak 
shift decays by ~3 fs; in the 273 K data, it decays by ~1 fs over this time). On the basis of our 
population dynamics scheme (and in accordance with our transient grating data), the population 
dynamics occurring during this time period would make a very small contribution. Previous 
studies have assigned changes occurring on this time scale to protein relaxation that takes place 
after charge separation.48,54,55 

We attribute the maximum in our data to interference between the pathways involving B 
and the pathway involving excited-state absorption from P-. The excited-state absorption 
pathway, which is a free induction decay signal centered at a coherence time of zero, is 
subtracted from the other pathways, which are centered at positive coherence times. This 
increases the value of the coherence time that gives the greatest signal, increasing the peak shift. 

To confirm our assignment of the maximum in the 77 K data to interference from the 
excited-state absorption from P-, we show a simulation of the peak shift signal without the 
excited-state absorption term (the dashed line in the left-hand panel of Figure 2.4). The 
prominent maximum seen in the data (filled circles) and in the full simulation (solid thin line) 
disappears when the excited-state absorption pathway is removed (dashed line). An additional 
point in support of the attribution of the maximum to the excited-state absorption from P- is that 
the relative population on P- as a function of population time closely tracks the rise and fall in the 
peak shift. 

Because of the large difference between our data and the previously published peak shift, 
we felt it was important to carry out a simulation of the 273 K data. We used the same line-
broadening function as in our low-temperature simulations (recalculated for the higher 
temperature). Groot et al. used a line-broadening function that included vibrations with a specific 
set of phases with respect to each other in order to fit the plateau they observed after a fast 50 fs 
decay. In our simulation of their data, this plateau appears due to population dynamics. Although 
the population dynamics is known to be slightly temperature-dependent, for simplicity, we held 
these parameters constant, which introduces some error in our simulation. The change we did 
make in the simulations between the two temperatures was to shift the energy of the P- band of 
the excited-state absorption, corresponding to the shift in the P- band in the absorption spectrum 
between the two temperatures (~350 cm-1). As can be clearly seen by comparing our simulations 
of the 1C 800 peak shift at 77 K (the thin solid line in the left-hand panel of Figure 2.4) and 273 
K (the solid line in Figure 2.5), this change has an enormous effect on the appearance of the 
simulated peak shift. Because of the shift in wavelength of the excited-state absorption, this 
pathway interferes differently with the other pathways, leading to a dip in the peak shift rather 
than a bump. The higher temperature naturally leads to a significantly lower terminal peak shift. 



 34

Thus, although the appearance of the two peak shifts is qualitatively very different, they can both 
be understood on the basis of the same set of parameters. 

 

 

Figure 2.5 1C 800-nm peak shift data at 273 K. Filled circles are the fit to the data of 
Groot et al.61 Solid line is our simulation of the data.  

 
The 1C 750 peak shift is very different from that of the 1C 800 peak shift. Our simulation 

of the 1C 750 peak shift is the thicker solid line in the left-hand panel of Figure 2.4. To construct 
the g(t), we used a 60 fs Gaussian with 85 cm-1 of coupling, a 30 ps exponential with 85 cm-1 of 
coupling, and no inhomogeneous broadening. The observed absence of inhomogeneous 
broadening in H is in line with the small inhomogeneity seen in hole-burning experiments.66 The 
differences between the peak shift of the H and B bands may be due to differences in the 
environments of the chromophores as well as inherent differences between the chromophores. 
Bacteriopheophytin lacks a central metal atom, making it more flexible than bacteriochlorophyll. 
The greater flexibility of H may be why it is more strongly coupled to the environment, leading 
to the smaller values of the peak shift at all population times. 

We now turn to the two-color data. Recalling that we have introduced population transfer 
into the YF and MF models in an ad hoc way that does not allow memory conservation and 
neglects pulse duration and quantum effects, we expect to be more successful in modeling the 
uphill data than the downhill data. The uphill signal includes contributions from only three 
response functions, of which two (Rgg

2 and Ree
2) are the same pathways as used in the MF model. 

Additionally, only the decay of the B population contributes to the calculation. In contrast, the 
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downhill data have both population feeding and decay, and will require a model that properly 
accounts for finite pulse duration effects. Such a model incorporating time-nonlocal, non-
Markovian dynamics, which allows the self-consistent inclusion of coherence transfer, is under 
development, and application to the reaction center will be presented elsewhere.67 

To simulate the 2C downhill and uphill peak shifts, we used the same population 
dynamics schemes as the 1C 750 and 800 peak shift simulations, respectively. In addition, 
the g(t)'s used were taken from those determined during fitting of the 1C data. We follow the 
method of MF27for a heterodimer, using the g(t)'s of the two chromophores to form an average 
and a difference g(t). The qualitative expectations described above are borne out by the fits 
shown in Figure 2.4:  the uphill data are well described by the model, and the downhill data are 
qualitatively modeled, but the quantitative agreement is poor. Because of the decay of the 2C 
uphill transient grating signal to near zero in <1 ps, we could collect accurate peak shift data only 
to ~500 fs. The main feature we observe before our 500 fs cutoff is a dip around 100 fs. Our 
simulations indicated that this is due to the competing effects of the two response functions, 
which are related to the decay of the B population. The first is Ree

2, which decays with the decay 
of the population on B. The second is Rge

2, which grows in with the decay of the population from 
B. The former (decaying) pathway gives rise to a negative peak shift whereas the latter pathway 
gives rise to a positive peak shift. The dip in the 2C uphill peak shift occurs at the location at 
which there is a crossover between the contributions of these two pathways. 

A negative region (from 75 fs to ~1 ps) of the 2C peak shift is also apparent in the 
downhill data and arises from the same effect:  very rapid population dynamics can overshadow 
the effect of dephasing on the peak shift. This latter effect would be expected to generate only 
positive peak shifts, but when the overall signal is decaying very rapidly as a function of 
population time, the signal from negative coherence times can be larger than those at positive 
coherence times. This explanation of the negative peak shift is confirmed by the rise in the peak 
shift to positive values at a population time near 1 ps. This rise occurs precisely at the point when 
the slope of the transient grating changes from negative to positive. At this point, the effect that 
was previously pushing the peak shift negative is no longer present. 

We now turn to a discussion of the coupling coefficient, Cµν. The reaction center is 
significantly more complex than the dimeric model systems without population dynamics that 
were studied by YF and MF, and the ratio given by eq 2 changes significantly over the time 
during which we have data, so in this case, it cannot be used to determine Cµν. An approach that 
can be used to determine Cµν in this case is to fit the 2C uphill peak shift. This approach is 
justified when Cµν is expected to be small. In this situation, the individual one-color peak shift 
experiments can be used to obtain good approximations to the line-broadening function of the 
two individual chromophores, and either one of the two-color peak shift experiments can then be 
used to determine the coupling. In this case, the 2C uphill experiment is preferable to the 2C 
downhill experiment for use in determining Cµν because it is influenced less by the population 
dynamics and, as noted above, is closer to the model systems studied by YF and MF. 

Figure 2.6 shows a series of three simulations of the 2C uphill peak shift carried out with 
all parameters held constant except the value of the B−H coupling coefficient, which is set to 0, 
0.1, and 0.2. It is evident from this plot that Cµν = 0.1 gives the best agreement with experiment. 
The general trend that can be seen in these simulations is the same as that observed by YF26 and 
MF:27 as Cµν is increased, the peak shift at essentially all population times is also increased. This 
same trend was observed in coupling-dependent simulations of the other three peak shifts. We 
believe this is true because although the pathways that contribute to the signal in these cases are 
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not the same as those for a system without energy transfer, the pathways that do contribute to the 
signal still depend on Cµν. 

 

 

Figure 2.6 Experimental 2C uphill peak shift signal (filled circles) and simulations for 
three values of C: 0 (dashed), 0.1 (solid), and 0.2 (dotted). 

 
As described in Theoretical Considerations, we can use the value of Cµν to determine the 

value of the B−H electronic coupling using our knowledge of the energies of the two mixed 
exciton levels. Using 750 cm-1 as the difference between these levels (based on the absorption 
spectrum) gives a value of J = 170 cm-1. The range of values given in the literature is 100−200 
cm-1.5-18 To give an idea of the error associated with this value, we note that values of Cµν of 0.05 
and 0.15 would correspond to coupling values of 130 and 200 cm-1, respectively. We therefore 
assign an uncertainty of ±30 cm-1 to our result. To give a frame of reference for the relative 
magnitude of this coupling, we note that theoretical calculations put the coupling between the 
two bacteriochlorophylls that make up the special pair between 400 and 1000 cm-1.5-18 

 
2.6 Concluding remarks 

Through 1C and 2C peak shift measurements on the B and H bands of the RC, we 
estimated that the B−H coupling is 170 ± 30 cm-1. The simulations and analysis used are clearly 
oversimplified and represent a first attempt at using two-color photon echo spectroscopy to 
provide quantitative experimental values for electronic couplings. Methods for calculating echo 
signals that self-consistently include the quantum dynamics and optical interactions of 



 37

multichromophore systems are under development, and we believe the success of the preliminary 
efforts reported here is sufficient to encourage further experiments and complementary theory. 
One interesting question that this study did not address is the asymmetry in the reaction center, 
which results in electron transfer from P to HA but not HB. The degree to which differences in 
electronic coupling between charge transfer states on the two sides of the RC determine this 
asymmetry has been the subject of extensive research and is still not a settled question. Although 
the measured coupling between the B and H bands presented in this work does not reflect the 
electronic coupling between the states directly involved in electron transfer, a further study that 
distinguishes couplings between B and H on different sides could be conducted to give some 
insight into the nature of the difference between the two sides of the RC. There are a number of 
RC mutants that could be used to carry out these further studies. 



 38

2.7 References 
 (1) Fleming, G. R.; van Grondelle, R. Phys. Today 1994, 47, 48. 
 (2) Parson, W. W. Photosynthetic baterial reaction center. In Protein electron 
transfer; Bendall, D. S., Ed.; BIOS Scientific Publishers Ltd.: Oxford, 1996; pp 125. 
 (3) Blankenship, R. E. Molecular Mechanisms of Photosynthesis; Blackwell Science: 
Oxford, 2002. 
 (4) Ermler, U.; Fritzsch, G.; Buchanan, S. K.; Michel, H. Structure 1994, 2, 925. 
 (5) Knapp, E. W.; Fischer, S. F.; Zinth, W.; Sander, M.; Kaiser, W.; Deisenhofer, J.; 
Michel, H. Proc. Natl. Acad. Sci. U.S.A. 1985, 82, 8463. 
 (6) Knapp, E. W.; J., S. P. O.; Fischer, S. F. Biochim. Biophys. Acta 1986, 852, 295. 
 (7) Lathrop, E. J. P.; Friesner, R. A. J. Phys. Chem. 1994, 98, 3056. 
 (8) Scherer, P. O. J.; Fischer, S. F. Chem. Phys. 1989, 131, 115. 
 (9) Raja, N.; Reddy, S.; Kolaczkowski, S. V.; Small, G. J. J. Phys. Chem. 1993, 97, 
6934. 
 (10) Plato, M.; Moebius, K.; Michel-Beyerle, M. E.; Bixon, M.; Jortner, J. J. Am. 
Chem. Soc. 1988, 110, 7279. 
 (11) Won, Y.; Friesner, R. A. J. Phys. Chem. 1988, 92, 2208. 
 (12) Breton, J. Biochim. Biophys. Acta 1985, 810, 235. 
 (13) Arnett, D. C.; Moser, C. C.; Dutton, P. L.; Scherer, N. F. J. Phys. Chem. B 1999, 
103, 2014. 
 (14) King, B. A.; Stanley, R. J.; Boxer, S. G. J. Phys. Chem. B. 1997, 101, 3644. 
 (15) Kirmaier, C.; Holten, D. Photosynth. Res. 1987, 13, 225. 
 (16) Hasegawa, J.; Ohkawa, K.; Nakatsuji, H. J. Phys. Chem. B 1998, 102, 10410. 
 (17) Thompson, M. A.; Zerner, M. C. J. Am. Chem. Soc. 1991, 113, 8210. 
 (18) Parson, W. W.; Warshel, A. J. Am. Chem. Soc. 1987, 109, 6152. 
 (19) Jordanides, X. J.; Scholes, G. D.; Fleming, G. R. J. Phys. Chem. B 2001, 105, 
1652. 
 (20) Steffen, M. A.; Lao, K.; Boxer, S. G. Science 1994, 264, 810. 
 (21) Moore, L. J.; Boxer, S. G. Photosynth. Res. 1998, 55, 173. 
 (22) Jonas, D. M.; Lang, M. J.; Nagasawa, Y.; Joo, T. H.; Fleming, G. R. J. Phys. 
Chem. 1996, 100, 12660. 
 (23) Haran, G.; Wynne, K.; Moser, C. C.; Dutton, P. L.; Hochstrasser, M. J. Phys. 
Chem. 1996, 100, 5562. 
 (24) Stanley, R. J.; King, B.; Boxer, S. G. J. Phys. Chem. 1996, 100, 12052. 
 (25) Prall, B. S.; Parkinson, D. Y.; Fleming, G. R.; Yang, M.; Ishikawa, N. J. Chem. 
Phys. 2004, 120, 2537. 
 (26) Yang, M.; Fleming, G. R. J. Chem. Phys. 1999, 110, 2983. 
 (27) Mančal, T.; Fleming, G. R. J. Chem. Phys. 2004, 121, 10556. 
 (28) Goldsmith, J. O.; Boxer, S. G. Biochim. Biophys. Acta 1996, 1276, 171. 
 (29) Joo, T. H.; Yu, J.-Y.; Lang, M. J.; Fleming, G. R. J. Chem. Phys. 1996, 104, 6089. 
 (30) Agarwal, R.; Prall, B. S.; Rizvi, A. H.; Yang, M.; Fleming, G. R. J. Chem. Phys. 
2002, 116, 6243. 
 (31) Prall, B. S.; Parkinson, D. Y.; Fleming, G. R. J. Chem. Phys. 2005, 123, 054515. 
 (32) Yang, M.; Ohta, K.; Fleming, G. R. J. Chem. Phys. 1999, 110, 10243. 
 (33) Yang, M.; Fleming, G. R. J. Chem. Phys. 1999, 111, 27. 



 39

 (34) Xu, Q.-H.; Scholes, G. D.; Yang, M.; Fleming, G. R. J. Phys. Chem. A 1999, 103, 
10348. 
 (35) Vaswani, H. M. A theoretical and femtosecond spectroscopic investigation of 
energy transfer in photosynthetic complexes, University of California, 2005. 
 (36) Yang, M.; Fleming, G. R. J. Chem. Phys. 2000, 113, 2823. 
 (37) Breton, J.; Martin, J.-L.; Fleming, G. R.; Lambry, J.-C. Biochemistry 1988, 27, 
8276. 
 (38) Chan, C.-K.; DiMagno, T. J.; Chen, L. X.-Q.; Norris, J. R.; Fleming, G. R. Proc. 
Natl. Acad. Sci. U.S.A. 1991, 88, 11202. 
 (39) Du, M.; Rosenthal, S. J.; Xie, X.; DiMagno, T. J.; Schmidt, M.; Hanson, D. K.; 
Schiffer, M.; Norris, J. R.; Fleming, G. R. Proc. Natl. Acad. Sci. U.S.A. 1992, 89, 8517. 
 (40) Fleming, G. R.; Martin, J.-L.; Breton, J. Nature 1988, 333, 190. 
 (41) Jackson, J. A.; Lin, S.; Taguchi, A. K. W.; Williams, J. C.; Allen, J. P.; Woodbury, 
N. W. J. Phys. Chem. B 1997, 101, 5747. 
 (42) Jia, Y. W.; DiMagno, T. J.; Chan, C.-K.; Wang, Z.; Popov, M. S.; Du, M.; 
Hanson, D. K.; Schiffer, M.; Norris, J. R.; Fleming, G. R. J. Phys. Chem. 1993, 97, 13180. 
 (43) Jia, Y. W.; Jonas, D. M.; Joo, T. H.; Nagasawa, Y.; Lang, M. J.; Fleming, G. R. J. 
Phys. Chem. 1995, 99, 6263. 
 (44) King, B. A.; McAnaney, T. B.; deWinter, A.; Boxer, S. G. J. Phys. Chem. B. 2000, 
104, 8895. 
 (45) Kirmaier, C.; Bautista, J. A.; Laible, P. D.; Hanson, D. K.; Holten, D. J. Phys. 
Chem. B. 2005, 109, 24160. 
 (46) Lin, S.; Taguchi, A. K. W.; Woodbury, N. W. J. Phys. Chem. 1996, 100, 17067. 
 (47) Michel-Beyerle, M. E.; Plato, M.; deisenhofer, J.; Michel, H.; Bixon, M.; Jortner, 
J. Biochim. Biophys. Acta 1988, 932, 52. 
 (48) Peloquin, J. M.; Williams, J. C.; Lin, X.; Alden, R. G.; Taguchi, A. K. W.; Allen, 
J. P.; Woodbury, N. W. Biochemistry 1994, 33, 8089. 
 (49) Van Bredrerode, M. E.; Jones, M. R.; Van Mourik, F.; Van Stokkum, I. H. M.; 
Van Grondelle, R. Biochemistry 1997, 36, 6855. 
 (50) van Bredrerode, M. E.; van Mourik, F.; van Stokkum, I. H. M.; Jones, M. R.; van 
Grondelle, R. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 2054. 
 (51) van Stokkum, I. H. M.; Beekman, L. M. P.; Jones, M. R.; van Bredrerode, M. E.; 
van Grondelle, R. Biochemistry 1997, 36, 11360. 
 (52) Vos, M. H.; Breton, J.; Martin, J.-L. J. Phys. Chem. B 1997, 101, 9820. 
 (53) Wang, Z.; Pearlstein, R. M.; Jia, Y.; Fleming, G. R.; Norris, J. R. Chem. Phys. 
1993, 176, 421. 
 (54) Woodbury, N. W.; Becker, M.; Middendorf, D.; Parson, W. W. Biochemistry 
1985, 24, 7516. 
 (55) Woodbury, N. W.; Peloquin, J. M.; Alden, R. G.; Lin, X.; Lin, S.; Taguchi, A. K. 
W.; Williams, J. C.; Allen, J. P. Biochemistry 1994, 33, 8101. 
 (56) Zinth, W.; Wachtveitl, J. Chem. Phys. Chem. 2005, 8, 871. 
 (57) Lin, S.; Jackson, J. A.; Taguchi, A. K. W.; Woodbury, N. W. J. Phys. Chem. B. 
1998, 102, 4016. 
 (58) Meier, T.; Chernyak, V.; Mukamel, S. J. Chem. Phys. 1997, 107, 8759. 
 (59) Mukamel, S. Principles of nonlinear optical spectroscopy; Oxford University 
Press: New York, 1995. 



 40

 (60) Cho, M.; Yu, J.-Y.; Joo, T. H.; Nagasawa, Y.; Passino, S. A.; Fleming, G. R. J. 
Phys. Chem. 1996, 100, 11944. 
 (61) Groot, M.-L.; Yu, J.-Y.; Agarwal, R.; Norris, J. R.; Fleming, G. R. J. Phys. Chem. 
B. 1998, 102, 5923. 
 (62) Cherepy, N. J.; Shreve, A. P.; Moore, L. J.; Boxer, S. G.; Mathies, R. A. J. Phys. 
Chem. B. 1997, 101, 3250. 
 (63) Nagasawa, Y.; Passino, S. A.; Joo, T. H.; Fleming, G. R. J. Chem. Phys. 1997, 
106, 4840. 
 (64) De Silvestri, S.; Weiner, A. M.; Fujimoto, J. G.; Ippen, E. P. Chem. Phys. Lett. 
1984, 112, 195. 
 (65) Bardeen, C. J.; Cerullo, G.; Shank, C. V. Ultrafast Phenomena X, 1996. 
 (66) Johnson, S. G.; Tang, D.; Jankowiak, R.; Hayes, J. M.; Small, G. J.; Tiede, D. M. 
J. Phys. Chem. 1990, 94, 5849. 
 (67) Cheng, Y.-C.; Lee, H.; Fleming, G. R. J. Phys. Chem. A 2007, 111, 9499. 
 
 



 41

 
 
 
 
 
 
 
 
 
 

Chapter III 
 
 
 

Efficient simulation of three-pulse photon echo signals 
with application to the determination of  

electronic coupling in  
a bacterial photosynthetic reaction center  

 

 

Reproduced with permission from Y. -C. Cheng, H. Lee, and G. R. Fleming, J. Phys. Chem. A 
111, 9499 (2007). Copyright 2007, American Chemical Society 



 42

3.1 Introduction 
Recent advances in ultrafast spectroscopy have enabled experimental study of dynamics 

in strongly coupled multichromophoric systems.1-3 In particular, the three-pulse photon-echo 
(3PPE) technique had been used to study energy transfer dynamics in photosynthetic complexes4-

8 and solvation dynamics in liquids,9-11 glasses,5,12,13 and proteins.4,14,15 Recently, the two-color 
three-pulse photon-echo peak shift (2C3PEPS) technique has proven to be an useful probe for the 
electronic coupling and energy transfer dynamics between excitations in coupled 
multichromophoric systems.8,16 Because the 2C3PEPS is sensitive to correlated spectral motion 
between two regions of optical excitation, it is a direct probe of electronic coupling between 
chromophores. In the limit of slow population transfer, the analytical formula proposed by Yang 
and Fleming and later extended by Mančal and Fleming can be used to estimate electronic 
coupling between chromophores.17-19 However, for systems with excitation energy transfer in the 
time scale comparable to the bath relaxation time scale, the analytical expression is not valid and 
it is necessary to simulate the 2C3PEPS data based on a theoretical model to estimate the 
electronic couplings.20 Therefore, interpretation of these experiments depends critically on our 
ability to describe coupled multichromophoric systems using reasonable models including 
exciton−exciton interaction, exciton−phonon coupling, and static disorder.  

In the standard response function formalism of nonlinear spectroscopy, the 3PPE 
experiments are described by the third-order polarization, which can be calculated from 
impulsive response functions of the material system.1 The response function formalism has been 
successfully applied to describe various third-order nonlinear techniques. However, when 
ultrafast excitation energy transfer dynamics is involved in the system, additional time 
propagators of the system have to be calculated by invoking additional approximations21,22 or 
obtained using other dynamical theories and inserted into the response functions.7,17,19,23 In 
addition, when the dynamical time scale of the system is comparable to the pulse duration, the 
pulse overlap effect can be significant and triple convoluted time integrals over the pulse profiles 
and the incorporation of additional response function terms are required to describe the 
experiments. These additional requirements can substantially reduce efficiency of the response 
function simulations. Therefore, a theoretical description of third-order nonlinear spectroscopy in 
which the system dynamics is treated efficiently and consistently with the response of the system 
is needed.  

Another theoretical approach to the calculation of nonlinear spectroscopic signals is via a 
nonperturbative description of the nonlinear polarization.24-26 By including the field-material 
interaction explicitly and propagating the reduced density matrix of the system exactly, the third-
order polarization that describes various third-order nonlinear techniques can be calculated 
nonperturbatively.24,25,27-29 However, the nonperturbative approach is computationally expensive 
because the calculation results in the total polarization. To extract the signal corresponding to a 
specific experiment, one needs to compute the total polarization at different phase angles and 
determine the contribution to a specific phase-matching direction by solving a linear matrix 
equation at each time step, and this extraction procedure is quite inefficient. As a result, it is 
computationally infeasible to apply the nonpertubative approach to general multichromophoric 
systems.  

Recently, an efficient method to calculate third-order polarization via a perturbative 
procedure was proposed by Gelin et al.30 This method greatly reduces the effort needed to extract 
the third-order polarization that contributes to the 3PPE signals and can be applied to systems 
with higher dimensions. In this chapter, we extend this perturbative method to describe 
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multichromophoric systems and static disorder. More specifically, we present a more complete 
description of the third-order 3PPE polarization by including two-excitation states in the theory 
and using a time-nonlocal quantum master equation to properly describe the bath memory effect 
that is critical for three-pulse photon-echo peak shift (3PEPS). To demonstrate the potential of 
the generalized method, we apply it to simulate 3PEPS experiments performed on a bacterial 
photosynthetic reaction center (RC) and determine the electronic coupling between the localized 
Qy excitations on the bacteriopheophytin and accessory bateriochlorophyll in the RC.  
 
3.2 Theoretical methods 
3.2.1 Exciton Hamiltonian 

We consider the following total system-plus-bath Hamiltonian  
intT S B SBH H H H H= + + +        (3.1) 

where HS is the Hamiltonian of the electronic system, Hint describes the interaction of the system 
to the laser fields, HB is the bath Hamiltonian, and HSB describes the system−bath interaction. 
For the system part, we use a Frenkel-exciton model to describe a multichromophoric system 
made of N two-level chromophores31  

† †

1 ,

0 0
N n m

S g n n n nm n m
n n m

H a a J a aε ε
≠

=

= + +∑ ∑      (3.2) 

where 0  denotes the electronic ground state, an ( †
na ) is the annihilation (creation) operator that 

destroys (creates) an excitation at site n, εg is the energy of the ground state, εn is the site energy 
at the nth chromophore, and Jnm is the electronic coupling between the nth and mth 
chromophores. an and †

na describe electronic transitions between the molecular ground and 
excited states. They satisfy the Pauli commutation relations  

( )† †, 1 2n m m n na a n a aδ  = −  , [ ], 0n ma a =      (3.3) 
The Hint term denotes the system−field interaction in the electric point dipole approximation, 
Hint(t) = −µE(t), where the dipole operator in the second-quantized form is defined as 

 ( )†

1

ˆ
N

n n n
n

a aµ µ
=

= +∑         (3.4)  

Explicit inclusion of the system−field interaction allows us to treat the driven dynamics of the 
system exactly and use the result to compute the third-order polarization. Finally, we assume a 
harmonic bath of independent harmonic oscillators for HB, and the electronic system is coupled 
linearly to the bath through a number of collective bath coordinates qm: 

SB i i
i

H S q= −∑          (3.5) 

where Si is a general system operator in the one-excitation subspace, and qi denotes a collective 
bath coordinate that is coupled to the system through the Si operator. For example, S = †

na an 
represents the energetic diagonal coupling of the localized excitation on the nth chromophore to 
the bath. Without loss of generality, we also assume that baths coupled to different system 
operators are independent, i.e., ( ) ( ) (0)ij i jC t q t q=  is zero when i ≠ j. Note that we do not limit 
S to be a local operator, therefore, nonlocal bath effects can be taken into account by considering 
a nonlocal S.  

To describe the third-order polarization, it is necessary to consider up to two-exciton 
states.21,22,31 To this end, we consider the electronic system in the Hilbert space span by the 
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subspace of the ground state (ℋg ), the one-excitation states (ℋg
1), and the two-excitation states 

(ℋe
2). In the site representation, ℋg

1for N two-level chromophores is spanned by the basis 
consisting of N one-excitation states, † 0nn a= , n = 1... N, and ℋe

2is spanned by N(N − 1)/2 

two-excitation states nm defined as † † 0n mnm a a= for all n ≠ m and m > n. Using the exciton 

commutation rule in eq 3.3, any operators in the ℋe
1subspace, O = ∑nmOnm †

na am, can be 
expanded to ℋe

2 using 

nm mm mn nm nm mn mm nnnm O n m O O O Oδ δ δ δ′ ′ ′ ′ ′ ′ ′ ′′ ′ = + + +    (3.6) 

For example, the exciton Hamiltonian in eq 3.2 can be represented in the full ℋg⊗ℋe
1⊗ℋe

2 

Hilbert space, and the diagonalization of the full matrix will result in manifolds of a ground state, 
N one-exciton states, and N(N − 1)/2 two-exciton states.  

The dipole operator that connects the ℋg and ℋe
1 subspaces can be extended to the 

ℋe
1⊗ℋe

2 subspace using 
ˆ

ˆ 0

ˆ 0

n nm m nnn n m

n m

nm n m

µ µ δ µ δ

µ

µ

′ ′ ′ ′′ ′ = +

=

′ ′ =

       (3.7) 

Equations 3.6 and 3.7 enable us to expand all system operators in the ground and one-excitation 
subspace to the two-excitation manifold. This allows us to treat excitonic dynamics in the one- 
and two-excitation subspace in a consistent manner. Note that this is possible because, in the 
exciton Hamiltonian (eq 3.2), all nonresonant interactions between excitations are neglected 
(Heitler−London approximation), and we assume that there is no coupling between one- and 
two-excitation manifolds (no configuration interaction). These approximations are reasonable for 
excitations in photosynthetic pigment−protein complexes.31,32 
 
3.2.2. Perturbative evaluation of the third-order polarization 

We consider a four-wave mixing experiment described in Figure 3.1 in which three laser 
pulses interact with the sample to create a polarization. The induced third-order polarization 
P(3)(t) then radiates into the phase-matching directions ±k1 ±k2 ±k3. Experimentally, two time 
delays, the coherence time τ and the population time T, can be varied to study the dynamics of 
the optical excitations induced by the laser fields interacting with the system. In this chapter, we 
will focus on the 3PPE experiments in which the signal in the phase-matching direction ks = −k1 
+ k2 + k3 is measured. In particular, we will present a theoretical method that can be used to 
evaluate the 3PEPS for a general multichromophoric system. In a 3PEPS experiment, the 
integrated intensity of the echo signals at fixed T is measured while varying τ. The peak 
maximum shift from τ = 0 (peak shift) is recorded, and its value as a function of T constitutes the 
3PEPS spectrum. The 3PEPS usually shows decay as a function of T, and the decay is directly 
related to the time-correlation function of the fluctuations of the optical transition frequency 
modulated by the bath modes coupled to the excitation.1,9,10 Therefore, the 3PEPS measurement 
provides information on the electron−phonon couplings in the system.  

Theoretically, the integrated photon-echo signal is described by the third-order 
polarization (3)

3 ( )PPEP t ,  

( )
2

(3)
30

, ( )PPES T dt P tτ
∞

∫∼        (3.8) 
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Figure 3.1 Three-pulse photon-echo experiment and definition of time variables. Three 
laser pulses centered at τ1, τ2, and τ3 are incident on the sample to generate a signal 
field. The coherence time τ is defined as τ = τ2 − τ1, and the population time T = τ3 − τ2. 
The pulse sequence depicted here gives positive τ and T. The time zero t = 0 is set at 
the center of the third pulse. 

 
Therefore, a theoretical description of 3PPE experiments requires the determination of (3)

3 ( )PPEP t . 
In the standard perturbative approach to nonlinear spectroscopy, the third-order polarization is 
represented by response functions.1 Here we consider another approach that incorporates the 
system−field interactions explicitly in the time evolution of the density matrix of the system. In 
general, the time evolution of the reduced density matrix of a quantum system ρ(t) can be 
described by a quantum master equation33-35 
 ( ) ( ) ( ) ( )int ,St i H H t t tρ ρ ρ= − + −ℜ            (3.9) 

where HS + Hint(t) is the time-dependent Hamiltonian defined in eqs 3.1−4 that governs the 
coherent evolution of the system, and [ ]ℜ ⋅  represents the dissipative dynamics of the system 
induced by the system−bath interactions. The time-dependent total polarization induced by the 
laser fields is the expectation value of the dipole operator 
 ( ) ( )ˆP t tµρ=         (3.10) 

where the bracket ⋅ ⋅ ⋅  means taking the expectation value of the operator and average over 
static disorder. When the system−field interaction Hint(t) is explicitly included in the time 
propagation of the density matrix, the reduced density matrix ρ(t) contains all the information on 
the time-dependent optical response of the material system. However, the total polarization 
obtained using eq 3.10 contains fields that radiate into all directions and thus does not describe a 
real experiment in which only signals in a specific phase-matching direction are measured. In the 
response function formalism, the signal in the phase-matching direction is well defined because 
each response function corresponds to a Liouville space pathway and its radiation direction is 
fixed in the rotating wave approximation (RWA). However, in a density matrix based method, 
the direction (phase) is not obvious and extra analysis is required to extract the signals in the 
phase-matching direction of the experiment. The nonperturbative method allows such analysis by 
varying phase angles associated with the fields and then solving a set of complicated matrix 
equations (or performing discrete Fourier transform) to extract the experimental signal. However, 
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because the procedure is computationally intensive, the nonperturbative approach is limited to 
small systems.24,26 Here we instead adopt the efficient perturbative method proposed by Gelin et 
al. to extract the 3PPE signal.30  

Consider a four-wave mixing experiment in which the three laser pulses are described by 
the time-dependent electric field 

( ) ( ) ( ){ }
3

1
expa a a a

a
E t E t i t k r ccτ ω

=

 = − − − + ∑     (3.11) 

where Ea(t − τa) is the laser pulse profile, ωa is the carrier frequency, and ka is the momentum. In 
this work, we will adopt a Gaussian pulse profile Ea(t) ~ exp(−4 ln 2(t − τa)2/ 2

pτ ), where τp is the 
pulse duration defined by the full width at half-maximum (fwhm) of the pulse profile. Gelin et al. 
showed that the third-order polarization in the 3PPE phase-matching direction ks = −k1 + k2 + k3 
can be calculated by following the time evolution of seven auxiliary density matrices.30 
Following Gelin et al., we define the operator 
 ( ) ( ) ( ) ˆexpa a a aV t E t i tτ ω µ= −       (3.12) 
and seven auxiliary density matrices through the following equations of motion  

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
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† †
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†
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†
3 1 3 3 3
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†
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,

,

,

,

,

,

t S

t S

t S

t S

t S

t S

t i H V t V t V t t t

t i H V t V t t t

t i H V t V t t t

t i H V t t t

t i H V t V t t t

t i H V t t

ρ ρ ρ

ρ ρ ρ

ρ ρ ρ

ρ ρ ρ

ρ ρ ρ

ρ ρ

 ∂ = − − − − −ℜ   
 ∂ = − − − −ℜ   
 ∂ = − − − −ℜ   

∂ = − − −ℜ      
 ∂ = − − − −ℜ   

∂ = − − ( )
( ) ( ) ( ) ( )

6

†
7 3 7 7,t S

t

t i H V t t t

ρ

ρ ρ ρ

  −ℜ   
 ∂ = − − −ℜ   

   (3.13) 

Note that we do not invoke the RWA here. Numerically, it is more convenient if the RWA is 
invoked in the propagation of eq 3.13 because the fast oscillating terms are neglected.30 Instead, 
we choose to perform the propagation in the interaction picture of HS to avoid treating fast 
oscillating dynamics explicitly. Equations 3.12−13 can be used to propagate the seven auxiliary 
density matrices, and the 3PPE polarization can be calculated using 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )( )(3)
3 1 2 3 4 5 6 7ˆPPEP t t t t t t t tµ ρ ρ ρ ρ ρ ρ ρ= − − + − + +  (3.14) 

 where µ is the dipole operator defined in eq 3.4. Equation 3.14 is a system of seven independent 
linear differential equations. Although propagating seven density matrices seems to be a 
significant overhead in the calculation, the propagation of these auxiliary density matrices can be 
performed independently and made into parallelized program codes, which means that the time 
propagation required to calculate ( )(3)

3PPEP t can be implemented efficiently in modern computer 
systems. Thus, eqs 3.13−14 provide an efficient prescription for the calculation of the 3PPE 
signals. Note that eq 3.14 is obtained by using a perturbative approach, therefore although the 
system−field interactions are treated exactly, the applicability of eq 3.14 depends on the optical 
field being weak. This is in contrast to the nonperturbative approach that is valid for all field 
strengths. As a result, like the response function approach, the current method is limited to 
experiments in the weak-field limit. In this formalism, both system−field interactions and 
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chromophore excitonic couplings are treated exactly, while the bath-induced dissipative 
dynamics have to be treated perturbatively. In the next section, we will describe the dissipative 
dynamics.  
 
3.2.3. Non-Markovian Evolution in the Presence of Laser Fields 

The dissipative dynamics of the system can be treated by considering a system−bath 
model in which the bath degrees of freedom are traced out at the end of the calculation to obtain 
the reduced density matrix of the system. In this section, we consider the effect of the 
system−bath interaction defined in eq 3.5. Without loss of generality, in this section, we will 
consider only one system−bath coupling term HSB = −S·q and drop the i index in eq 3.5. It is 
trivial to extend the results to include multiple system−bath coupling terms.  

We emphasize that a formulation of the quantum master equation that includes non-
Markovian dynamics and bath memory effects is necessary for the description of 3PEPS 
experiments because non-Markovian bath memory effects are essential for a system to exhibit a 
peak shift. This is not a problem in the standard response function approach because the response 
functions corresponding to various Liouville pathways automatically track the history of the 
system and the non-Markovian effect of the bath is included in the cumulant expansion method 
generally used to treat the diagonal electron−phonon couplings in the one-exciton basis. 
Therefore, although it is usually necessary to ignore the memory effects in the dynamics induced 
by the off-diagonal electron−phonon couplings in the response function approach (for example, 
memory effects in energy transfer), calculations based on response functions still describe peak 
shifts. However, for the nonperturbative approach or the perturbative approach described in 
Section 3.2.2, the bath memory effects must be included in the quantum master equation that is 
used to propagate the driven dynamics of the system. Mancal et al. pointed out that, if Redfield 
theory is used to propagate the density matrix in a nonperturbative approach to evaluate the 
third-order polarization, the result does not give a peak shift28 because the bath memory effects 
are neglected in the Redfield theory.34,36 The Redfield formalism was used in the nonperturbative 
approach to propagate the reduced density matrix and calculate the 3PEPS and electronic 2D 
spectra for excitonic systems,27-29 however, the propagation given by the Redfield theory does 
not describe peak shifts properly unless the system is dominated by inhomogeneous broadenings. 
To describe peak shifts, we need to use a theory for the dissipative part of the dynamics that 
includes the bath memory effects. To this end, we use the time-nonlocal formalism proposed by 
Meier and Tannor.36,37 

We start with the time-nonlocal (TNL, also called time-convolution approach or 
chronological time-ordering prescription) quantum master equation derived by using the 
projectionoperator technique and neglecting terms up to the second-order in the system−bath 
interactions:34  

( ) ( ) ( ) ( )
0

,
teff

t St iL t d K tρ ρ τ τ ρ τ∂ = − + ∫      (3.15) 

where 
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     (3.16) 

and a(t) and b(t) are the real part and the negative imaginary part of the bath correlation function, 
( ) ( ) ( ) ( ) ( )0C t q t q a t ib t= = − , respectively. Hren is the renormalization Hamiltonian that is 

required in order to avoid artificial shifts in the system energy due to the coupling to the bath.35 
The renormalization potential Vren can be calculated in terms of the spectral density of the bath, 

( )
0

2 / /renV d Jπ ω ω ω
∞

= ∫ . In addition, we have assumed that the total system is initially a 

product state of the ground state ( ( )0 g gρ = ) and the equilibrium bath, so that the 
inhomogeneous term in the TNL quantum master equation vanishes.  

The integral in eq 3.15 refers to the reduced density matrix of the system at all times, 
which makes the direct propagation of eq 3.15 very difficult. Following Meier and Tannor, we 
recast the quantum master equation into a more convenient form by adopting an artificial bath 
model in which the bath spectral density is in the following form: 

( )
( ) ( )
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2 22 2
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4n
k k

k k k k k
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ω ω=

Γ
=

   +Ω +Γ −Ω +Γ   
∑     (3.17) 

where the bath spectral density is decomposed into n terms, and λk, Ωk, and Γk are real 
parameters describe the kth bath mode. The decomposition can be used to simulate arbitrary bath 
spectral densities. For example, the Ohmic spectral density with exponential cutoff can be 
represented by three terms (n = 3).37 This artificial bath model describes modes that range from 
overdamped oscillators (when Γk àΩk) to coherent oscillators (when Ωk àΓk). As a result, the 
bath model is capable of describing a wide range of bath-induced dynamics on the system. This 
is even more useful when one attempts to describe experimental data because the ansatz offers a 
flexible basis that can extract a wealth of dynamical information from experimental data.  

The bath time correlation function which describes the memory kernel in eq 3.16 can be 
represented in terms of J(ω) : 
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∫ ∫   (3.18) 

The real part and negative imaginary part of the correlation for the artificial bath model in eq 
3.17 can then be obtained analytically 
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where we have defined k k ki+Ω = Ω + Γ , k k ki−Ω = Ω − Γ , and β is the inverse temperature. The last 
part in a(t) is the Matsubara terms with Matsubara frequency νk = 2πk/β. The sum over 
Matsubara terms is an infinite one, but in practice we can truncate the sum at a finite number of 
nm terms, especially at higher temperatures. In eq 3.19, a(t) and b(t) can be expressed by nr = 2n 
+ nm and ni = 2n exponential terms, respectively. Therefore, we can write a(t) and b(t) as sum of 

exponentials. ( )
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coefficients defined by eq 3.19. This exponential form of the correlation function allows us to 
recast the time-nonlocal quantum master equation into a set of coupled time-local, first-order 
differential equations36,37  
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Note that, in order to propagate the TNL dynamics, additional auxiliary matrices r
kρ  and i

kρ  are 
introduced. Propagating these additional matrices entails a significant overhead on the efficiency 
of the calculation, but it is necessary in order to include bath memory effects. Equation 3.20 is 
the final form of the TNL quantum master equation that we use to propagate ρ1(t) − ρ7(t) in eq 
3.13 and then calculate ( )(3)

3PPEP t  according to eq 3.14. In addition, to properly describe the third-
order polarization, it is necessary to include contributions from the two-excitation states. 
Therefore, all operators in eq 3.20 have to be considered in the full ℋg⊗ℋe

1⊗ℋe
2Hilbert 

according to eqs 3.6 and 7. In our simulation, we numerically propagate the TNL dynamics using 
an iterated Crank−Nicholson scheme.38To calculate the 3PEPS as a function of the population 
time T, we compute the integrated signal S(τ,T) (eq 3.8) on a two-dimensional grid of coherence 
time (τ) and population time (T) points and then use a numerical cubic spline interpolation 
algorithm to determine the peak shift from τ = 0.  

This formalism seems to be limited to weak exciton−phonon couplings because the TNL 
quantum master equation is based on the assumption that the system−bath interactions are weak 
and that neglect of higher-order terms in the memory kernels is valid. This weak-coupling 
condition may not be a serious limitation, however, because in many physical scenarios, the 
system is strongly coupled to only a few bath modes. Therefore, the system−bath boundary can 
be redefined to include strongly coupled modes into the system, and the weak coupling 
approximation can still be employed.  
 
3.2.4. Static disorder 

So far, we have focused on the calculation of third-order polarization for a single system 
with well-defined system Hamiltonian. To include the effects of static disorder, an average of the 
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third-order polarization over a statistical distribution of systems is required. Conventionally, 
Monte Carlo (MC) sampling is used to average the signal over a statistic distribution of transition 
frequencies.39 However, an MC average usually requires repeating the calculation for thousands 
of realizations of the system Hamiltonian in order to achieve reasonable convergence. The MC 
average procedure is inefficient and frequently the bottleneck of a simulation of nonlinear 
spectroscopic signals. Thus, a more efficient means to perform the average over static disorder 
would significantly improve our ability to simulate and describe experimental results.  

We consider diagonal energetic disorder on each site described by a random variable δεn, 
which is defined by a Gaussian distribution with zero mean ( 0nδε = ) and standard deviation 
σn. The average over the distribution of static energetic disorder can be represented by Gaussian 
integral over all disorder random variables: 

( ) ( )( )
2

22, , ( ) ; , ,
n

n

static n
P T t d e P T t

δε
στ δε δε τ

−∞

−∞
= Γ Π Γ∫    (3.21) 

where Γ(δε) is a vector representing the random variables { }nδε . If the integrand P(Γ(δε); τ,T,t) 
is smooth within the Gaussian profile, which is satisfied when the static disorder σn is small 
compared to the characteristic frequency of the polarization (usually the differences between 
transition frequencies of excitations), the Gaussian weighted integral can be evaluated most 
efficiently using the Gauss−Hermite quadrature method.40 Therefore, a more efficient way than 
MC sampling is to evaluate P(Γ(δε); τ,T,t) using the Gauss−Hermite rule for each random 
variable δεn. For high-dimensional systems with many random variables, high-dimensional 
quadrature rules exist that can be used to estimate the integral in eq 3.21 efficiently.40,41 In 
addition, the numerical method can be generalized to treat more general forms of static disorder 
such as correlated energetic disorder or off-diagonal static disorder without any additional 
computational efforts.  
 
3.3 3PEPS of a model two-level system 

To demonstrate our new approach for the calculation of 3PEPS signal, we consider a 
simple two-level system (ground state and excited state) and study the effects of pulse overlap 
and static disorder. In the calculations, we assume a model two-level system coupled to a single 
overdamped bath mode with λ0 = 150 cm-1, Ω0 = 50 cm-1, Γ0 = 80 cm-1, and that the laser pulse 
frequency is on resonance with the optical g e→  transition. In addition, a Gaussian static 
disorder with standard deviation σs = 100 cm-1 is also included.  

We first compare the Gauss−Hermite quadrature method for the average over Gaussian 
static disorder to the standard MC sampling method. In Figure 3.2, we show the results 
calculated using a 11-point Gauss−Hermite rule and an average over 5000 realizations using MC 
sampling over a Gaussian distribution. The peak shift decays to a finite value at large population 
time, which is a signature for systems with static disorder. With σs = 100 cm-1, the Gaussian 
sampling is not converged when 5000 random points are used; in contrast, the Gauss−Hermite 
rule gives a satisfactory result with 11 points.  

In Figure 3.3, we show the 3PEPS for the model system calculated using different pulse 
widths. The result calculated by using the response function approach in the impulsive limit is 
also shown.1 Clearly, a significant portion of the initial peak shift decay at T < 100 fs is due to 
the pulse overlap effect. In addition, a longer pulse duration results in larger initial peak shift, as 
expected.9 
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Figure 3.2 Comparison of numerical methods for the average over static disorder. We 
show the peak shift results calculated using the 11-point GaussHermite method (solid 
line) and Monte Carlo sampling using 5000 points (open circles). The model system is 
a two-level system (ground state and a singlely excited state) with bath parameters: λ0 
= 150 cm-1, Ω0 = 50 cm-1, Γ0 = 80 cm-1, and Gaussian static energy disorder with σS = 
100 cm-1. The pulse width used in the simulations is 20 fs. 

 
 

 

Figure 3.3 Pulse-overlap effects in simulated 3PEPS signals. The model system is a 
two-level system (ground state and a single excited state) with bath parameters: λ0 = 
150 cm-1, Ω0 = 50 cm-1, Γ0 = 80 cm-1, and Gaussian static energy disorder with σS = 
100 cm-1. 
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3.4 1C- and 2C3PEPS of a bacterial RC: Electronic coupling between H and B 
In this section, we turn our attention to a specific experiment and demonstrate that the 

theoretical method presented in Section 3.2 can be applied to simulate 3PEPS decay in a 
bacterial photosynthetic reaction center (RC) and determine the electronic coupling constant 
between the bacteriopheophytin and accessory bacteriochlorophyll in the RC.  

We focus on one-color (1C) and two-color (2C) 3PEPS data for the RC of the 
photosynthetic purple bacterium Rhodobacter sphaeroides, whose primary electron donor P is 
chemically oxidized. The RC contains two bacteriochlorophylls constituting the special pair (P), 
an accessory bacteriochlorophyl adjacent to P on each side (BChl; BA and BB), and a 
bacteriopheophytin next to each B (BPhy; HA and HB).42,43 The RC converts harvested solar 
energy into chemical charge separation with a quantum yield near 1 in about 3 ps at room 
temperature.44-47 In addition, in the isolated RC, energy transfer occurs from H to B in about 100 
fs and from B to P in about 150 fs.48-52 Oxidation of the special pair of the RC by K3Fe(CN)6 in 
our experiment blocks electron transfer from P to HA, however, the downward energy transfer 
from H to B to P still occurs in a time scale similar to the neutral RC.51-53 Knowing the coupling 
constant between B and H is critical for the understanding of the rapid energy transfer from H to 
B, and the 2C3PEPS technique provides an experimental probe for the electronic coupling. 
However, given that the energy transfer from H to B occurs in ~100 fs time scale and the pulse 
duration in the experiment is ~40 fs, it is clear that both the energy transfer dynamics and pulse-
overlap effects must be treated properly to account for the peak shift decay in the 100 fs time 
scale.  

The 3PEPS technique has been used to study the electron−phonon couplings in a neutral 
RC at room temperature and 77 K.15,20 In ref 20, the 1C- and 2C3PEPS experiments were 
performed and used to estimate the electronic coupling between H and B in the neutral RC. In 
that work, Parkinson et al. used response function formalism to describe 3PEPS. By fitting to the 
1C3PEPS, they obtained line shape function of individual chromophores. Assuming the 
fluctuations of transition energies on H and B are independent, they were able to estimate an 
H−B coupling constant of ~170 cm-1 by fitting to the uphill 2C3PEPS data. However, the 
downhill 2C3PEPS data was not well described by the response function formalism, presumably 
because the rapid energy transfer and direct charge separation dynamics in the RC is not properly 
described by the response functions. Here, we will adopt a similar scheme to estimate the 
electronic coupling between H and B in the P-oxidized RC and demonstrate that the present 
theoretical method can adequately describe all four 3PEPS experiments.  

 
3.4.1. Methods and materials 

His-tagged Rhodobacter sphaeroides cells were kindly supplied by the Boxer lab. They 
were grown and the RC was purified as published previously.51 Briefly, cells were grown in 
semi-aerobic and dark conditions. By using a French press, we disrupted the cells and solubilized 
the RC with the detergent laurydimethylamide oxide (LDAO). Purification was carried out with 
a Ni-NTA column, followed by a DEAE column. After concentration of the sample, ~100 mM of 
K3Fe(CN)6 was added to oxidize the primary electron donor, P, just prior to the experiment. The 
samples were diluted with 60% v/v glycerol and placed in a 0.2 mm quartz cell (Starna) for 
measurements. The optical density of the sample at 800 nm was 0.1−0.3. Figure 3.4 shows the 
absorption spectrum of the P-oxidized RC at 77 K, showing the H band at 750 nm and the B 
band at 800 nm. The oxidation of the special pair was confirmed by both the absorption spectrum 
(Figure 3.4) and a 800 nm one-color transient absorption (TA) measurement; both the P band in 
the absorption spectrum and the several picosecond rising components in the 800 nm TA signal 
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due to charge separation disappear.51 The 800 nm one-color TA experiments were also carried 
out before and after each scan to confirm the integrity of the sample, and our data were 
consistent with the literature.51 The experiments were performed at 77 K using an Optistat DN 
cryostat from Oxford Instruments. 

 

 

Figure 3.4 Linear absorption spectrum of the P-oxidized RC at 77 K (solid line). The 
spectrum consists of two absorption bands labeled as H and B, which correspond to the 
excitations mainly on the accessory bacteriochlorophyll and the bacteriopheophytin 
molecules, respectively. The spectral profiles of the 750 nm (dashed line) and 800 nm 
(dashdotted line) pulses are also shown. The 750 nm pulse is on resonance with the H 
band, and the 800 nm pulse is on resonance with the B band. 

 
Our setup for the 3PEPS experiments was described in detail elsewhere,9,16,54 and here we 

briefly describe relevant details for the completeness of this work. The 800 and 750 nm laser 
pulses were chosen to be on resonance with the B and H transitions, respectively (Figure 3.4). 
The 800 nm pulse was generated from a home-built regenerative amplifier at 1 kHz, which was 
seeded by a Femtosource Compact Pro Ti:sapphire oscillator (Femtolasers, Inc.) Part of this 
beam was used to pump an optical parametric amplifier (Coherent 9450) to produce a 750 nm 
pulse. This was passed through an optical filter centered at 750 nm with bandwidth of 25 nm. 
Both pulses were measured to have ~40 fs fwhm pulse duration at the sample position. Figure 
3.4 shows the spectral profiles of the laser pulses; note that the spectral overlap between the 
pulses is minimal, that each pulse overlaps with most of the corresponding spectral band, and 
that each pulse has negligible overlap with the other spectral band. In the experiments, the total 
input power was kept between 1 and 5 µW.  

The three pulses were arranged in equilateral triangle geometry and focused onto the 
sample with a 20 cm singlet lens. Four 3PEPS experiments were carried out on the RC. For the 
one-color experiments, three pulses of the same wavelength (750 nm or 800 nm in this case) 
were used. For two-color experiments, the first two pulses were set to a pump wavelength, while 
the third pulse was set to a probe wavelength. Two different types of 2C3PEPS scans were 
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carried out in this work. In the first, the “downhill” experiment, the pump wavelength is set to 
750 nm and the probe wavelength is set to 800 nm. In the second, the “uphill” experiment, the 
pump wavelength is set to 800 nm and the probe wavelength is set to 750 nm. Integrated echo 
profiles were measured as a function of the coherence time τ for fixed values of the population 
time T. The peak shift for a given population time is the value of the coherence time that gives 
the maximum signal as determined by fitting to a single Gaussian function. The integrated 
photon-echo signal is collected on a photomultiplier tube (PMT) in the phase-matching direction. 
For the two-color experiments, 25 nm bandwidth filters corresponding to the probe wavelengths 
were placed in front of the PMT to prevent scattering from the pump beams. Data were collected 
using an optical chopper and lock-in amplifier.  
 
3.4.2. Theoretical model for the RC 

To simulate the peak shift, we consider a coupled heterodimer system representing the 
coupled accessory BChl and BPhy molecules on the same branch. The transition dipole moments 
for the Qy transitions on the accessory BChl and BPhy are taken from the semiempirical quantum 
chemistry study in ref 52. In general, peak shift decay is relatively insensitive to the transition 
dipole of excitations,19 therefore we fix the transition dipole moments and do not treat them as 
fitting parameters. In addition, we assume the bath modes coupled to the accessory BChl and 
BPhy are independent and the electronic couplings are small compared to the site energy 
difference between them so that the main characters of the H band and B band are the localized 
BPhy and accessory BChl Qy excitations, respectively. In this limit, we can use the 1C3PEPS 
data at 750 and 800 nm to directly determine the spectral density of bath modes coupled to BPhy 
and accessory BChl.  

For the system−bath interactions, we consider diagonal system−bath couplings in the site 
representation that modulate the site energies of BChl and BPhy Qy excitations and treat the bath 
parameters in the spectral density (eq 3.17) as free parameters to be determined by fitting to the 
1C3PEPS experiments. Note that, in the present model, the H → B energy transfer dynamics is 
determined by the system Hamiltonian and the bath parameters according to the TNL quantum 
master equation in eq 3.20. To include the rapid B → P+ population transfer in our simulations, 
we consider an additional P+ state acting as an energy sink that traps population from B. This 
additional population transfer channel is included by adding a dark state in the Hamiltonian and 
an additional Markovian Lindblad population transfer term34 with time constant of 150 fs in the 
quantum master equation (eq 3.20). In our 2C3PEPS simulations, we found that this term is 
necessary to reproduce the negative 2C3PEPS observed in the experiments.  

 
3.4.3. Results and discussion 

Figures 3.5 and 3.6 show the 1C3PEPS and 2C3PEPS of the P-oxidized RC. The 
1C3PEPS measurements on B and H both show very rapid peak shift decay in about 100 fs, and 
then a plateau between 100 to 200 fs. In addition, quite different initial peak shifts and residual 
peak shifts at T~300 fs are observed, indicating that the excitation−phonon couplings for B and 
H are different. Note that we only show the peak shift for population times up to T = 300 fs 
because the intensity of the 3PPE signal at T > 300 fs is small and the signal is noisy. This is 
because the vary rapid H to B to P+ energy transfer removes the population and causes the 3PPE 
signal to decay rapidly. Thus, we will focus our analysis on the data between T = 0 and T = 300 
fs. Clearly, the peak shift does not decay to zero in this time scale, which means some nuclear 
motion is static in this time scale. A noticeable feature in the 2C3PEPS data is the negative peak 
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shift, which is also observed in the neutral RC and was considered to be the effect due to the 
rapid population dynamics.20  

 

 

Figure 3.5 One-color three-pulse photon-echo peak shift for the P-oxidized RC. The 
1C3PEPS results using pulses centered at 750 nm (H band, open triangle) and at 800 
nm (B band, open circle) measured at 77 K are shown. The solid lines are simulations 
using bath parameters listed in Table 3.1. 

 
In Figure 3.5, we show the 1C3PEPS simulations calculated using the theoretical method 

described in Section 3.2. The bath parameters used to reproduce the experiments are listed in 
Table 3.1. We found that the B band 1C3PEPS data requires two bath terms to describe it 
adequately, while the H band 1C3PEPS data can be reasonably reproduced by a single 
overdamped oscillator term. This is mainly due to the structure around T = 150 fs on the B band 
1C3PEPS. Note that the 220 cm-1 mode is also observed in the 1C3PEPS and Raman 
measurements for the neutral RC at room temperature, in agreement with our result.15,55 Our 
numerical simulation indicates that the plateau observed in the B band 1C3PEPS at T ~150 fs is 
due to the interference between vibrational contributions. Note that the simulations reproduce the 
peak shifts measured at small T, indicating the improvement due to the proper inclusion of pulse-
overlap effects. This is critical for the current study. Because the peak shift decays on the 100 fs 
time scale and reliable data is only available for T < 300 fs, to obtain a meaningful interpretation 
of the experimental data, one needs to be able to describe the sub-100 fs part of the peak shift 
decay. Moreover, the inhomogeneous Gaussian static disorder with σ = 60 cm-1 obtained from 
1C3PEPS experiment on the accessory pigments of the RC is in good agreement with the value 
reported previously in the room-temperature 1C3PEPS and Raman studies.15,55 

We use the bath parameters extracted from the 1C3PEPS data (Table 3.1) to simulate the 
2C downhill and uphill experiments. By varying the electronic coupling constant J with the 
constraint that the energy difference between the excitonic H and B states is fixed at 680 cm-1, 
we found a value of J = 250 cm-1 gives the best fit to both measurements. The simulated 2C 
downhill and uphill 3PEPS are shown in Figure 3.6, in which simulations with J = 200 cm-1 and 
300 cm-1 are also shown to demonstrate that the 2C3PEPS measurement is sensitive to the 



 56

electronic couplings. The estimated value of J = 250 cm-1 is slightly larger than the value 
observed in the wild-type RC20 (J = 170 cm-1) and the theoretical value calculated using 
semiemprical quantum chemistry method52 (J = 200 cm-1); the larger J may explain the rapid H 
to B excitation energy transfer.  

 
 aλ  aΩ  aΓ  bσ  

accessory BChl 75  100 150 60  

 1500 220 10   

BPhy 250 50 150 60   

Table 3.1 Bath parameters for H and B of the P-oxidized RC of Rb. sphaeroides 
obtained from 1C3PEPS measurement (cm-1). a Coupling strength λ , characteristic 
frequency Ω , and damping constant Γ defined in eq 3.17. b Standard deviation of the 
Gaussian static disorder.  

 

 

Figure 3.6 Two-color three-pulse photon-echo peak shift for the P-oxidized RC (open 
circle). The 2C3PEPS results at 77 K using downhill (upper panel) and uphill (lower 
panel) pulse sequences are shown. The solid lines are simulations using the bath 
parameters listed in Table 3.1 and an electronic coupling constant J = 250 cm-1. 
Simulations using different couplings J = 200 and 300 cm-1 are shown as dashed and 
dashdotted lines, respectively. 
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The negative peak shifts observed in the 2C3PEPS experiment were attributed by 

Parkinson et al. to the rapid energy transfer dynamics in the RC.20 For example, in the 2C uphill 
experiment, the B → P+ energy transfer rapidly removes population on B during the time period 
between the second and the third pulses and significantly reduces the total signal strength as the 
time increases. The negative peak shift occurs because, at a given population time T, the time 
period between the second and the third pulses decreases when the coherence time τ becomes 
more negative (Figure 3.1). Our dynamical simulations confirmed this explanation and showed 
that the rapid B → P+ energy transfer is responsible for the negative peak shifts in both the uphill 
and downhill experiments. In Figure 3.7, we compare theoretical uphill 2CPEPS simulations 
with B → P+ population transfer to simulations without B → P+ population transfer. Clearly, the 
population dynamics in general reduces the peak shift and gives rise to negative peak shifts at 
short T. The effects in the downhill 2C3PEPS are an interplay of the B → P+ dynamics, which 
reduces signal strength and causes negative peak shifts, and the H → B dynamics, which actually 
generates additional signals. As a result, the downhill 2C3PEPS is less negative compared to the 
uphill 2C3PEPS and is almost flat after the bath relaxation time scale (Figure 3.6).  

 

 

Figure 3.6 Two-color three-pulse photon-echo peak shift for the P-oxidized RC (open 
circle). The 2C3PEPS results at 77 K using downhill (upper panel) and uphill (lower 
panel) pulse sequences are shown. The solid lines are simulations using the bath 
parameters listed in Table 3.1 and an electronic coupling constant J = 250 cm-1. 
Simulations using different couplings J = 200 and 300 cm-1 are shown as dashed and 
dashdotted lines, respectively. 
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Figure 3.7 Effects of rapid energy transfer on the uphill 2C3PEPS. We show simulated 
curves of the uphill 2C3PEPS without B → P+ population transfer (solid line) and with 
B → P+ population transfer at 100 fs (dashed line) and 50 fs (dash-dotted line). The 
additional population transfer channels were included by adding additional Lindblad 
terms in the quantum master equation. In the simulations, the bath parameters listed in 
Table 3.1 and J = 250 cm-1 were used.  

 
Note that we assume that the bath mode coupled to chromophores H and B are 

uncorrelated, which should be a good approximation for chromophores that are spatially far apart. 
However, in a densely packed protein−pigment complex such as the RC, in which the center-to-
center distance between BPhy and BChl chromophores is about 10 Å, the uncorrelated bath 
assumption is likely to be broken. A recent experiment in our group shows that the transition 
energy fluctuations on BPhy and BChl are highly correlated, which results in a long-lasting 
coherence between H and B excitonic states and indicates that a theoretical model that includes 
correlated bath dynamics and coherent energy transfer dynamics is needed to describe the 
system.56 In this case, the present theoretical method for third-order nonlinear spectroscopy can 
be extended to include nonlocal bath effects by considering system−bath coupling terms with 
nonlocal system operators. Work is currently in progress to extend the present approach to 
include nonlocal bath effects and refine our estimate of the electronic coupling. 
 
3.5 Conclusions 

We have combined a time-nonlocal non-Markovian quantum master equation37 and a 
perturbative scheme30 for the calculation of the third-order polarization in the phase-matching 
direction ks = −k1 + k2 + k3 to calculate the three-pulse photon-echo signals. We have extended 
the formalism proposed by Gelin et al. to describe multichromophoric systems with a two-
excitation manifold, thus enabling the calculation of general three-pulse photon-echo signals. In 
addition, an efficient numerical integration scheme based on the Gauss−Hermite quadrature rule 
was used to perform an average over a statistical Gaussian distribution of transition frequencies 
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and thus include the effects of static disorder. This allows the efficient calculation of three-pulse 
photon-echo peak shifts of coupled chromophores in condensed phase environments.  

Compared to the standard perturbative approach of nonlinear spectroscopy, this new 
scheme has several key advantages. First, unlike the standard approach that works in the 
impulsive limit and RWA, the present method incorporates all relevant optical fields into the 
system Hamiltonian and propagates the driven dynamics of the system numerically. Therefore, 
arbitrary pulse durations can be used in the simulations and all pulse-overlap effects are 
automatically accounted for. This enables us to correctly simulate 3PEPS at short population 
times. Second, because we use a time-nonlocal non-Markovian theory, all relevant dissipative 
dynamics of the system are included in the new method. For example, effects of coherent energy 
transfer and non-Markovian dynamics are included in a unified manner, which would be difficult 
to implement in the standard perturbative approach. Third, no additional effort is needed to apply 
this method to systems with a time-dependent Hamiltonian. This should be useful for study of a 
system whose electronic Hamiltonian is modulated by slow nuclear coordinates.  

We applied the theoretical method to simulate one-color and two-color 3PEPS 
experiments on a bacterial reaction center whose special pair is chemically oxidized. With the 
new theoretical approach, we are able to reproduce all experimental results simultaneously and 
determine that the electronic coupling J = 250 cm-1 between the localized Qy excitations on the 
bacteriopheophytin and accessory bateriochlorophyll in the RC.  

Recently, two-dimensional (2D) electronic spectroscopy has been shown to be an 
effective probe of electronic couplings and dynamical information in multichromophoric 
systems.3,57-59 The 2D technique is complementary to the 3PEPS measurements described in this 
work.19 Because the 2D spectra can be calculated by performing a double Fourier transform on 

(3)
3 ( , , )PPEP T tτ , the theoretical method presented in this work can be used to calculate 2D spectra 

without any modification. Because the full dynamics and pulse-overlap effects are incorporated, 
the current method will also be useful for the interpretation of 2D electronic spectroscopic 
measurements.  
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4.1 Introduction 
Highly efficient solar energy harvesting and trapping in photosynthesis relies on 

sophisticated molecular machinery built from pigment-protein complexes.1,2 Although the 
pathways and time scales of excitation energy transfers within and among these photosynthetic 
complexes are well studied, less is known about the precise mechanism responsible for the 
energy transfer. In particular, to what extent quantum coherence contributes to the efficiency of 
energy transfer is largely unknown. Only recently have nonlinear optical spectroscopy and 
theoretical modeling started to reveal that coherences between electronic excitonic states can 
have a substantial impact on excitation energy transfer in photosynthetic systems.2-4 For example, 
Engel et al. have demonstrated using two-dimensional (2D) electronic spectroscopy that 
surprisingly long-lived (>660 fs) quantum coherences between excitonic states play an important 
role in the dynamics of energy transfer in photosynthetic complexes—i.e., the energy transfer is 
described by wavelike coherent motion instead of incoherent hopping.4  

To understand the origins of such long-lived coherences and the role of the protein matrix 
in its preservation, an experiment specifically designed to monitor electronic coherences between 

excited states is required. Here, we describe a two-color electronic coherence photon echo 
experiment (2CECPE) that produces a direct probe of electronic coherences between two exciton 
states. We applied the method to the coherence between bacteriopheophytin and accessory 
bacteriochlorophyll in the purple bacteria reaction center (RC). The measurement quantifies 
dephasing dynamics in the system and provides strong evidence that the collective long-range 
electrostatic response of the protein environment to the electronic excitations is responsible for 
the long-lasting quantum coherence. In other words, the protein environment protects electronic 
coherences and plays a role in the optimization of excitation energy transfer in photosynthetic 
complexes.  

The RC from the photosynthetic purple bacterium Rhodobacter sphaeroides includes a 
bacteriochlorophyll dimer called the special pair (P) in the center, an accessory 
bacteriochlorophyll flanking P on each side (BChl; BL and BM, for the L and M peptides, 
respectively), and a bacteriopheophytin (BPhy; HL and HM for the L and M peptides, 
respectively) next to each BChl.5 (We use H and B to denote excitonic states whose major 
contributions are from monomeric BPhy and accessory BChl in the RC, respectively.) In addition 
to electron transfer with near-unity efficiency,6 energy transfer occurs between the excitonically 
coupled chromophores—for example, from H to B in about 100 fs and from B to P in about 150 
fs—in the isolated RC.7-10 In our experiments, the primary electron donor (P) is chemically 

oxidized by K3Fe(CN)6 (see section 4.2), which blocks electron transfer from P to HL, but does 
not affect the dynamics of energy transfer.8 This modification eliminates interference from the 
charge-transfer dynamics. The absorption spectrum of the P-oxidized RC at 77 K (Fig. 4.1A) 
shows the H band at 750 nm and the B band at 800 nm. 
 
4.2 Experimental methods 

His-tagged Rhodobacter sphaeroides cells were kindly supplied by the Boxer lab. 
They were grown and the RC was purified as published previously.11 Briefly, cells were grown 
in semi-aerobic and dark condition. By using a French press, we disrupted the cells and 
solubilized the RC with the detergent laurydimethylamide-oxide (LDAO). Purification was 
carried out with a Ni-NTA column followed by a DEAE column. After concentration of the 
sample, ~100 mM of K3Fe(CN)6 was added to oxidize the primary electron donor, P, just prior to 
the experiment. The samples were diluted with 60 % v/v glycerol and place in a 0.2 mm quartz 
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cell (Starna). The optical density at 800 nm of the sample was 0.1-0.3. The oxidation was 
confirmed by both ground state absorption spectra and 800 nm one-color transient absorption 
(TA); P-band (centered at 860 nm) and the several picosecond rising component in the 800 nm 
TA due to charge separation both disappear. 800 nm one-color TA experiments were also carried 
out before and after each scan to test the integrity of the sample, and we found that data were 
consistent with the literature.8 The experiments were performed at 77 K and 180 K using an 
Optistat DN cryostat from Oxford Instruments. 

 

 
Figure 4.1 The 2CECPE experiment. (A) The 77 K absorption spectrum (black) of the 
P-oxidized RC from the photosynthetic purple bacterium R. sphaeroides and the 
spectral profiles of the 40-fs laser pulses (blue, 750 nm; red, 800 nm) used in the 
experiment. (B) The pulse sequence for the 2CECPE experiment. We detect the 
integrated intensity in the phase-matched direction ks = –k1 + k2 + k3. a.u., arbitrary 
units.   

 
The 800 nm pulse was generated from a home-built regenerative amplifier at 1 kHz, 

which was seeded by a Femsosource Compact Pro Ti:Sapphire oscillator (Femtolasers, Inc.) Part 
of this beam was used to pump an optical parametric amplifier (Coherent 9450) to produce 
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pulses centered at 750 nm. Optical filters centered at 750 and 800 nm with bandwidths of 25 nm 
were used to prevent undesired spectral overlap between beams and to improve day-to-day 
reproducibility of the pulse shapes. In 2CECPE experiments, we focused the three pulses, 
arranged in equilateral triangular geometry, onto the sample with a 20-cm singlet lens. Total 
input power was kept 5~10 µW. Integrated photon echo profiles were collected on a 
photomultiplier tube (PMT) in a phase-matched direction as a function of t1 for fixed values of 
the t2. A 25-nm bandwidth filter centered at 800 nm was placed in front of the PMT to prevent 
scattering from the pump beams. Data were collected using an optical chopper and lock-in 
amplifier. We also confirmed that 2CECPE scans on IR-144/MeOH and blank buffer/glycerol 
solution do not produce any signal.  

In our 2CECPE (Fig. 4.1B), three ~40-fs laser pulses interact with the sample and 
generate a signal field in the phase-matched direction ks. The first two pulses have different 
colors and are respectively tuned for resonant excitation of the H transition at 750 nm and the B 
transition at 800 nm (Fig. 4.1A). This is different from conventional two-color three-pulse 
photon echo technique in which the first two pulses have the same color.12 In our experiment, the 
first pulse (750 nm) creates an optical coherence (electronic superposition) between the ground 

state and the H excitonic state ( g H coherence). The coherence evolves for time delay t1 until 
the second pulse (800 nm) interacts with the sample to form a coherence between B and H 
( B H coherence) that evolves for a time t2. Finally, the third pulse (750 nm) interacts with the 
system to generate a photon echo signal if, and only if, B and H are mixed. The integrated 
intensity of the echo signal is recorded at different delay times t1 and t2. The central idea of the 
experiment is that if two chromophores are coupled and create two exciton bands (H and B in 
this case) in the absorption spectrum, then excitation resonant with one transition ( g H→ ), 

followed by excitation resonant with the other ( g B→ ) converts the initial coherence 

( g H ) into a coherence of the two exciton bands ( B H ). This experiment is distinct from 
conventional two-color three-pulse photon echo measurements because different colors in the 
first two pulses are used to optically select the contributions to the third-order response function 
that arise from coherence pathways involving electronic superposition between two exciton states 
in the t2

 period. Because the system is in a coherence state in time t2, population dynamics only 
contribute to dephasing and do not generate additional echo signals; therefore, this technique is 
specifically sensitive to the coherence dynamics and provides a probe for the protein 
environment of the chromophores. A similar pulse ordering was applied in dual-frequency 2D 
infrared spectroscopy to study vibrational coherence transfer and mode couplings.13,14  

 
4.3 Theoretical considerations 

To simulate the 2CECPE signal, we consider a coupled heterodimer system representing 
the coupled accessory BChl and BPhy molecules on the same branch. The two chromophores are 
coupled to each other and form two mixed single excitation states, B and H, described by a 
mixing angle θ, which is defined by  

2tan 2
b h

Jθ
ε ε

=
−

, 0
2
πθ< < , 

where J is the electronic coupling constant and εb and εh are site energies of the monomeric BChl 
and BPhy Qy excitations, respectively. Note that we use lower-case letters b and h to denote 
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localized excitations on BChl and BPhy, respectively, and use capital letters B and H to denote 
excitonic levels in the electronic eigenbasis. 

We modeled the 2CECPE signals using impulsive limit third-order response functions for 
a coupled heterodimer based on the transition frequency correlation functions for each localized 
excitation.15 The model correlation functions contain a sum of a Gaussian component 
representing solvent reorganization and a constant term representing the inhomogeneous static 
contribution:  

( )2 2 2 2( ) exp /i i i iC t tω τ= ∆ − + ∆       (4.1) 

where 
1/ 22

iω∆ is the fluctuation amplitude that is determined by the reorganization energy λ, τ is 

the bath relaxation time, ∆ is the standard deviation of Gaussian static distribution, and i = h, b, 
and hb denote the localized BPhy, BChl excitations, and the cross-correlation between them, 
respectively. For Ch(t) and Cb(t), we adopted parameters established by previous photon echo 
experiments on the neutral RC and by quantum chemistry calculations.16-18 For simplicity, we 
used a single coefficient c to describe the cross-correlation and assume hb h bcλ λ λ= ⋅ and 

2
hb h bc∆ = ⋅∆ ∆ . The cross-correlation coefficient c represents the extent to which nuclear motions 

modulating the transition frequencies of localized BPhy and BChl excitations are correlated with 
each other. 

Assuming diagonal electron-phonon coupling in the site representation, we now define 
the line shape functions for the localized excitations and the cross-correlation using the 
correlation functions defined in Eq. 4.1:15,19  

( ) ( )1 2 2 2 2 2 2
1 2 2 1 10 0 0

( ) exp / exp /
t t t

i i i i i ig t dt dt t i dt tω τ λ τ = ∆ − + ∆ − − ∫ ∫ ∫ .  (4.2) 

The temperature dependence is included in the 2
iω∆ factor.  In addition, the vibrational mode 

coupled to the localized H excitation is represented by an additional term in gh (t) using the 
Brownian oscillator model.19  

In order to calculate the 2CECPE signals, the line shape functions for the excitonic H and 
B excitations including the contribution from the cross-correlation term are required, which can 
be calculated from gi(t) in Eq. 4.2 for the heterodimer system:20,21 

[ ]

4 4 2 2

4 4 2 2

2 2 4 4

( ) cos ( ) sin ( ) 2sin cos ( ),

( ) sin ( ) cos ( ) 2sin cos ( ),

( ) cos sin ( ) ( ) sin cos ( ).

BB b h bh

HH b h bh

BH b h bh

g t g t g t g t
g t g t g t g t

g t g t g t g t

θ θ θ θ

θ θ θ θ

θ θ θ θ

= ⋅ + ⋅ + ⋅

= ⋅ + ⋅ + ⋅

 = ⋅ + + + ⋅ 

  (4.3) 

In the impulsive limit and the rotating wave approximation, two Liouville pathways 
contribute to the 2CECPE signal in the phase matched direction ks=-k1+k2+k3. The impulsive 
limit response function R2 and R1* representing these two coherence pathways are illustrated in 
Fig. 4.2 using double-sided Feynman diagrams.19 Using the second order cumulant expansion 
approach and the eigenstate structure of the heterodimer system,19,21 R2 and R1* can be 
represented in terms of line shape functions defined in Eq. 4.3: 

1 2 2 1

1 2 2 2

( ) ( )2 2
2 1 2

( ) ( )*
1 1 2

( , , ) ,

( , , ) ,

H B

H B

iE t t iE t t f
H B

iE t t iE t t f
H B Hf Bf

R t t t d d e
R t t t d d d d e

+ − + −

+ − + −

=

=
     (4.4) 

where d is transition dipole moment, EB and EH are energy of B and H excitonic transitions, 
respectively, and 



 67

* * * *
1 1 2 1 2 1 2 2

* * *
2 1 2 1 2 1 2 2

( ) ( ) ( ) ( ) ( ) ( ),

( ) ( ) ( ) ( ) ( ) ( ).
HH BH BH BH BH BB

HH BH BH BH BH BB

f g t t g t t t g t g t g t g t t
f g t t g t t t g t g t g t g t t
= + − + + + + − + +

= + − + + + + − + +
 (4.5) 

In the impulsive limit, the integrated echo signal is given by15,19-21  
2

*
1 2 2 1 2 1 1 20

( , ) ( , , ) ( , , ) .S t t dt R t t t R t t t
∞

≈ −∫      (4.6) 

Using Eqs. 4.2-5, the integral in Eq. 4.6 was evaluated numerically using a 21-point Gauss-
Kronrod method to simulate the 2CECPE signal. Note that the use of the impulsive limit 
expression (Eq. 4.6) is justified because the main experimental signals are observed at large t1 
and t2, where pulse overlap effect is small. 
 

 
Figure 4.2 The Liouville pathways that contribute to the 2CECPE signals in our 
experiment. In these double-sided Feynman diagram, the symbols g, B, H, and F 
denote the ground stat, the B exciton, the H exciton, and the two-exciton state 
B H⊗ , respectively. 

 
4.4 Results 

The 2CECPE signals for the RC as a function of t1 and t2 measured at 77 K and 180 K are 
shown in Fig. 4.3, A and B, respectively. These figures provide a 2D representation of the system, 
which propagates as a g H coherence during the t1 period and as a B H coherence during 

the t2 period. The result is a map showing the dephasing dynamics of the g H coherence along 

the t1 axis and the dynamics of the B H coherence along the t2 axis. Clearly, the decay of the 

g H coherence is much faster than the decay of the B H coherence. Moreover, following 

the black curve that connects the maximum of integrated echo signal at fixed t2, we see that the 
signals exhibit a sawtooth-shaped beating pattern that persists for longer than t2 > 400 fs. This 
oscillatory behavior is not from excitonic beating, given that we detect signal intensities in which 
the oscillatory phase factor vanishes; instead, this beating indicates electronic coupling to 
vibrational modes. Notably, the pattern is also peculiarly slanted along the antidiagonal direction; 
this slant arises because the vibrational coherence is induced by the first laser pulse and 
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propagates in time t1 + t2, making the peaks of the beats parallel to the antidiagonal (t1 + t2 is 
fixed). The signals show substantial peak shift [i.e., shift from t1

 = 0], indicating correlation of 
the excitation energies between the H and B transitions.12 

 

 
Figure 4.3 Two-dimensional maps of experimental (A and B) and simulated (C and D) 
integrated echo signals as a function of the two delay times, t1 and t2, from the RC. The 
black lines follow the maximum of the echo signal at a given t2. The data at t2 < 75 fs 
are not shown because the conventional two-color three-pulse photon echo signal (750-
750-800 nm) overwhelms the 2CECPE signal in this region, due to the pulse overlap 
effect. 

 
To analyze the B H coherence dynamics, we plotted the integrated signal at t1 = 30 fs 

(across the maxima of the first beat) as a function of t2 (Fig. 4.4). Clearly, the dephasing is 
enhanced at higher temperature, as expected. The decay of the echo signal as a function of t2 is 
not described by a single exponential decay because of its highly non-Markovian nature and the 
vibrational modulation. The Gaussian decay time (τg) of the |B><H| coherence is obtained by 
fitting the experimental integrated photon echo signal intensity to a Gaussian-cosine function: 

2 2 2
2 0 1 2 0 2 0( ) [exp( / ) cos( )]gI t a a t tτ ω ϕ= + − +      (4.6) 

Figure 4.4 shows that this functional form reasonably describes the data and the fit to the 77K 
and 180K experiments yield τg=440 fs and 310 fs, respectively. 

These dephasing times are substantially longer than the experimentally estimated 
excitation energy transfer time scale of about 250 fs from H to B to P+.8 The surprisingly long-
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lived B H coherence indicates that the excitation energy transfer in the RC cannot be 
described by Förster theory, which neglects the coherence between donor and acceptor states.22 
In addition, the decay of the g H coherence is much faster than the decay of the 

B H coherence. Considering that the dephasing of the g H coherence is caused by the 

transition energy fluctuations on H, whereas the dephasing of the B H coherence is due to the 
fluctuations on the gap between H and B transition energies, the transition energy fluctuations on 

B and H must be strongly correlated, because in-phase energy fluctuations do not destroy 
coherence. Such a strong correlation can arise for two possible reasons: strong electronic 
coupling between B and H and/or strong correlation between nuclear modes that modulate 
transition frequency fluctuations of localized BChl and BPhy excitations.  

 
 

 
Figure 4.4 The Gaussian-cosine fit to the decay of B H coherence. This is a direct 

analytical fit that we use to estimate the dephasing rate of the B H  coherence. We 
show the measured integrated echo intensity at t1=30 fs (solid circles) and the fit using 
Eq. 4.6 (solid curve) at 77K (A) and 180K (B). The best fit at 77K gives τg=440fs, 
ω0=135 cm-1, and ϕ0=0.43, and the best fit at 180K gives τg=310 fs, ω0=146 cm-1, and 
ϕ0=0. 
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To obtain the theoretical fit in Figs. 4.2c and d, we fixed the Gaussian decay time τ=60 fs 

and inhomogeneity ∆=20 cm-1 for both BChl and BPhy, and search for the best fit to the 
measurements by varying c, λh, λb, and all parameters regarding the vibrational mode. We used 
λh = 50 cm–1, λb= 80 cm–1, and we assumed the electronic coupling J = 220 cm–1 and the gap 
between excitonic H and B states is 680 cm–1; these values are well within the range suggested 
by other theoretical studies and our recent experiements.15-18 

We found that a vibrational mode with frequency ω=250 cm-1, damping time > 0.6 ps, 
phase shift 0.28 rad, and coupled to the localized BPhy excitation with Huang-Rhys factor S=0.4 
is needed to reproduce the sawtooth pattern in Fig. 4.2. This mode can be assigned to the BPhy 
molecule because the sawtooth pattern indicates the vibrational coherence is induced by the first 
laser pulse interacting with H. Long-lasting vibrational coherence has been reported on the 
special pair of the RC.23 Our simulations with the vibrational mode assigned to BChl yields a 
different pattern and do not explain the experimental observation. 

With the cross-correlation coefficient c = 0.9 and the addition of a vibrational mode 
coupled to the localized BPhy excitation, the model semiquantitatively reproduces the 
measurements at 77 and 180 K simultaneously; a c value of 0.6 substantially diminishes 
agreement with experiment (Figs. 4.3 and 4.5). Simulations with c=0 and larger J have also been 
carried out, but none of them can describe the experiments. Simply increasing the electronic 
coupling constant J produces a very different pattern on the two-dimensional photon echo signal, 
mostly because the vibrational mode begins to contribute equally to gBB(t) and gHH(t) at large J. 
In addition, to reproduce the long dephasing time observed would require a J>320 cm-1. 
Considering the difference in the resonance energies of B and H is ~680 cm-1, a value of J>320 
cm-1 means the BChl and BPhy excitations are almost degenerate, which seems very unlikely 
given the difference in their monomer solution spectra. This theoretical analysis means that 
strong electronic coupling alone cannot reproduce the sawtooth pattern and a dephasing time as 
long as that observed. Instead, cross-correlation between nuclear modes modulating the energy 
levels of localized BChl and BPhy excitations is required. Adding more terms to the model 
correlation functions improves the fit to experiments, but does not change any conclusions. 

 
4.5 Discussion 

A c value near unity implies that nuclear modes coupled to H and B exhibit almost 
identical motions immediately after excitation. In other words, the two chromophores, H and B, 
are effectively embedded in the same protein environment and feel a similar short-time Gaussian 
component of their energy-level fluctuations. Most likely, this short-time component is the 
electrostatic response of the protein environment to the electronic excitations. Molecular 
dynamics simulations of the RC support this conclusion and show that interactions with the 
solvent environment (protein and water), rather than the intramolecular contributions, dominate 

the transition energy fluctuations of the P dimer excited state. 24 
Theories for excitation energy transfer in pigment-protein complexes usually assume an 

independent bath for each of the individual chromophores.1-3,22,25 However, our result suggests 

that in densely packed pigment-protein complexes, the assumption of independent bath 
environments for each site is not correct. Indeed, a previous molecular dynamics simulation on 
the RC of Rhodopseudomonas viridis also showed that nuclear motions of adjacent 
chromophores are strongly correlated.26 Given that closely packed pigment-protein complexes 
are a ubiquitous configuration for efficient energy harvesting and trapping in photosynthetic 
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organisms, the long-range correlated fluctuations indicated by our results are unlikely to be 
unique.  

 

 
Figure 4.5 Integrated echo signals as a function of t2 at t1 = 30 fs. Because the system 
evolves as a coherence between the H and B excitons during the t2 period, this plot 
represents the dephasing dynamics of the B H coherence. Measurements at 77 K (A) 
and 180 K (B) are shown in solid circles, and the theoretical curves are shown in red (c 
= 0.9) or blue (c = 0.6) lines. a.u., arbitrary units. 

 
What are the likely consequences of long-lived electronic coherence in the RC? First, 

such coherence enables the excitation to move rapidly and reversibly in space, allowing a very 
efficient search for the energetic trap, in this case the primary electron donor, P. The almost 
complete correlation of the H and B fluctuations (on the few hundred–femtosecond time scale) 
and the likely significant correlation of the fluctuations of both exciton states of P with those of B 
will also enable bath-induced coherence transfers between the various pairs of excitons.27-29 We 
suggest that the overall effect of the protection of electronic coherence is to substantially enhance 
the energy transfer efficiency for a given set of electronic couplings over that obtainable when 
electronic dephasing is fast compared with transfer times.  
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The surprisingly long-lasting |B><H| coherence also implies that coherences between 
donors and acceptors should be properly incorporated in description of excitation transfer in the 
RC although this is not usually done. In Fig. 4.6(a), we show the simulated population dynamics 
of a coupled two-level system in the site-representation (|b> and |h>) by taking into account the 
non-zero off-diagonal terms of the density matrix to visualize how excitation moves in space. 
The coherent picture exhibits oscillations of population on each site, that is, wavelike reversible 
motion between two sites. The result of a more physical simulation in which an efficient energy 
trap next to B (e.g. P) is added is depicted in Fig. 4.6(b). It is because that the strongly coupled 
dimmer special pair (P) forms two strongly coupled excitonic states P+ and P-. It is highly 
probably that their vibrational modes overlap, which enhances the energy transfer from P+ to P_.  
Moreover, they have charge transfer state character that results in a strong coupling with protein 
environment, and may in turn facilitate the fast relaxation from P+ to P-. Scherer and co-workers 
also suggested that the energy transfer rate from P+ and P- is ~60 fs from the two-color 
wavelength-resolved pump-probe and anisotropy measurements.10 In this case, the h-site 
population decays rapidly (~1/150 fs) even though the intrinsic kh→b (=1/500 fs) is slow because 
the ultrafast (1/30 fs) trapping process “catches the peaks” of the oscillatory behavior of b-site 
population. The simulation provides the bridge between the observed energy transfer rate from H 
and B (~ 1/150 fs) and the observed dephasing rate of H and B coherence (~ 1/430 fs): The long-
lasting coherence results in observed energy transfer rates faster than the intrinsic kh→b which is 
slower than the coherence dephasing rate. The populations with the quantum coherence turned 
off are shown in Fig. 4.6(c). The population of h-site decays in its intrinsic rate even with the 
efficient energy sink P.   

It will be important to confirm this proposal by carrying out experiments similar to the 
one described here, but with excitation wavelengths resonant with B and P and with H and P. The 
recent results of Engel et al. on the Fenna-Matthew-Olson complex of green sulfur bacteria also 
suggest strong correlations between the fluctuations of the neighboring one-exciton states of the 

complex.4 Clearly, further studies are required before it can be stated that correlated fluctuations 
and the consequent protection of electronic coherence is a general feature of photosynthetic 

pigment-protein complexes, but it seems clear that any accurate description of the dynamics (and 
design principles) of these systems will require proper consideration of both quantum coherences 

and long-range system-bath interactions.3,25,30  
We close by briefly comparing the present technique with existing experimental methods. 

In principle, 2D electronic spectroscopy4,31,32 and pump-probe anisotropy spectroscopy10,25,33 
both contain information about coherence dynamics in the form of quantum beatings. However, 
interferences from other coherence states and population relaxation can create a complicated 

beating pattern that makes a quantitative analysis of coherence dynamics in the 2D spectrum or 
an anisotropy decay difficult. In this regard, the 2CECPE technique provides a unique tool that 
can resonantly select third-order response contributions from a specific coherence pathway and 
should lead to a much-improved understanding of coherence dynamics and the protein 
fluctuations that govern these dynamics.  

 
4.6 Conclusions 

We first performed a two-color electronic coherence photon echo experiment on a 
bacterial reaction center that enabled direct visualization of the coherence dynamics in the 
reaction center. The new spectroscopic technique is useful because it can selectively generated a 
coherence between two excitionic states by using alternating color pulse sequence, and can 
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quantify the quantum coherence. The data revealed long-lasting coherence (τg= 440 fs and 310fs 
at 77 K and 180 K, respectively) between two electronic states that are formed by mixing of the 
bacteriopheophytin and accessory bacteriochlorophyll excited states. This coherence can only be 
explained by strong correlation between the protein-induced fluctuations in the transition energy 
of neighboring chromophores. Our results suggest that correlated protein environments preserve 
electronic coherence in photosynthetic complexes and allow the excitation to move coherently in 
space, enabling highly efficient energy harvesting and trapping in photosynthesis. In addition, the 
long-lasting quantum coherence suggests that the effects of quantum coherence should be 
properly treated when one study the energy- and electron transfer in the pigment-protein 
complexes. 
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Chapter V 
 
 
 

Two-color three-pulse photon echo peak shift study on  
the B and P- bands of  

the photosynthetic bacterial reaction center 
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5.1 Introduction 
Since its crystal structure was revealed in 1980s, the reaction center (RC) of a 

photosynthetic purple bacterium,1,2 Rhdobacter (Rb.) sphaeroides has been extensively studied 
as a model system for the photosynthetic energy and electron transfers. It is a pigment-protein 
complex that contains only seven pigments (four bacteriochlophylls (BChl) a, two 
bateriopheophytins (BPhe) a and a carotenoid molecules) and the absorption bands responsible 
for them are relatively well known.3-6 The arrangement of the pigments in the RC of Rb. 
sphaeroides is shown in Fig. 5.1. Three protein subunits tightly bind six pigments with pseudo-
C2 symmetry and the two branches are denoted by branches A and B. Two facing BChl a on the 
periplasmic side of the membrane form a dimeric special pair (P). A pair of accessory BChl a 
(BA and BB) are situated on each side of P and two BPhy a (HA and HB) are next to each B. The 
distance between the pigments on a branch is in the range of 11~17 Å. The QY absorption bands 
of these pigments are shown in Fig. 5.2. and noted as P-, B and H. The notation is based on the 
pigment which makes the major contribution to each band. The dimeric P forms two strongly 
coupled excitonic states, P+ and P- labeled according to the symmetric (+) and asymmetric (-) 
linear combinations of the monomeric electronic states. The P- band is at 890-nm at 77K and P+ 
is believed to be overlapped by B band.7  Upon excitation of P-, an electron transfers along the A 
branch from P to BA to HA in 3 ps and 1 ps, respectively, and the quantum efficiency is almost 
1.8,9 It is also known that the excitation energy is transferred in the isolated RC from H to B to P 
in 100 fs and 150 fs, respectively.10-12  

 

 
Figure 5.1 Arrangement of pigments in the RC of Rb. sphaeroides. P: a dimer BChl, B: 
accessory BChl a, H: BPhe a, Q: Quinone, Cr: Carotenoid, Fe: Non-heme iron. 
Structure 1PCR from the Protein Data Bank. 

 
Such extremely rapid and efficient energy transfer between pigments inside the RC has 

been explained with the generalized Förster theory.7,13 The recent two-dimensional optical 
spectroscopy and two-color photon echo experiments found surprisingly long-lasting electronic 
coherence in the photosynthetic pigment-protein complexes such as FMO complex of green 
sulfur bacteria, LHCII in Arabidopsis thaliana, and the RC of the Rb. sphaeroides.14-16 It has 
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been proposed that the long-lasting electronic quantum coherence can enhance the population 
transfer rates in photosynthetic energy transfer.17-19  
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Figure 5.2 Absorption spectrum of the RC at 77K (open circle) with bands labeled 
according to the dominant contributing chromophore; the spectra of the two pulses 
used in the experiment (solid lines). 

 
In order to properly describe the energy transfer and electron transfer at a molecular level, 

the value of the coupling between the pigments, which is an off-diagonal element in the 
Hamiltonian, is critical. However, it is difficult to directly obtain this quantity because the 
pigments are surrounded by protein which influences the energy levels of the pigments as well as 
the molecular conformation. Therefore the site energies (the excitation energy with the coupling 
turned off) are not readily available. This limits the value of calculated coupling strengths. Many 
theoretical approaches have been suggested to estimate the coupling strength based on the crystal 
structure and spectroscopic data,4,5,7,20-25 but an experimental technique capable of determining 
the quantity without prior knowledge of the site energies is highly desirable. 

In our group we have developed the two-color three-pulse photon echo peak shift 
(2C3PEPS) method to directly measure the coupling strength by using its sensitivity to the time 
correlation between the excitation frequencies of the two pigments.26-28 Prall et al demonstrated 
that the 2C3PEPS provides direct experimental estimation of the electronic coupling in an 
excitonically coupled dimer.29 Parkinson et al performed the 2C3PEPS experiment on H and B 
bands the RC of the wild type Rb. sphaeroides, and measured a coupling strength of ~170 cm-1 
based on work by Yang and Fleming and by Mančal and Fleming.30 Cheng et al obtained the 
coupling strength ~250 cm-1, between H and B of the oxidized RC of the Rb. sphaeroides by 
analyzing the experimental data with a quantum-master equation and perturbative calculation of 
the non-linear optical signal.31  

In this chapter I present a 1C- and 2C3PEPS study on the B and P- bands of the wild type 
Rb. sphaeroides. The B band around 800nm is known to be a superposition of the contributions 
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from accessory BChl a and the upper excitonic state of P, P+. However, the transition dipole 
moment of the P+ is calculated to be only 14 % of that of P- because of the asymmetric linear 
combination of the monomeric transition dipole moments, and to be as even smaller percentage 
of that of B.7 It is an intriguing question how 2C3PEPS captured the coupling between B and P- 
and the coupling between P+ and P-. The 1C- and 2C3PEPS data with along the theoretical 
simulation based on a non-linear response function formalism will be analyzed to obtain their 
contributions and the coupling between the components of the RC.   
 
5.2 Experimental methods 

The experimental setup for the 1C- and 2C3PEPS has been described in elsewhere. In 
brief, ~40-fs FWHM pulse was generated at 1 kHz by a Ti:sapphire regenerative amplifier 
(Legend Elite USP, Coherent) seeded with a Ti:sapphire mode-locked oscillator (Micra, 
Coherent). For the 800-nm pulse used to excite the B band, the output of the amplifier is used 
directly. The idler output from an OPA (Coherent 9450) is used to generate a 890-nm pulse for P- 
band excitation. The spectra of the two different colors of laser pulses are shown in Fig. 5.2. 

The photon echo is a collective non-linear response of a sample to three sequential input 
pulses whose wave vectors are k1, k2, k3 and wavelengths are λ1, λ2, λ3, respectively, in this 
chapter. The temporal intervals between the k1 ,k2 and k3 are called  the coherence time, τ, and 
the population time, T. For 1C3PEPS the one color pulse (800 nm or 890 nm) is split into three 
sub-pulses ( 1 2 3λ λ λ= = ) which are focused on the sample. For 2C3PEPS, the third pulse (k3) has 
a different color from the first two pulses (k1 and k2) ( 1 2 3λ λ λ= ≠ ). The 2C3PEPS experiments 
are further divided into downhill ( 1 2 3λ λ λ= < ) and uphill ( 1 2 3λ λ λ= > ) experiments depending 
on the sequence of the two different colors. 

The three pulses are focused on a sample and the photon echo signals in two phase-
matched directions (-k1+k2+k3 and k1-k2+k3) are collected by PMTs as the delays between the 
pulses (τ and T) are scanned. The peak shift (τ*) is the value of τ when the photon echo signal is 
maximum, and its evolution with T is peak shift profile.32 

Rb. sphaeroides with a poly-His tag at the C-terminus of the reaction center (RC) M-
polypeptide was generously supplied by Boxer group. The cells are cultured under semi-aerobic 
conditions in the dark for 5~7 days and the RC was isolated by following literature 
procedures.33,34 The cell membrane is disrupted with a microfluidizer, and the RCs embedded in 
the broken membrane are solubilized with the detergent lauryldimethylamine oxide (LDAO). 
Purification is carried out with a nickel−NTA column followed by a DEAE (diethylaminoethyl) 
column. After concentration of the sample, sodium ascorbate was added (~100 mM) to pre-
reduce QA. The sample is prepared by mixing the solubilized RC with a cryoprotectant, glycerol 
(60 % : 40 %, v/v) and frozen inside a windowed cryostat to 77K in a thin quartz cell (200-mm 
path length). The sample OD is 0.1 at the B band maximum and the total intensity of the three 
incident pulses are no greater than 107 photons/ µm2. To test the integrity of the RC sample, one-
color transient absorption experiments were carried out before and after collection of the echo 
data, and we found that there data are consistent with the literature for both measurements. 
 
5.3 Theoretical considerations 

The 1C- and 2C3PEPS signals are simulated by the third-order polarization in the 
response function formalism of nonlinear spectroscopy by the relation  
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( ) ( ) 2

0
, , ,S T dt R t Tτ τ

∞
= ∫ , 

where ( , , )R t T τ is the third order response function.35 Even though the 3PEPS is known to be 
less sensitive to the population decay dynamics, recent 3PEPS experiments carried out on the 
purple bacterial light harvesting complexes LH1 and LH2 and the RC showed that the rapid 
energy transfer process influence the photon echo signal generation.36-38 Models for the third-
order nonlinear response function of such reactive systems were provided by Yang and 
Fleming,39-41 and they are the frameworks of the simulations in this work. In the theoretical 
approach, the population dynamics of the excited states are assumed to separate from the nuclear 
dynamics. This assumption leads a simple multiplication form of a population decay and a 
nuclear propagator for a response pathway where the system is in the ground (or excited) state 
during the entire population time T. It leads a convolution integral for a response pathway where 
the system undergoes a transform from an excited state to the ground state (or a lower excitonic 
state) during the population time, T. The response functions are then recast by a cumulant 
expansion in terms of the line broadening function, which contains the system-bath dynamical 
information.  

For the 890-nm1C3PEPS, three pathways are considered. The pathways are described by 
double-sided Feynman diagrams (DSFDs) as shown in Fig. 5.3. Each density matrix element 
represents the state of the system as it interacts with the sequence of three pulses (k1, k2, k3). The 
arrows indicate the interacting pulses, and time evolves from bottom to top. The phase-matched 
direction -k1+k2+k3 (=kS) is chosen. 1

ggR and 1
PPR are the pathways where the system stays in the 

ground or excited states of P during T. In 1
PgR , the population on the excited state of P relaxes to 

the ground state during T, and the k3 pulse interacts with population on the ground state. 
 

 

Figure 5.3 Double side Feynman diagrams for 890-nm 1C3PEPS 
 
The 800-nm 1C3PEPS experiment was analyzed in the previous work.30 The authors 

considered two additional pathways besides the three pathways analogous to the above (B 
instead of P-). One is for the excited-state absorption of P ( 1

pbR in ref. 30): After P is excited 
following B excitation by the interactions with k1 and k2, there is some bleach of the excited 
state of P by k3.42 The other process captures the interaction of the third pulse with a new state 
formed (300 cm-1 blue shifted B band) after charge separation.43,44  
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The 2C3PEPS experiments are treated in similar way but with a coupled heterodimer 
model. In the model the degree of coupling is described by the mixing angle, θ as depicted in the 
following equation. 

( ) 2tan 2   0
2a b

J πθ θ
ε ε

 = < < −  
, 

where J is the coupling strength between molecule a and b, εa and εb are their site energies. The 
response functions corresponding to the different pathways can then be expressed in terms of the 
θ and the line broadening functions for a and b which are obtained from the 1C3PEPS 
experiments on a and b.26,28,45 

 

 
(a) 

 

 
(b) 

 
Figure 5.4 Double side Feynman diagrams for (a) downhill 2C3PEPS and (b) uphill 
2C3PEPS. 

 
The DSFDs for the downhill 2C3PEPS (800-800-890-nm pulse sequence) are shown in 

Fig. 5.4(a). In 2d
ggR the system is in the ground state during T after the interactions with two 800-

nm pulses (k1 and k2) and the 890-nm pulse generates a P g− coherence for rephasing. The 
2d
BBR  pathway contains the excited state of B and the system is in the f B state, where f is the 
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double excitonic state ( B P−⊗ ) after interaction with k3. 2d
BgR  is for the process where the 

population on the excited B transfers to P-. The energy transfer from B to P is followed by the k3 
interaction creating a coherence between the double excitonic state f  and P− in the sequence 

of 2d
BPR  pathway. The DSFDs for the uphill 2C3PEPS (890-890-800-nm pulse sequence) are 

listed in Fig 5.4(b). The interactions with the pulses are interpreted in a similar fashion to those 
for downhill 2C3PEPS. 
 
5.4 Results 

The 890-nm 1C3PEPS data is shown in Fig. 5.5. The peak shift decays from ~30 fs to ~3 
fs in ~150 fs. After the initial decay it remains constant. To fit the peak shift signal, a single 
Gaussian component is employed for the line broadening function with 200-cm-1 reorganization 
energy and 100-fs decay time in the presence of  80-cm-1 static inhomogeneity.  
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Figure 5.5 Experimental 890-nm 1C3PEPS (open circle) and simulation (solid line)  

 
The 800-nm 1C3PEPS peak shift data and the simulation for it are shown in ref. 30. The 

peak shift begins at ~45 fs and zero population time and decays to ~30 fs in ~100fs. It then rises 
to ~50 fs before falling again at ~700 fs. From ~ 3 ps, the peak shift decays on a longer time 
scale (~30 ps), nearly reaching it is terminal peak shift of ~20 fs by a population time of ~50 ps. 
A 60-fs Gaussian component with 25 cm-1 of reorganization energy and a 45-cm-1 
inhomogeneous with was used to fit the peak shift. 

The 2C3PEPS downhill (800-800-890 nm, filled circles) and uphill (890-890-800 nm, 
open circles) peak shifts are shown in Fig. 5.6. The downhill decays from ~17 fs at zero 
population time to ~ 12 fs in sub-100 fs and remains constant for 70 fs before a second decay at 
~250 fs. The second decay continues until ~1 ps population time where the peak shift becomes 
zeor. The ~0 fs peak shift continues until 100 ps.  
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Figure 5.6 Experimental data for the downhill (800-800-890 nm, filled circle) and the 
uphill (890-890-800 nm, open circle) 2C3PEPS. 

 
The uphill peak shift begins at ~ 10 fs and decays to ~ -2 fs in ~100 fs and the rises to ~ 0 

fs in ~300 fs. After it reaches at ~ 0 fs, it remains until 100 ps. 
Simulations and analysis for the 2C3PEPS data are not yet completed and will be 

reported elsewhere. 
 
5.5 Future work 

The primary electron donor, P has attracted attention from both experimentalists and 
theorists because it has distinct features from B and H. Upon excitation, it is oxidized to form 
P+BH- in several ps, and therefore the excited states has strong charge transfer character. This is 
reflected on the relatively wide bandwidth of P+ and P- absorption bands. The strong coupling in 
the dimer (estimated to be ~600 cm-1 at 77K 7) leads very rapid internal conversion from P+ to P- 
(~ 50 fs 11,12). Those features may destroy the correlation between the first and second coherence 
state and lead to fast decay of the 2C3PEPS value. On the other hand the strong coupling 
between P+ and P- may increase the value of the 2C3PEPS due to the strong correlation despite 
of the small transition dipole moment of the P+.  

The on-going theoretical work to simulate the experimental 2C3PEPS data is searching 
for a proper model for the coupled B/P+ and P- band to provide information about the extent of 
the contribution of B and P+ bands to the 2C3PEPS,  effect of the rapid interconversion between 
P+ and P-, and the coupling constant between them as well.  
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Culturing Rhodobacter sphaeroides and  
purifying the reaction center  
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Rhodobacter sphaeroides (Rb. sphaeroides) is a gram negative purple nonsulfur 
eubacterium.1 It can be cultured under many different growth conditions, including 
photoheterotrophy ( use light for energy, but requires organic compounds from the 
environment), photoautotrophy (carry out photosynthesis to acquire energy), aerobic 
respiration (chemoheterotrophy), anaerobic respiration (chemoheterotropy) and 
fermentation.2 It is known that the bacteria efficiently synthesize photosynthetic 
components under anaerobic and dim light condition.3 The frozen stock (stored at -80 ℃) 
of the bacteria was supplied by Boxer group. They introduced poly-His tag at the C-
terminus of the reaction center (RC) M-polypeptide, and it allows rapid isolation of the 
RC by Ni-NTA (Nitrilo-Tri-Acetic acid) resin.4  

For the experiments in this dissertation the bacteria have been cultured at semi-
aerobic condition in dark as described in the literature,4,5 and the RC has been isolated by 
Ni-NTA column (Qiagen). The ‘semi-aerobic’ condition means that the oxygen level is 
not rigorously controlled, but aeration is limited and only minimum gas flow is allowed.  

The procedures for culturing the cells and extracting the RC are described in this 
Appendix. It should be noted that the original protocol is available on ref. 5, and this 
appendix mainly contains additional practical information for the protocol. The 
procedures can be modified for a different circumstance. 

 
A.1. Medium preparation 

The components and recipe of the 1-L Metal-44 solution are listed on section A.7. 
As the components are dissolved with 900-mL water on a stir-plate, the solution turns to 
bright clear green with little particles floating. It is optional to add a small amount of base 
to dissolve the particles. Final volume of the solution is adjusted to 1 L with water using a 
graduated cylinder and stored at 4 ℃. 

The components of the 1-L Solution C (see section A.7) are first dissolved in 750-
mL water by stirring. While the solution is stirred, its pH is adjusted to 6.8 by adding 1-N 
KOH. In case of overshot, 1-N HCl can be added. As pH raises the materials dissolve 
faster. Final volume of the solution is adjusted to 1 L with distilled water with a 
graduated cylinder and stored at 4 ℃. 

For 1-L YCC media, the materials listed in section A.7 are dissolved in 950-mL 
water, and made 1 L after pH adjustment at 7.2 by 1-N KOH. It is convenient to divide 
them to smaller bottles (e.g. 250 mL). The solutions should be autoclaved for ~45 min. 
Antibiotics (2.5-µg/mL Tetracycline and 25-µg/mL Kanamycin) are added after the 
temperature of the media is lower than 60 ℃ because they are decomposed at high 
temperature. The solution is stored at 4 . One can thaw℃  the solution at room 
temperature or in warm water bath.  

All the components and recipes of YCC medium with agar for YCC agar plate are 
the same as those of YCC medium except adding agar. The autoclaved YCC medium 
with agar is cooled to ~55℃ slowly at room temperature, and then appropriate antibiotics 
are added and mixed well. The plates are poured immediately. The YCC agar plate 
preparations should be performed in a sterile hood or equivalent condition. After the 
solidification, the plates are covered, sealed with a Teflon tape and stored at 4 . Note ℃
that the plates are placed upside down to avoid any condensation on the media surface.  
 
A.2 Cell culture 
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Before large scale growing, it is more efficient to scale up from a small volume. 
In order to choose a single colony from the frozen cell stock the bacteria are taken by 
light touch on the surface of the stock by a sterile inoculation loop. Immediately the tip of 
the inoculating loop is scribbled on a prepared YCC agar plate. The capped plate is 
placed in incubator at 35 ℃ in dark. After 3~5 days, dark red colonies are visible. Three 
single colonies are taken by an inoculation loop and transferred to three sterile test tubes 
containing 2-mL YCC medium. The test tubes are capped and placed in the dark 
incubator at 35 ℃ with 100-rpm shaking. After 3~5 days, the cell culture shows turbid 
red color. Three 500-mL flasks are prepared and filled with 200-mL YCC medium. They 
are autoclaved and treated with antibiotics. The cell culture in the test tubes is transferred 
to the three 500-mL flasks. The flasks capped with tin foil are incubated in the same 
condition above. 

For the full scale growing (24 L here), six 6-L flasks are needed. The 6X 
concentrated YCC medium (see section A.7) is prepared in a 4-L beaker and diluted in 
the 6-L flasks for convenience. A sixth of concentrated medium is transferred to the six 
6-L flasks. Then each 6-L flask is filled with water to 4-L total volume as pH is adjusted 
to 7.2 with KOH or HCl and autoclaved for 45 min. Antibiotics (2.5-µg/mL Tetracycline 
and 25-µg/mL Kanamycin) should be added after they are cooled down. Usually 
overnight cooling at room temperature is needed. 100-mL of cell culture grown for 3~5 
days in the 500-mL flask is introduced to each 6-L flask. They are incubated in same 
condition above for 5~7 days.   

One can monitor the cell growth by plotting absorbance at 600 nm with 8~12 h 
time interval. The incubation can be stopped in the plateau region of the growth curve 
after the exponential growth.   
 
A.3 Cell harvesting 

Because of the large volume of the cell culture, the large centrifuge bottles are 
recommended. Usually six 500-mL bottles are used. They are spun at 7800 rpm (JA-10 
rotor) at 4 ℃ for 10 min. After each centrifugation, the supernatant is discarded and the 
bottles are refilled with the remaining cell culture. If the cell pellet on the bottom of the 
bottle is not tight enough, the spinning time can be increased. For the last spin, they are 
spun at 8000 rpm for 20 min to make the entire cell paste tighter. If necessary, the cell 
pastes are stored in -80 ℃.  

Some white cells may appear on pellet if oxygen level is too high. They are the 
cells that don’t contain enough photosynthetic pigments due to the respiration. In this 
case, additional oxygen level controls can be considered such as reducing the shaking 
speed, increasing the media volume for culture, or tighter capping. 
 
A.4 Preparation of the solubilized RCs 

The cell paste is resuspended by a brush with Buffer 1. Because the trace of 
EDTA in the cell paste may inactivate the Ni-NTA resin, it needs to be washed by 
resuspending with Buffer 1 (containing no EDTA) and centrifuging (7000 rpm for 20 
min) several times. The cell paste is again resuspended in 300-mL Buffer 1. A protease 
inhibitor (300 µL of 0.1 M PMSF in alcohol) and DNase (10 µg/mL), and 0.3 mL of 1M 
MgCl2 are added. Filtering the resuspended cells with a cheese cloth will help smooth 
flow in a French press or microfluidizer. The cells are disrupted by a French press or a 
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microfluidizer through 3 to 5 passes. The cell debris and unbroken cells are removed by 
centrifugation at 8000 rpm for 15 min at 4 ℃. The supernatant is taken and diluted with 
Buffer 1 until the OD at 850 nm is less than 50.  

The RCs are solubilized by adding LDAO (0.5 g/100 mL) to the supernatant as it 
is gently stirred at 4 ℃ at least for an hour. The solution is then centrifuged at 10,000 rpm 
for an hour at 4 ℃and supernatant is taken.  
 
A.5 Purification 

All purification steps are carried out at cold room or cold box unless specified 
otherwise. The Ni-NTA resin is pre-equilibrated with 2~3 volumes (of the resin volume) 
of the Buffer 2. Now the resin is introduced to the supernatant containing the solubilized 
RC. The mixture is gently stirred in dark at 4 ℃ for an hour and transferred to a prepared 
empty column. The column is washed with Buffer 2 + 5-mM imidazole until free 
pigments are no longer eluting from the column. The poly-His tagged RCs are eluted 
with Buffer 2 + 50-mM imidazole and collected in test tubes at 1-ml/min flow rate on a 
fractionator.  The fractions are selected based on the absorption spectrum and pooled.  

The selected RC pool is loaded on DEAE column that is equilibrated with the 
Buffer 2 for 30 min at 2-ml/min flow rate. The column is washed with low-salt buffer (1-
L Buffer 2 + 50-mM NaCl) until the OD of the eluate at 280 nm is less then 0.05. A 
gradient elution from 50 to 300-mM NaCl (500 mL for each) is performed and eluate is 
collected in test tubes at 1-ml/min flow rate with the fractionator. The fractions whose 
OD280/800 is less than 5 are selected.  

For the more purification, one may perform density gradient by 
ultracentrifugation.  
 
A.6 Concentration 

A centricon with 30kD cutoff filter is used to concentrate the RCs. The spinning 
speed of 4,000 rpm at 4 ℃ is used. 
 
A.7 Materials 
1. Metal-44 solution per liter (stored at 4 ℃) 
 2.5-g EDTA or 3.185-g  EDTA disodium salt 
 5.22-g ZnCl2 

 5.02-g FeCl2∙4H2O 
 0.185-g (NH4)6Mo7O24·4H2O 
 0.156-g CuCl22∙H2O 
 0.248-g Co(NO3)2∙6H2O 
 0.144-g boric acid 
 1.8-g MnCl2·4H2O 
2. Solution C per liter (stored at 4 ℃) 
 10-g Nitrilotriacetic acid 
 24-g MgCl2·6H2O or 11.4-g MgCl2 
 3.33-g CaCl2·6H2O or 15-mL 1M CaCl2 solution 
 50-mL Metal-44 solution 
3. YCC Medium per liter (stored at 4 ℃) 
 5-g yeast extract (DIFCO) 
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 6-g casamino acid (Vitamin-free, DIFCO) 
 5-mL Solution C 
4. YCC Medium containing agar per liter (stored at 4 ℃) 
 5-g yeast extract (DIFCO) 
 6-g casamino acid (Vitamin-free, DIFCO) 
 5-mL Solution C 
 15-g agar 
5. 6X YCC Medium per 4 liters (stored at 4 ℃) 
 120-g yeast extract 
 144-g casamino acid 
 120-mL Solution C 
6. 1M Tris at pH 8.0 per liter (stored at room temperature) 
 1M Tris (MW=121.14) 
 46.44mL of 12N HCl 
7. Buffer 1 per liter (stored at 4 ℃) 
 10-mM Tris at pH 8.0 
 10-mM NaCl 
8. Buffer 2 per liter (stored at 4 ℃) 
 10-mM Tris 
 0.1% (0.1 g/100 mL) LDAO 
 pH=8.0 
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