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to my family, both chosen and biological



There’s no such thing as neutral education. Education either functions as an

instrument to bring about conformity or freedom.

—Paulo Freire

Thinking is an action. For all aspiring intellectuals, thoughts are the laboratory
where one goes to pose questions and find answers, and the place where visions
of theory and praxis come together. The heartbeat of critical thinking is the
longing to know—to understand how life works. Children are organically predis-
posed to be critical thinkers. Across the boundaries of race, class, gender, and
circumstance, children come into the world of wonder and language consumed
with a desire for knowledge. Sometimes they are so eager for knowledge that
they become relentless interrogators—demanding to know the who, what, when,
where, and why of life. Searching for answers, they learn almost instinctively

how to think.

—bell hooks
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LIST OF FIGURES

Pigment-protein complexes such as the Fenna-Matthews-Olson (FMO) complex
from green sulfur bacteria engineer the Hamiltonian such that downhill energy
relaxation transports excitonic energy across space. In the site basis of the FMO
Hamiltonian, diagonal elements (site energies) are tuned by electrodynamic in-
teractions between the pigments and the protein scaffold, and the off-diagonal
dipolar coupling elements are tuned by relative pigment orientations. The Hamil-
tonian can be diagonalized into the eigenbasis (excitonic energies) to show exci-
tons that are partially localized over different regions of the complex. Here, the
excitonic energies are numbered by their relative energies in ascending order. The
crystal structure of FMO was first reported in Ref. [15]. . . .. .. ... .. ..
Vibronic states arise when states on different excitons with different degrees of
vibrational excitation couple. In this case, the v=0 state on the higher energy
exciton a couples with the v=1 state on exciton b. This forms a basis containing
vibronic states that are weakly delocalized over the two original surfaces [10]. . .
Vibronic states span the region between vibrational and electronic states. Co-
herences can be ‘purely’ vibrational (between vibrational levels within a single
electronic energy state on the excited or ground state) or ‘purely’ electronic (be-
tween electronic levels with the same vibrational excitation on the excited state)
as two limiting cases. Coherences can also exist between any set of vibronic
states, where electronic and nuclear degrees of eedom nonadiabatically couple to
produce a new basis of states, shown to the right of the vibronic diagram. Yel-
low and purple lines depict states localized onto one electronic surface, and black
lines depict vibronic states which can be delocalized between surfaces. Below the
diagrams are descriptions of long-lived coherences for each type of state. Figure
adapted with permission from Higgins et al., "Quantum Coherence in Chemi-
cal and Photobiological Systems,” Emerging Trends in Chemical Applications of
Lasers (American Chemical Society, 2021), Vol. 1398, Chap. 18 pp. 411-436[10].
Copyright 2021 American Chemical Society. . . . . . . . . ... ... ... ...

Two-Dimensional Electronic Spectroscopy interrogates the sample with four com-
pressed laser pulses. The delay between the first two pulses encodes the coherence
time, t1. These pulses can be considered 'pump’ pulses, which excite the system.
The delay between pulses 2 and 3 encode the waiting time, to. The third pulse
‘probes’ the system, and a signal is emitted over the detection time, t3. The

fourth pulse is used as a local oscillator (L.O.) reference for heterodyne detection. 26
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3.1

Double-sided Feynman pathways map the response of a system following laser
excitation. For a given Feynman pathway, time moves upward, and each compo-
nent of the ladder represents the evolution of a density matrix element in over a
time delay. The arrows represent transitions driven by the laser pulses. As such,
the bottom rung represents the equilibrium density matrix (all shown as |g) (g
here), the second rung represents time evolution during ¢, and so on. The signal
emitted is shown as a dotted line. Three classes of Feynman pathways, stimu-
lated emission (A,B), excited state absorption (C,D), and ground state bleach
(E,F), are shown. These can be further subdivided into nonrephasing (A,C,E)
and rephasing (B,D,F) pathways. These pathways are described physically in the
Text. . o e e 30
The GRadient Assisted Photon Echo Spectroscopy (GRAPES) apparatus uses
the same pulse sequence as point-by-point experiments. GRAPES, however, uses
tilted pulses to encode the coherence time delay ¢ across the vertical axis of the
pulse. Shown here for clarity is the rephasing component of the pulse sequence.
The signal is emitted as a photon echo and, as such, peaks when t;=t3. The
local oscillator (L.O.) is tilted to match the slope of the signal. . . . . . . . . .. 33
Schematic for the GRAPES apparatus, described in the text. . . . . . . . .. .. 34
White light generated from filamentation through a pressurized tube of argon.
The spectrum spans from the fundamental (centered at 800 nm) to approximately
370 nm. The spectrum was measured in June of 2021 with an integration time
of B0 ms. . . .. 35
Newly built compression setup. After filamentaion in the argon tube, the pulse
is spectrally filtered and attenuated prior to collimation with a pair of focusing
mirrors. Then, the pulses pass through many pairs of chirped mirror bounces
for compression. Roof mirrors displace the beam vertically, where they can pass
through the chirped mirrors a second time prior to being picked off by a flat mirror. 37
Stacked alignment of the pulses onto pairs of chirped mirrors. The light was
spectrally filtered at 650 nm (shortpass) to demonstrate the blue light generated
via the argon tube. Photo credit: Qijie Shen. . . . . . ... ... ... ... .. 38

Double-sided Feynman pathway representing a dynamical subensemble that un-
dergoes population transfer from state e, to e, during the population time, 9.
The excitation and detection axes wq and wsg are respectively given by the bra-ket
energy difference during ¢; and t3. The signal evolution through t9 is propor-
tional to the population of excitation probed from e; that began in e, at to=0.
As such, the pathway will evolve with the kinetics of energy transfer such that its
rise time will be given by 7, and its decay will be given by the loss of e; popu-
lation, 7p7. The signal strength is weighted by the transition dipole magnitudes
of the four laser interactions, in this case |ual?|pp® - . . . . . . ... .. 47
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3.2

3.3

3.4

3.5

Possible electronic Feynman pathways for a system with two excited states, e;
and e;, that share a common ground state. The two states comprise two diagonal
peaks and two cross peaks. Each peak contains two ground state bleach pathways,
two stimulated emission pathways, and two excited state absorption pathways
that have distinct time evolution in the population time, t5. The symbol (*)
denotes that there is a corresponding nonrephasing pathway. These 24 pathways
form a basis set to simulate multi-state two-dimensional spectra. . . . . . . . ..
Excitonic Feynman pathways between diagonal peaks and corresponding below
diagonal cross peaks possess dynamical symmetries that allow for isolation of
population transfer signals. The major contributing pathways to these peaks (A,
B) are stimulated emission, excited state absorption, ground state bleach recovery,
and ground state bleach signals. The ground state bleach recovery signals evolve
with the same kinetics given by 744 on both peaks, but the stimulated emission
pathways evolve according to their respective population transfer kinetics. The
T ag time is typically much larger than energy transfer time constants, though they
are plotted here on a similar scale for clarity. One pair of excited state absorption
pathways evolve with identical t9 kinetics as the stimulated emission signals,
while the others are subtracted out (see Figure 3.4). The four pathways on the
diagonal and cross peak have the transition dipole strength ‘Ma’4 for the diagonal
and |11q)?|pp|? for the cross peak. C) Coherence pathways do not contribute to
the monotonic evolution of the total signal. D) The normalized diagonal and
cross peak signals can be subtracted to remove the bleach recovery pathways
and symmetrical excited state absorption pathways. What remains is a signal
whose kinetics evolve according to population transfer. The subtracted signal
can be used as a parameter to fit to energy transfer time constants. Note: for
each rephasing pathway that undergoes population evolution during t9, there is
a corresponding nonrephasing pathway that undergoes the same population time
dynamics, not shown here for brevity. . . . . . .. ...
Representative excited state absorption pathways for a mock three exciton sys-
tem. A) Exciton 3 diagonal and B) exciton 3-1 cross peak excited state absorp-
tion pathways and their corresponding population time evolution. C) Exciton 3
diagonal and D) exciton 3-1 cross peak stimulated emission pathways and corre-
sponding population time evolution. Arrows between Feynman pathways indicate
identical population time kinetics. . . . . . . ... ...
Scheme for extracting kinetic time constants from two-dimensional spectroscopic
signals. Time constants are calculated from lowest to highest exciton energy. The
entire procedure is repeated for multiple time intervals, and those with the best
fitting subtracted time trace are averaged to generate the most accurate time
constants. . . ... L L L L e
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3.6

3.7

3.8

4.1

Demonstration of the analysis method using the Fenna-Matthews-Olson complex.
A) Absorptive population time spectrum at t9=800 fs. Shown are the exciton
1, 2, and 4 diagonal peaks and their corresponding below diagonal cross peaks.
Each peak region is averaged using a 70 cm™! window. B) Fit to the normalized
2 diagonal subtracted from the normalized 2-1 cross peak traces. The monoex-
ponential time constant is approximately equal to the 79; energy transfer time
constant 455 fs. C) Biexponential fit to the averaged exciton 4 diagonal trace.
The first time constant is used as the 4 loss time. D) Fit to the normalized 4
diagonal subtracted from the normalized 4-1 cross peak traces. E) Simulated sub-
tracted signal reproduces the signal time constant in panel (D) using 74;=504 fs
and 749=408 fs, which satisfies the constraint of 7y, F') This process is repeated
using a series of population time ranges, and the root-mean-square error between
the signals in (D) and (E) are calculated. The time constants are averaged over
the lowest error region to obtain the final energy transfer time constants.

Three types of systems are used in global response calculations. A) Standard elec-
tronic system with three bright excitonic states allowing downhill energy transfer
and slow relaxation to the ground state. B) Dark state system, where a fourth
excitonic state is added to the standard system. This state has no oscillator
strength with the ground state but still participates in downhill energy transfer
with other excitons. Shown is a dark state between excitons 2 and 1, but the same
analysis is also conducted using a dark state between excitons 3 and 2. C) Vibra-
tional system, where vibrational modes resonant with the exciton energy gap are
added to the standard system. Vibrational relaxation constructively interferes
with below diagonal cross peak dynamics and slows the signal evolution.

Error analysis for interfering excited state absorption and coherence pathways in
the kinetic extraction method for a variety of time constants in the standard sys-
tem. A) Percent error for each time constant as a function of relative transition
dipole magnitude between pif, and peg, which corresponds to the relative signal
strength of the excited state absorption and ground state bleach /stimulated emis-
sion pathways, respectively. B) Percent error as a function of dephasing time for
excited state electronic coherences. Long-lived coherences have little effect on
the accuracy of the method because they do not contribute to monotonic signal
growth or decay. . . . . . . . . . ..

A) Numbered sites and side chains of cysteines C353 and C49 in the FMO
pigment-protein complex (PDB: 3ENI)[20]. B) Site densities for excitons 4, 2,
and 1 in reducing conditions with the energy transfer branching ratios for the
wild-type oxidized and reduced protein. The saturation of pigments in each ex-
citon denotes the relative contribution number to the exciton. The C353 residue
is located near excitons 4 and 2, which have most electron density along one
side of the complex, and other redox active residues such as the Trp/Tyr chain.
C353 and C49 surround site I, which contains the majority of exciton 1 density.
Excitons 2 and 4 are generally delocalized over sites IV, V, and VII. . . . . . ..
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4.2

4.3

4.4

5.1

Absorptive 2D spectra of the eight FMO samples at waiting time T=1 ps under
reducing (top row, A-D) and oxidizing (bottom row, E-H) conditions. In 2DES,
the excitation energy of a system is correlated with the detection energy, and
the waiting time T indicates the delay time between the pump and probe pulses.
Spectra were normalized to the peak amplitude at time T=0. The three peaks
of the diagonal features in each spectrum represent excitons 4, 2, and 1. The
growth of cross peaks below the diagonal indicates downhill EET on the timescale
of hundreds of femtoseconds. . . . . . . . . . ...
Calculated Redfield energy transfer rates of the FMO Hamiltonian upon changing
the site energies and degree of system-bath coupling (Huang-Rhys factors, S)
for pigments III (A-B) and IV (C-D). The center points (S/Sg=1; site energy
change Av=0 cm™!; plotted as red circle) represent the wild-type FMO in reducing
conditions. The blue circles represent wild-type FMO in oxidizing conditions. A)
Overlap of the distribution of exciton 4-1 energy gaps in FMO with the spectral
density for site III, representing relative vibronic coupling with an intramolecular
vibration. Increased overlap with the spectral density indicates that the bath
can more readily couple the two excitons, which increases the EET rate. B)
Change in the 747 time constant as site III energy and Huang-Rhys factor is
changed. C-D) Change in the 791 and 749 time constants as site IV is changed.
The arrows represent how mutation changes each FMO sample. The ‘0’ and ‘r’
prefixes represent the oxidized and reduced parameters, respectively. For the
reduced FMO samples, there is no change in the C49A parameters, and the
C353A changes are the same as the double mutant (DM) changes. In every case,
the double mutant is a sum of the two single mutant vectors. The calculated
changes are shown in Table 4.2. . . . . . . . ... ... oL
Redfield energy transfer maps displaying the cooperative effect of oxidizing each
sample. . ..o L

Redox condition affects excited state behavior in the wild-type FMO complex.
A) Structure of the FMO complex and the eight bacteriochlorophyll-a sites held
by the protein scaffold (PDB: 3ENI)[29]. Shown in red are the two cysteine
residues, C49 and C353, that are known to steer and quench excitations in ox-
idizing conditions and tune vibronic coupling for enhanced energy transfer in
reducing conditions[30, 32]. B) Linear absorption spectra of the wild-type oxi-
dized (blue) and wild-type reduced (red) FMO complex at 77 K. Shown in gray is
the laser spectrum used. C, D) Rephasing 2D electronic spectra under oxidizing
and reducing conditions at waiting time T = 40 fs. Differences in the lower-
diagonal cross peaks between experiments indicate faster, more efficient energy
transfer when the complex is reduced. . . . . . . ... ... ... ... ... ..
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5.2

9.3

5.4

9.5

5.6
6.1

Rephasing power spectra for oscillations in T integrated over regions of the 2D
spectrum. A) Reduced FMO 2D spectrum at T = 40 fs showing integrated re-
gions. Regional power spectra for B-D) below-diagonal regions and E-F) diagonal
regions. Oxidizing and reducing data are plotted in blue and red, respectively.
The shaded regions represent the standard error over the mean. The dashed
vertical lines mark positive beating frequencies at 167 em™, 335 cm™, and 550
cm™!, shown as beating maps in the next figure. In general, the magnitude of the
beating signals is larger in the reduced data below the diagonal, particularly at
positive frequencies, which result from coherences on the excited state. Diagonal
power spectra show similar beating magnitudes between redox conditions. All
time traces were Fourier transformed after T = 240 fs to focus on the long-lived
coherent dynamics. . . . . . . . . ..
Beating amplitude maps at (A, D) +167 cm™!, (B, E) +335 cm™!, and (C, F) +550
cm! for rephasing FMO spectra under oxidizing and reducing conditions. The
magnitude represents the relative beating strength for the wt frequency at each
point on the 2D spectrum. A below-diagonal feature at the positive frequency
only appears in reducing conditions. This region corresponds to downhill energy
transfer in the complex, which is enhanced in reducing conditions[31, 32]. . . . .
Proposed Feynman pathway explaining below-diagonal coherences observed at
positive frequencies in the rephasing spectra. A) Ground state bleach pathways
cannot contribute to the positive frequency because the energy of gy, where the
subscript v denotes an excited vibrational quantum, is greater than gg, producing
a negative frequency in T. The stimulated emission pathway contains a coherence
transfer during T between excited state vibrational coherences on excitons 4 and
1. The observed beats below the diagonal are the vibrational coherences on
exciton 1. Because e1y>eq, the waiting time frequency is positive. The enhanced
energy transfer promoted by vibronic coupling in reducing conditions preserves
the vibrational coherence[32]. B) Sliding window Fourier transform of the below-
diagonal feature at +167 cm™! using a 1000 fs window in T. The sliding trace
shows that the coherence grows in with T, providing evidence for the coherence
transfer pathway. . . . . . . . ..
Beating amplitude maps for two waiting time ranges for the 4167 cm™ beating
frequency of rephasing FMO spectra. In reducing conditions, the majority of the
beating occurs over 1200 fs to 2200 fs, while the relatively smaller amount of
beating in the oxidized spectra occurs over 200 fs to 1200 fs. . . . . . . . . . ..
(Continued on the following page.) . . . . . . . . . . ... ... ... ... ...

Structure of the protein complex CP43 from spinach, which is largely homologous
with the complex IsiA from cyanobacteria[6]. Inset: Two bacteriochlorophyll-a
pigments neighbor a pair of cysteine residues (magenta) and a valine (orange),
which is a point mutation of a cysteine in IsiA. It has been proposed that the
cysteines quench excitations in IsiA in a similar manner to FMO, making the
IsiA complex an ideal target for redox-dependent effects in other photosynthetic
Proteins. . . . . . . . L
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6.2

6.3

6.4

6.5

6.6

Photoisomerization of the retinal chromophore in rhodopsin proteins is thought
to proceed through a conical intersection, where the ground and excited electronic
states become degenerate. In bacteriorhodopsin, the isomerization occurs from
the all-trans state to the 13-cis configuration[21]. In this reaction, the wavepacket
originally in the Sg reactant well is promoted to the Franck-Condon point on Sjy.
The nuclear configuration changes as the wavepacket moves along the reaction
coordinate. Near the conical intersection, nonadiabatic coupling between the
ground and excited electronic surfaces occurs. This coupling determines whether
the wavepacket moves to the product well or back to the reactant well. The
transitions from the two wells to the excited state surface are resolvable, mean-
ing their dynamics can be studied separately in a two-dimensional spectroscopy
experiment. . . . ... L. L. L e e
Binding pocket of the retinal chromophore in bacteriorhodopsin[29]. Shown are
two views (A,B) of the amino acid scaffold. The isomerizing bond is surrounded
by several bulky amino acids which may sterically hinder the nuclear motion.
There are also multiple polar residues which may alter the electronic structure of
the chromophore, which would in turn shape the potential energy surface of the
branching space. The covalently bound lysine residue is removed in panel B for

Kinetic maps for the wild-type, singly mutated, and doubly mutated FMO spec-
tra under reducing and oxidizing conditions. The 2D spectra are convolved with
a 70 cm™ Gaussian window, and each point is normalized and subtracted from
its corresponding upper diagonal trace and fit to a monoexponential decay. The
time constant, representing the subtracted stimulated emission signals, is plot-
ted on the corresponding cross peak feature. The saturation is weighted by the
goodness of fit to the subtracted time constant. Shown as gray contours are the
corresponding 2D spectra at t9=2000 fs. The spectra show inhomogeneity in time

constants across spectral features. Figure adapted from Ref. [32] with permission. 147

Representative beatmaps produced from two-dimensional spectra of light harvest-
ing complex 1 from purple bacteria. The positive and negative beating frequencies
of the 563 cm™ oscillation is plotted for the nonrephasing and rephasing spec-
tra. The relative displacement of the patterns with respect to the frequency of
the beat is evidence for a complex vibronic structure, as described in the text.
We are building a model that aims to reproduce these beating patterns with a
vibronic Hamiltonian. . . . . . . . . . . . . ...
A vibronic model is used to reproduce general patterns in beatmaps of LH1. This
Hamiltonian uses a two excited state exciton system with a nearly resonant 550
cm™ vibrational mode. The vibronic coupling strength scales with the Huang-
Rhys factor, which in this Hamiltonian is 0.25. . . . . . . . .. . ... ... ...
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6.7 Energy levels produced from a system with vibronic coupling to multiple vibra-
tional modes. Shown first is A) the exciton basis, where vibrational modes are
resonant with excitonic energy gaps. When allowed to couple, a B) vibronic basis
is formed. Two sets of vibronic states are shown in pink. The coherences that
generate the beating patterns in Fig. 6.5 could arise from any vibronic state or
between the two sets, shown as the double-sided arrow. C) Depending on the en-
ergies of the vibrational modes that couple with the excitons, the eigenstates may
form different ’bands’ in the excited state, giving rise to a new design principle
for vibronic steering, described in the text. . . . . . . . ... ... L.
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Error in the standard three excited state excitonic system using six sets of en-
ergy transfer time constants. The first four sets have only subpicosecond time
constants, and the last two have picosecond times. Shown is the percent error
for each time constant with and without averaging over multiple population time
windows. . . . .o
Error in the time constant extraction method when a dark state is added between
excitons 2 and 1. Here, 794 is the time constant for energy transfer from exciton
2 to the dark state, and 74; is the time for energy transfer from the dark state
back to exciton 1. The percent error is calculated for each time constant with
and without averaging over multiple population time windows. . . . . . . . . ..
Error in the time constant extraction method when a dark state is added between
excitons 3 and 2 with the associated energy transfers given by 734 and 749. (Same
as Table 3.2 but with a different dark state.) . . . . . .. ... ... ... .. ..
Error in the time constant method when resonant vibrations are added to exci-
tons 1 and 2 that interfere with below diagonal cross peak signal kinetics. The
vibrational relaxation times 7,01, are all 5000 fs. The percent error is also shown
with and without averaging over population time windows. In this system, the
averaging step (Figure 3.5, step 8) improves the accuracy for all energy transfer
time constants. . . . . . . .. L

Experimental energy transfer time constants for wild-type (WT), singly mutated,
and doubly mutated FMO samples under reducing and oxidizing conditions ex-
tracted from two-dimensional spectra using the method detailed in the previous
chapter. . . . . . .
Calculated changes made to the FMO Hamiltonian to reproduce the general
trends in spectroscopic data. The time constants were calculated using the ’Model
C’ Redfield model described in the text. The trends in the time constants are
mapped visually in Figure 4.3. . . . . . . .. ..o
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ABSTRACT

Photosynthetic pigment-protein complexes can capture and transport solar energy with high
efficiency and possess photoprotective mechanisms to prevent excitations from damaging
the cell. Over the last decade, mounting evidence has shown mixed electronic-vibrational,
or vibronic, states play an important role in photosynthetic energy transfer dynamics. The
principles by which photosynthetic complexes engineer the excitonic Hamiltonian can inform
how to design energy transport capabilities in modern light harvesting devices. In this thesis,
I study how evolution has leveraged vibronic coupling to tune the energy transfer capabil-
ities of the Fenna-Matthews-Olson (FMO) protein complex from green sulfur bacteria. It
has been shown that FMO can quench excess excitations in oxidizing redox environments
to prevent generation of reactive oxygen species. To understand the influence of the redox
environment on the sub-picosecond (<10'12 s) energy transfer dynamics, two-dimensional
electronic spectroscopy (2DES) is used to study the excited state evolution of wild-type
and cysteine deficient FMO complexes in oxidizing and reducing conditions. I develop an
analysis method that leverages dynamical symmetries between diagonal and below diagonal
cross peaks to deterministically fit to time constants for energy transfer. Two-dimensional
spectra are simulated to confirm that the method is accurate for chlorophyll-based excitonic
systems. The energy transfer rates between FMO samples show that that the cysteines steer
excitations through different pathways in the complex depending on whether the redox con-
ditions are oxidizing or reducing. In oxidizing conditions, excitations are funneled through a
pathway to increase the probability of being quenched. Redfield theory modeling shows that
the pigment site energies are tuned in oxidizing conditions such that an exciton energy gap
falls out of resonant coupling with a pigment vibration. In other words, vibronic coupling is
switched on in reducing conditions and off in oxidizing conditions. I further show that many
long-lived excited state coherences are only present in reducing conditions when vibronic
coupling is present. The coherences correlate with downhill energy transfer, as their magni-
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tude is strongest at below diagonal cross peaks. Our spectral analysis reveals that they are
mostly vibrational in character and evolve via coherence transfer. The vibrational coherences
are maintained through the energy transfer process, which indicates that the vibronically-
enhanced energy transfer in reducing conditions is a coherent process. These results are
the first to show that a biological system has evolved the ability to modulate an exclusively
quantum mechanical effect, vibronic coupling, in response to damaging environmental redox

conditions.



CHAPTER 1
INTRODUCTION: TUNING ENERGY DISSIPATION IN
PHOTOSYNTHESIS

1.1 Introduction to Light Harvesting

Controlling energy dissipation in excited quantum systems underlies the performance of
many chemical and materials technologies today [1, 2, 3]. For example, solar cells and
photocatalysts both rely on efficiently funneling excited electronic energy in a well-defined
spatial direction. Solar cells must move excitations across large distances with minimal loss
where energy can be stored. In molecular photocatalysis, a longstanding challenge has been
directing reactive nuclei to desired product wells following photoexcitation. Engineering
couplings in these classes of systems is in development [4, 5, 6] but remains difficult in part
due to the sheer number of states involved in excited state dynamics. In a typical condensed
phase system, there are hundreds, if not thousands, of electronic, vibrational, and rotational
states that can couple to the initial electronic excitation where the energy can be deposited.
A major goal of this research is to develop tools to understand this complexity and to isolate
the degrees of freedom we can tune to control excited state energy dissipation.

In addition to the immense complexity of these system, a further complicating factor
is nonadiabatic mixing between electronic and nuclear states. Much of our chemical in-
tuition rests on the Born-Oppenheimer (BO) approximation, first formulated in 1927, one
year after Schrodinger’s equation [7]. In the BO approximation, we assume that electronic
and nuclear motion are separable due to their relative velocities. This assumption simpli-
fies the math in the Schrodinger equation and allows for accurate descriptions of molecular
behavior in many circumstances. However, the BO approximation often breaks down in ex-
cited electronic dynamics, particularly when resonances between electronic states approach

vibrational frequencies. It often breaks down dynamically and transiently, such as when
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molecular geometries approach a conical intersection [8]. In these cases of strong nonadia-
batic coupling, electronic and nuclear wavefunctions are no longer separable, and they are
often represented by mixing the adiabatic states[9]. Nonadiabatic dynamics defy much of
our chemical intuition and are difficult to predict and control. They are increasingly believed
to dictate a variety of light harvesting systems, including photosynthetic energy transport,
rhodopsin proteins, and organic photovoltaics[10, 11, 12]. While mixed electronic-nuclear
dynamics complicate the goal of controlling energy dissipation in light harvesting devices,
they offer new experimental handles for tuning excited state dynamics.

Despite the challenge of deterministically moving excited state energy through molecular
systems, photosynthetic organisms can do so with near unity efficiency across large distances
of molecular space[13]. In photosynthesis, pigments absorb solar photons and are promoted
to the electronic excited state. Excitons are transported from satellite complexes to the pho-
tosynthetic reaction center, where the excited energy is used to drive charge separation across
a membrane and initiate biochemical pathways for photosynthesis. Photosynthetic proteins
operate in wet, highly disordered environments and use only a few constituent pigments as
building blocks of their apparatus. And yet, they can transport excitations robustly and can
quench excess excitations when necessary[14]. In this thesis, I describe a novel mechanism
by which a photosynthetic complex controls energy flow by tuning nonadiabatic couplings
in its constituent pigments. The energy steering mechanism is relatively simple, which begs
the question for its commonality across biology. We hope to use the capabilities found here

to motivate new designs in technologies such as solar light harvesting devices.



1.2 Concepts and Theories for Photosynthetic Light Harvesting

1.2.1 Pigment-Protein Complexes

As mentioned above, pigment-protein complexes (PPCs) are the basic building blocks for
photosynthetic antenna complexes[13]. PPCs are stitched together to form the entire photo-
synthetic apparatus so that energy can be transported across tens to hundreds of nanometers
of space. They are typically comprised of a few pigment molecules such as bacteriochlorophyll-
a whose energies are shifted by the local electrostatic environment of the protein scaffold.
These are referred to as the site energies. The pigment dipoles are oriented relative to one
other to couple the sites and produce a basis of partially delocalized excitonic states. These
are referred to as the excitonic energies, and they constitute the eigenbasis of the molecular
Hamiltonian. The excitonic landscape is often structured so that downhill energy transfer
moves the excitation across the complex. Shown in Figure 1.1 are four excitons in the Fenna-
Matthews-Olson (FMO) complex from green sulfur bacteria[l15, 16]. Exciton 7, the second
highest energy exciton, is partially delocalized over one end of the complex, while the lowest
energy exciton 1 is mostly localized onto the pigment nearest to the reaction center. For
FMO, excitonic relaxation through this pathway moves the excitation from the ‘top’ to the

‘bottom’ of the complex.

1.2.2  Theories for Exciton Energy Transfer

Exciton energy transfer (EET) is the primary mechanism for photosynthetic energy transfer.
In EET, an excitation is lost in one state and simultaneously gained in another. This process
is mediated by the dipolar interaction between the excitons. Rates for EET are derived from
the Liouville-von Neumann equation [17]:

LY (11)
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Figure 1.1: Pigment-protein complexes such as the Fenna-Matthews-Olson (FMO) complex
from green sulfur bacteria engineer the Hamiltonian such that downhill energy relaxation
transports excitonic energy across space. In the site basis of the FMO Hamiltonian, diagonal
elements (site energies) are tuned by electrodynamic interactions between the pigments and
the protein scaffold, and the off-diagonal dipolar coupling elements are tuned by relative
pigment orientations. The Hamiltonian can be diagonalized into the eigenbasis (excitonic
energies) to show excitons that are partially localized over different regions of the complex.
Here, the excitonic energies are numbered by their relative energies in ascending order. The

crystal structure of FMO was first reported in Ref. [15].
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where

p(t) = Prltp(®) (U (0)] (1.2)
k

is the density matrix represented in the eigenbasis. Here, the ;. terms are the wavefunctions
across the ensemble given by probability Pj.. These equations are used to derive the quantum
master equation, which describes the time evolution of the system components of the density
matrix following external perturbation. This approach is shown in detail in Refs. [18, 19].

Photosynthetic energy transfer typically operates within two perturbative limits of the
quantum master equation. In the first limit, the coupling between sites is treated pertur-
batively [18, 20]. The energy transfer rate is derived starting from the dipolar coupling
term:

Vij = (1.3)

Here, r is the distance between the dipoles, u; is the transition dipole moment of one of the
states, and the dot product encodes the angular dependence between the two dipoles. This
term is incorporated into Fermi’s Golden Rule, which treats the coupling perturbatively to

first order:

21
kij = E|V%j|25(Ei — Ej). (1.4)

Here, k;; is the energy transfer rate between states 7 and j and the delta function  enforces a

resonance condition between the two states. This treatment yields the following rate constant

for EET[20]:
2 9
4 Ky 15
kij FRET = 57 —;6 LJij(w), (1.5)
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This is the so-called Forster Resonance Energy Transfer (FRET) rate. The efficiency of
FRET relies on the distance between the molecules 75, their relative orientations given by
0, and the overlap integral J;; between the emission of the donor site and the absorption
of the acceptor site. FRET is known for its characteristic r® character and orientational
dependence of transition dipoles.

In the second perturbative limit, we assume that the sites are strongly coupled and that
system-bath interactions are treated perturbatively. To second order, we yield the following

Redfield rate equation [18, 21]:

kN Redfield = T YN (J(warn) (1 +n(wprn)) + J(—wprn)n(—warn))- (1.6)

Here, /5 is the overlap between excitons summed over all sites. In this formulation, we have
assumed uncorrelated sites (for more detail, see Ref [21]). The spectral density function J(w)
describes how strongly bath fluctuations at a particular frequency can couple the excitons.

The spectral density is multiplied by the Bose-Einstein distribution

1

= T (1.7)

n(w)

to account for the bosonic statistics of bath vibrations, which are temperature and frequency
dependent. Depending on the model being used, the spectral density can be represented
phenomenologically with a simple function or microscopically with a sum of delta functions
or Gaussian curves. The former approach models continuous, low energy bath fluctuations,
and the latter models discreet high energy vibrational modes that couple to the system.
Some energy transfer models use a hybrid of the two types [22]. My approach uses a log

normal spectral density



J(w) = WS = exp(— In(w/we)?/20?) (1.8)

with an added vibration. The bath cutoff frequency w. and standard deviation o have been
solved for the particular system we studied. The values were taken from Ref. [23]. The

Huang-Rhys factor S

S:/O J(w) dw (1.9)

is a pre-factor for the spectral density. In our modeling, we tune the Huang-Rhys factor
to serve as a proxy for the strength of system-bath coupling at a particular frequency. In
the Redfield regime, the rate of energy transfer increases when the excitons have a larger
wavefunction overlap and when there are more bath vibrations available to resonantly couple
the two excitonic states, as modeled by the spectral density.

There are a number of intermediate regimes between the perturbative limits of FRET
and Redfield theory. For example, in the modified Redfield theory, the system-bath coupling
is split into diagonal and off-diagonal terms, and only the latter is treated perturbatively
[18, 24]. In our modeling of energy transfer rates in the Fenna-Matthews-Olson complex,
we use the Redfield approach because the sites are strongly coupled and because of the
extensive use of Redfield theory to model population transfer in this complex [25, 23, 26].
Furthermore, the system is treated exactly in Redfield theory, so changes to the site energies

or couplings can be read out immediately into the energy transfer rate.

1.2.3  Vibronic Coupling

Under an adiabatic view, excitonic states arise by mixing electronic degrees of freedom,
and vibrational excitations are appended to the excited state. However, there is increasing

evidence that electronic and vibrational states often mix in photosynthetic complexes to



Exciton a

Exciton b
v=1

Vibronic

v=1 States

Vibronic Basis
v=0

Ground State

Figure 1.2: Vibronic states arise when states on different excitons with different degrees of
vibrational excitation couple. In this case, the v=0 state on the higher energy exciton a
couples with the v=1 state on exciton b. This forms a basis containing vibronic states that
are weakly delocalized over the two original surfaces [10].

form vibronic states [10, 27, 28]. Vibronic states arise when a state on one excitonic surface
couples to a state with a different level of vibrational excitation on another excitonic surface.
See, for example, Figure 1.2 where the v=1 state on a lower exciton is resonantly coupled
to the v=0 state on a higher exciton.

Vibronic states are straightforward to understand in a linear algebra formalism, as done
in Ref. [29]. Here, the vibrations are added to the system Hamiltonian and allowed to couple
with resonant excitons, resulting in a vibronic basis with known contribution values from the
original sites. Dynamically, vibronic states are more difficult to describe. Vibronic states are
inherently nonadiabatic due to the coupling between electronic and nuclear motions [30], so
the molecular wavefunctions are no longer separable into electronic and nuclear components.
When projected onto the adiabatic basis, the nuclear wavefunctions are delocalized due to
coupling between excitonic surfaces with different displacements [31]. Vibronic states can
‘borrow’ properties from both electronic and nuclear motion. They can have strong transition
dipole coupling with the ground state due to intensity borrowing from excitonic states, but

can experience slower bath fluctuations from the motion of nuclei [29]. Vibronic coupling



can enhance the energy transfer rate through excitonic systems [32]. In this work, I show
how vibronic states can be used as a control parameter in photosynthetic proteins (Chapter

4) and their impact on the microscopic, coherent dynamics of energy transfer (Chapter 5).

1.2.4  Quantum Coherence

Quantum coherence is responsible for the signals generated in nonlinear spectroscopy ex-
periments, including two-dimensional electronic spectroscopy (2DES), covered in the next
chapter [10]. In molecular systems, coherences are created by laser excitations that synchro-
nize the phase relationship between superpositions across the ensemble. The fixed-phase
relationship of many molecular superpositions creates a macroscopic polarization, whose os-
cillation generates an electromagnetic field[33]. In our formalism, covered in detail in the
next chapter, we treat the electromagnetic radiation classically and the system quantum
mechanically. A coherence persists in the system as long as the fixed-phase relationship is
maintained across the ensemble. Coherences will decay via decoherence as excited states
relax or via dephasing as the fixed-phase relationship is lost across the ensemble due to local
environmental fluctuations. Electronic coherences typically decay in less than a hundred
femtoseconds, while localized vibrational coherences can decay on the order of a picosecond.
I should note that quantum coherence is a different phenomenon than what we call a coherent
process. Quantum coherence is related to the fact that the excitation across the ensemble
is synchronized. A coherent process is intrinsic to the system. That is, it describes a pro-
cess that maintains a well-defined phase evolution regardless of the nature of the excitation
source. This subtle distinction will be important in Chapter 5, where the preservation of a
quantum coherence is indicative of a coherent process.

Quantum coherence is an inherently non-equilibrium effect that arises due to the high
degree of coherence in laser sources [10]. While the biological systems we study are not

exposed to coherent light sources and may exhibit different behavior in nature[34], we can



still learn much about a system from the dynamics of its coherences. Coherences decay
with a characteristic timescale in a given system. The decay is governed by system-bath
interactions that drive fluctuations, which are often important components in energy transfer
dynamics. For example, the bath fluctuations that cause dephasing can also drive a donor
molecule into resonance with an acceptor in a FRET-like energy transfer system [35]. Bath
fluctuations can perturb the electronic structure of a donor exciton to increase transient
overlap with an acceptor [35, 36]. Some have theorized that non-Markovian bath fluctuations
that might prolong dephasing could also enhance energy transfer efficiency in photosynthetic
complexes [37]. These studies indicate that coherences can be highly sensitive probes to the
complex dynamics underlying energy transfer that would be difficult to observe otherwise.
One challenge lies in theoretically linking a coherence signal to a function in the system being
probed. Another major challenge is assigning an observed coherence to the correct pair of
states in a molecular complex — because all coherences will produce a signal with the same
form to a macroscopic observer. The latter difficulty has been the source of intense debate

within the photosynthetic light harvesting community and is still largely in question.

1.3 Long-Lived Quantum Coherences and Vibronic Coupling in

Photosynthesis

The topics covered in this thesis hopefully add to two strains of research in the field of pho-
tosynthetic light harvesting. The first is the assignment of long-lived coherences in pigment-
protein complexes and the functional role, if any, they play in energy transfer. The second
is to provide further evidence for the role of vibronic states in aiding photosynthetic energy
transport. [ will briefly review the literature on both of these topics. I and others have
reviewed this topic more extensively elsewhere[10, 38].

The assignment and functional role of long-lived coherences in photosynthesis has been a

contentious and often confusing debate over the last fifteen years. In 2007, oscillatory wait-
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ing time signals lasting for hundreds of femtoseconds were observed in a two-dimensional
electronic spectrum of the Fenna-Matthews-Olson complex at 77 K[39]. The beating signals
were assigned to interexcitonic coherences (that is, between purely electronic states), which
had been generally thought to decay within a hundred femtoseconds. It was proposed that
the long-lived electronic coherences were indicative of a ‘wavelike’ energy transport mecha-
nism, where energy moves through the complex through a series of interexcitonic coherence
transfers. In this mechanism, photosynthetic complexes could maximize their energy trans-
fer efficiency because the delocalization averaged out site fluctuations and increased overlap
with lower excitons [31]. This picture challenged the ‘hopping’ mechanism for photosynthetic
energy transport that was considered canonical at the time.

Long-lived coherences were soon observed in a number of photosynthetic pigment-protein
complexes [40, 41, 42, 43, 44, 45, 46, 47, 48]. One FMO study showed that the coherences
persisted at room temperature, with a dephasing time of 300 fs at 277 K[43]. Many be-
gan to argue that the long-lived beating signals reported on ground or excited state vi-
brational coherences because several beating frequencies matched those of known pigment
vibrations[49, 30, 50]. The persistence of coherence would be trivial in a ground state vibra-
tional picture, and they would have little implications for the microscopic dynamics of energy
transport. Several studies refuted this claim, noting that the Huang-Rhys factors of many
photosynthetic pigments such as bacteriochlorophyll-a were small [29], which would reduce
the strength of ground state vibrational coherence signals. Experiments using pulse sequences
that suppressed vibrational coherence pathways still observed long-lived beats[45, 46], and
a study using isotopically modified FMO complexes saw negligible shifts in the observed
beating frequencies[44]. These studies supported the electronic assignment of quantum co-
herence.

Theoretical investigations showed that spatially correlated site fluctuations could explain

how coherence lifetimes were prolonged[51, 52, 53, 54]. Typically, bath fluctuations of indi-
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vidual sites are assumed to be independent of one another. To preserve electronic coherence,
though, the fluctuations must be linked to preserve the phase evolution across the ensemble.
Other theoretical studies suggested non-Markovian bath environments[37, 55] and sponta-
neous recoherence by resonant vibrations [56] to explain the long coherence lifetimes. In
each picture, these bath dynamics were thought to enhance energy transfer efficiency and,
as a side effect, prolong interexcitonic coherence in spectroscopic experiments. Other studies
showed how resonant vibrations generate more usable energy transfer pathways by allowing
energy transfer events to occur via larger energy steps[32]. Funneling excess excitonic energy
into discrete vibrational modes could promote this non-sequential energy transfer. The au-
thors speculated that one function of prolonged coherence would be to increase the resonant
overlap time between excitonic and vibrational states.

About ten years ago, the field began to explore the role of vibronic states in both promot-
ing energy transfer efficiency and in prolonging coherence. Dimer simulations were often used
to show how long-lived coherences could arise between vibronic states[57]. One study showed
that vibronic coherences could be prolonged if the two states in question were predominantly
localized onto the same site[29], that is, if they had a large intrapigment vibrational charac-
ter. The vibronic state(s) could also ‘borrow’ transition dipole intensity from the electronic
states to amplify their signal strength. Other studies showed that long-lived coherences
could be due to ground state vibrations during the waiting time, but whose third-order
signal amplitude is increased due to intensity borrowing in vibronic states[30, 50]. In this
case, the dynamics of coherences are trivial, but their presence is indicative of a complex
vibronic structure on the excited state. One study showed that both excited state vibronic
and ground state vibrational coherences were stronger because of vibronic mixing between
dimers[58]. The role of the three types of coherences (electronic, vibronic, and vibrational)
and the fundamental properties that drive them is summarized in Figure 1.3.

Many of these theoretical claims were soon rooted by spectroscopic experiments[59, 60,
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Figure 1.3: Vibronic states span the region between vibrational and electronic states. Co-
herences can be ‘purely’ vibrational (between vibrational levels within a single electronic
energy state on the excited or ground state) or ‘purely’ electronic (between electronic levels
with the same vibrational excitation on the excited state) as two limiting cases. Coherences
can also exist between any set of vibronic states, where electronic and nuclear degrees of
eedom nonadiabatically couple to produce a new basis of states, shown to the right of the
vibronic diagram. Yellow and purple lines depict states localized onto one electronic surface,
and black lines depict vibronic states which can be delocalized between surfaces. Below the
diagrams are descriptions of long-lived coherences for each type of state. Figure adapted
with permission from Higgins et al., ”Quantum Coherence in Chemical and Photobiological
Systems,” Emerging Trends in Chemical Applications of Lasers (American Chemical Society,
2021), Vol. 1398, Chap. 18 pp. 411-436[10]. Copyright 2021 American Chemical Society.
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61, 5]. In recent years, we have seen more direct evidence that vibronic states are involved
in photosynthetic energy transport. A study from the Ogilvie group showed that multiple
quasi-resonant beats in the two-dimensional electronic spectrum of the purple bacteria re-
action center were evidence for non-secular vibronic coherence transfer[28]. The Fleming
group used two-dimensional electronic-vibrational spectroscopy to correlate downhill energy
transfer in light-harvesting complex II with the growth of excited state vibrational energies,
demonstrating that discrete vibrations could be receptacles for excess energy [27]. The work
in this thesis shows that vibronic coupling is modulated in the FMO complex to activate an
oxidative photoprotective mechanism. At this point, many questions still remain concerning
the role of coherence in biology, but further investigations on the dynamical role of vibronic

states will hopefully bring clarity to the field.

1.4 Thesis Outline

The data presented in this thesis adds to the growing list of experimental evidence for vibronic
states in photosynthesis and shows that long-lived coherences are intimately intertwined
with vibronically-enhanced energy transport. In Chapter 2, I will introduce the theory and
experimental implementation of two-dimensional electronic spectroscopy. I will describe our
GRadient Assisted Photon Echo Spectroscopy setup and discuss improvements made to the
spectrometer over the course of my graduate work. In Chapter 3, I will show how we can
map the waiting time dynamics in a two-dimensional spectrum using Feynman pathways and
use symmetries in the signals to isolate particular energy transfer pathways. In Chapter 4, I
use this method to show that FMO can steer populations through different energy transfer
pathways depending on the environmental redox condition. I use a Redfield energy transfer
model to show that this is accomplished by modulating vibronic coupling in the excitonic
states. In Chapter 5, I show that this redox-dependent vibronic coupling has a significant

effect on the long-lived quantum coherences in FMO. By correlating the beats with the energy
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transfer, we assign the signals to excited state vibrations that undergo downhill coherence
transfer without dephasing. I discuss a few future directions regarding redox conditions, the
Feynman analysis model, and electronic-vibrational coupling in Chapter 6 before concluding

in Chapter 7.
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CHAPTER 2
THEORY AND METHODS FOR TWO-DIMENSIONAL
ELECTRONIC SPECTROSCOPY

2.1 Overview of 2DES

Two-dimensional electronic spectroscopy (2DES) is a four-wave mixing technique that allows
one to track the excited state dynamics of condensed phase systems with femtosecond (10‘15
s) precision [1, 2, 3, 4, 5, 6]. In 2DES, the sample is illuminated with four temporally
compressed laser pulses (Figure 2.1). Three of the pulses interact with the sample, and the
fourth pulse pulse (the Local Oscillator, L.O.) is used as a reference to amplify the signal and
extract its phase information. We precisely control the time delays and relative geometries
of the pulses as they enter the sample stage. The sample in turn generates a signal in
the phase matched direction that depends on the time delays, Sig(t¢,t9,t3). We process
the signal to generate two-dimensional spectra, which contains the dynamical information
about the sample such as exciton energy transfer and quantum coherence. The signal is
Fourier transformed in the first and third time domains to cast it into the frequency domain:
Sig(wi,to,w3). As such, 2DES is a correlation spectroscopy, where a system’s excitation
frequency wq is correlated with its detection frequency w3 as a function of waiting time, t9
[7]. We study the waiting time evolution to gain information about the system’s ultrafast
dynamics following transition to the electronic excited state.

The time domain signal emerges from the collective polarization of many molecules in
the sample [2]. As such, it is treated as a classical electromagnetic wave. Although the
signal is considered classical, its time-dependent modulations and amplitude changes encode
the complex quantum dynamics we wish to study. In the next section, I will describe the
underlying theory of the four-wave mixing process and interpretation of two-dimensional

spectra. Folliwing this description, I will describe the experimental setup, including our

25



Pump Probe

[ 1 1
Waiting
time
> < > )
t1 t2 t3 Signal

A .“
. ‘
e *n

>

L.O. Pulse 1 Pulse 2 Pulse 3 Time

Figure 2.1: Two-Dimensional Electronic Spectroscopy interrogates the sample with four
compressed laser pulses. The delay between the first two pulses encodes the coherence time,
t1. These pulses can be considered 'pump’ pulses, which excite the system. The delay
between pulses 2 and 3 encode the waiting time, t9. The third pulse 'probes’ the system,
and a signal is emitted over the detection time, t3. The fourth pulse is used as a local
oscillator (L.O.) reference for heterodyne detection.

specific 2DES apparatus designed in the Engel group. I will describe how data is generated

and the necessary data processing steps to extract the signal. I will conclude with changes

made to the setup to improve the instrument.

2.2 Theory of 2DES

2.2.1 Polarization and the Density Matrix

In our measurements, the phenomenon that produces the signal is the polarization [2, 3,
8,9, 10, 11, 12]. The polarization is a macroscopic quantity that describes the sample’s
nonequilibrium charge distribution after it interacts with the laser pulses. It reflects the
fixed-phase behavior of many systems within the ensemble. To describe the polarization in

terms of its microscopic constituents, we use the density matrix, p.

p(t) = Pylvg(®)) (g (1)] (2.1)
2
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The density matrix describes the statistical ensembles of wavefunctions in the system. The
diagonal terms are the populations of each quantum state (and as such, Tr(p)=1), and the
off-diagonal terms are the coherence terms. The equilibrium density matrix in the eigenbasis
will have no coherences because there are no fixed-phase relationships between superposition
states in a thermalized ensemble. The populations of the equilibrium density matrix will
reflect a Boltzmann-weighted distribution of states.

It is our principle objective to study the time evolution of the density matrix following
perturbation by the laser pulses. The equation of motion for the density matrix is given by
the Liouville Von Neumann equation|2, 13]

ap

ot - ﬁ[va]v (2'2)

described in the previous chapter. The perturbation falls under the dipole approximation:

V=—u-E). (2.3)

Here, E(t) is the external electromagnetic field given by E=F’cos(wt) with amplitude E’

and frequency w, and p is the dipole moment operator

p=_ qma(rma — Bm), (24)

which runs over all particles a. The macroscopic polarization is then given by

(P(t)) = Tr(pp(t)). (2.5)

From time-dependent perturbation theory, the time evolution of the nt" order component

of the density matrix in the interaction picture is[2]
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(2.6)

Here, p(-00) is the equilibrium density matrix, G(t) are the Green’s function operators which
drive time evolution, and the variables ¢, are the time intervals between consecutive pulses.

Plugging this term into Equation 2.5, we obtain the third order polarization:

o0 (0. ¢] o0
3(r,t) = / dts / dto / dtq
0 0 0 (2_7)

X E(r,t —t3)E(r,t —t3 — tg) B(r,t — tg — tg — t1) R (t3,ta, 11).

This equation is a convolution between the classical incident pulses £ and the third order

response function R3. The response function is given by[10, 11]

(3
Bty t2t) = (1) GOtr0).ltez) ). o -] (28)

where ( ) denotes a thermal average over the ensemble. The response function contains
several nested commutators composed of the equilibrium density matrix being acted on by

dipole operators.

2.2.2  Feynman Pathways to Visualize the Perturbative Response

The third order response function contains many terms who may each evolve differently in
any of the time intervals. To visualize these terms in the response function, we employ double-
sided Feynman pathways|7, 6, 11, 14]. Several representative Feynman pathways are shown
in Figure 2.2. In these pathways, time moves upward, and the diagonal lines represent pulses
acting on either side of the density matrix. The first and third time intervals (¢; and t3)
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evolve as one-quantum coherences. That is, the two states have different degrees of electronic
excitation. The second time interval (the waiting time, ¢9) can evolve as a population or a
coherence depending on the transition induced by the second pulse. The coherences evolve
as a zero-quantum coherence - either between excited electronic states, excited or ground
state vibrations, or excited vibronic states. The populations evolve based on energy transfer
kinetics, which I will expand on in the following chapter.

Overall, there are three classes of Feynman pathways: stimulated emission (SE), excited
state absorption (ESA), and ground state bleach (GSB) pathways [11, 14]. These can each
be further subdivided into rephasing and nonrephasing pathways. In stimulated emission
pathways (Fig. 2.2A,B), the system begins in the excited state during the waiting time, and
the third pulse drives the system to a coherence with the ground state. In our notation,
these signals are positive because the stimulated emission process generates more photons
for the camera. In excited state absorption pathways (Fig. 2.2C,D), the system is in the
excited state during t9, but the third pulse drives absorption to a higher excited state, often
a biexciton state depicted in the figure. ESA signals are negative because the higher-lying
absorption causes loss of photons. In ground state bleach pathways (Fig. 2.2EF), the
system evolves on the ground state during ¢9. The signal is positive because there are fewer
molecules in the ground state during to9 to absorb to the excited state, resulting in more
output photons.

In nonrephasing pathways (Fig. 2.2A,C,E), the coherences evolve phase in the same
direction over the first and third time domains (both exp(-i wt)). The signal decays ex-
ponentially over t3 as a free induction decay. In rephasing pathways (Fig. 2.2B,D,F), the
states evolve phase in opposite directions over ¢1 and t3 (exp(i wty) versus exp(-i wt3)).
Therefore, rather than decaying monotonically over ¢3, the signal increases as the oscillators
evolve back into relative phase with one other and then decays. This phenomenon is called

a photon echo and is the physical reason why rephasing pathways produce stronger signals
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Figure 2.2: Double-sided Feynman pathways map the response of a system following laser
excitation. For a given Feynman pathway, time moves upward, and each component of
the ladder represents the evolution of a density matrix element in over a time delay. The
arrows represent transitions driven by the laser pulses. As such, the bottom rung represents
the equilibrium density matrix (all shown as |g) (g| here), the second rung represents time
evolution during ¢, and so on. The signal emitted is shown as a dotted line. Three classes of
Feynman pathways, stimulated emission (A,B), excited state absorption (C,D), and ground
state bleach (E,F), are shown. These can be further subdivided into nonrephasing (A,C,E)
and rephasing (B,D,F) pathways. These pathways are described physically in the text.
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than nonrephasing pathways. The Feynman pathways that evolve as populations during t9
have a symmetrical structure between rephasing and nonrephasing pathways because the
order of interactions to generate a population does not matter. This fact is further discussed
and exploited in Chapter 3 to isolate population transfer dynamics. By contrast, waiting
time coherence pathways have an asymmetrical structure between rephasing and nonrephas-
ing pathways. In the Future Directions, I will discuss how we can use this asymmetry to
solve the vibronic structure of spectrally convoluted photosynthetic proteins.

In addition to time ordering and time delays between pulses, the signal is dependent
on the spatial orientation of the incident pulses. This reflects the fact that the wavevector
component exp(i(kr-wt)) of the pulses is imparted into the third order signal. The signal

obeys the phase matching condition

ksig = Z ks, (2'9)
i

which means that signals are produced in directions depending on the geometry of the three
pulses. In our setup, we use an inverted boxcar geometry [7]. The signal is generated in a
fourth direction with respect to the three pulses (see Ref. [15]), and we overlay the fourth
pulse to heterodyne the signal. The inverted boxcar geometry is designed so that the signal
is background free and minimizes scatter due to overlap with other pulses. Rephasing and
nonrephasing pathways have different phase matching conditions. To image both pathways
in the same signal alignment, we simply scan positive and negative time delays between

pulses 1 and 2.

2.3 Experimental Implementation of 2DES

The data in this thesis was taken using the GRadient Assisted Photon Echo Spectroscopy

(GRAPES) setup developed in the group [15, 16] and based on other two-dimensional spec-
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trometer designs [17, 18, 19, 20]. Point-by-point 2DES setups must scan over both coherence
(t1) and waiting time (t9) delays[4]. GRAPES, however, uses tilted pulses focused to a verti-
cal line rather than a point and encodes the first time delay over a spatial dimension (Figure
2.3). Using a two-dimensional camera, we image all usable ¢ delays over the vertical dimen-
sion. The third time delay (t3) is optically cast into the wavelength domain by a diffraction
grating in the camera and does not need to be scanned. We can therefore take an entire
two-dimensional spectrum in a single laser shot and only need to scan over the t9 domain to
acquire the full data cube. This process significantly reduces the time necessary to acquire
data (to the order of single minutes) and allows one to average multiple iterations of data
for better statistics. Tilting the local oscillator to have the same slope as the signal puts the
signal into a rotating frame and enables new apodization capabilities to increase the signal
to noise ratio, as described in detail previously|[21].

In our laser setup, a mode-locked oscillator cavity is used to generate laser light which
seeds a regenerative amplifier, generating 800 nm pulses with approximately 30 fs width
averaging around 2-2.5 W of power. The beam is focused into an argon tube with a pressure
of 15-20 psi. Here, the light undergoes filamentation to broaden the bandwidth so that it
covers the spectrum of the sample studied. For our experiments of the Fenna-Matthews-
Olson complex, the generated light ranged from 780 to 840 nm. Following the argon tube,
the pulse has significant positive dispersion. We correct for this by first bouncing the beam
between pairs of chirped mirrors and then sending the it through our MIIPS pulse shaper
(Multiphoton Intrapulse Interference Phase Scan, (Biophotonics))[22]. Here, the pulse is
compressed temporally and shaped spectrally to match the needs of the experiment. The
pulse is then split, where one arm (composing beams 1 and 2) passes through a delay stage
(Aerotech) and chopper where it is chopped every other camera frame. The stage position
changes the path length between the arms and generates the waiting time, 9.

After the delay stage, the pulses enter the GRAPES apparatus, shown in Figure 2.4.
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Figure 2.3: The GRadient Assisted Photon Echo Spectroscopy (GRAPES) apparatus uses
the same pulse sequence as point-by-point experiments. GRAPES, however, uses tilted
pulses to encode the coherence time delay ¢ across the vertical axis of the pulse. Shown
here for clarity is the rephasing component of the pulse sequence. The signal is emitted as a
photon echo and, as such, peaks when t;=t3. The local oscillator (L.O.) is tilted to match
the slope of the signal.
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Figure 2.4: Schematic for the GRAPES apparatus, described in the text.

Here, the beams are each split to produce a total of four beams. The beams reflect off of
the GRAPES optics, which imparts an upward vertical tilt in the wavevector of beam 1 and
a downward vertical tilt of beam 4 (see Ref. [16]). The beams are focused in the horizontal
dimension using a cylindrical mirror prior to passing through the sample. All beams except
for beam 4 and the signal are then filtered using a spatial mask. The heterodyned signal
is then focused onto the camera. The crossing point between beams 1 and 2 are centered
on the vertical camera pixels so that above the crossing point, the rephasing signals are
imaged, and below the crossing point, the nonrephasing signals are imaged. The coherence
time axis is measured interferometrically by measuring the scatter between beams 4 and 1
and between beams 4 and 2. The horizontal camera dimension (A3) is interpolated to the
frequency domain and Fourier transformed to obtain the time delay between each pulse pair
for each row of pixels along the vertical camera axis. The relative slopes between beams
1-4 and beams 2-4 constitute the coherence time delay. In our setup, a typical value for the
delay hovers around 0.5 femtoseconds per camera pixel.

The raw data are processed by first subtracting the chopped camera frames from the signal
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Figure 2.5: White light generated from filamentation through a pressurized tube of argon.
The spectrum spans from the fundamental (centered at 800 nm) to approximately 370 nm.
The spectrum was measured in June of 2021 with an integration time of 50 ms.

frames to remove scatter. The horizontal camera axis is then interpolated to frequency ws
for every coherence time ¢; and waiting time t9 value. The data cube is Fourier transformed
over w3 to put the signal fully into the time domain. The nonrephasing half of the data must
then be restructured because the waiting time delay changes across the vertical axis of the
camera[23]. This procedure is described in detail in Ref. [24]. The signal is then apodized
via a low pass filter in the woy domain and a high pass filter in the 3 domain. This removes
the majority of the remaining scatter contributions from the three pulses[21]. The data
are then Fourier transformed to the wq and wg frequency domains and the t9 time domain
and phased by applying absolute, linear, and quadratic phase functions to the frequency
domains. The values are selected according to the best fit to the pump-probe spectrum via

the projection-slice theorem.
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2.4 Instrument Improvements

In recent years, two major changes have been made to improve the performance of the in-
strument. First, the filamentation process was improved for white light generation. Efficient
filamentation depends on the pulse power, pulse compression, and the argon pressure. The
old compressor grating was replaced to improve the compression of the pulse following am-
plification. The Pockels cells in the amplifier cavity were replaced because the previous cells
were burned and oxidized. The white light generation is extremely sensitive to the Pock-
els cell alignment and timings. The cavity was realigned from scratch to maximize power
and minimize internal reflection from the Pockels cells. The seed input and output timings
were scanned over several nanoseconds for optimal white light generation. Finally, the argon
pressure was tuned to 22 psi, which is the maximum value that could be obtain without
diminishing power stability. The white light generation previously decayed around 500 nm.
With these improvements, the setup can regularly generate light down to 400-425 nm and
sometimes lower (see Figure 2.5 for a sample spectrum) with pulse power sufficient for 2DES
(25-35 mW, cutting off at 700 nm). This performance allows one to study samples that
absorb at bluer wavelengths, such as bacteriorhodopsin, which has a large spectral linewidth
and peaks at 560 nm [25, 26].

The second major change made to the instrument was rebuilding the pulse compression
setup. The optical configuration was adapted from Ref. [27] and a similar setup in the
group. It is shown in Figure 2.6. After the white light generation, the pulses are collimated
and sent through multiple pairs of chirped mirrors (DCM-9, (Laser Quantum, Novanta)) to
compensate for the positive dispersion induced by filamentation. Roof mirrors are used to
retroreflect the pulse in the vertical dimension and sent back through the chirped mirrors (see
Figure 2.7). Overall, we could fit up to 28 pairs of bounces onto two pairs of chirped mirrors.
The number of bounces can be adjusted for optimal pulse compression at the sample. We

measured the pulse width by the time-dependent intensity of the transient gradient signal
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Figure 2.6: Newly built compression setup. After filamentaion in the argon tube, the pulse is
spectrally filtered and attenuated prior to collimation with a pair of focusing mirrors. Then,
the pulses pass through many pairs of chirped mirror bounces for compression. Roof mirrors
displace the beam vertically, where they can pass through the chirped mirrors a second time
prior to being picked off by a flat mirror.

measured in a methanol sample. Our new compression setup generated a pulse on the order
of 10 fs. To further improve the setup for fine tuning of the compression, we will install a
glass wedge to input dispersion into the beam path that can be continuously varied.

The new configuration offers comparable temporal compression capabilities as the MIIPS,
but the power efficiency is improved by an order of magnitude. The MIIPS efficiency was
approximately 5%, and the new system falls between 40-50% depending on the number
of bounces needed. GRAPES has historically suffered from low fluences at the sample
because the pulses are focused to lines rather than points. Now, we can achieve up to 500-
1000 uW per pulse at the sample position. These values give us access to samples such
as bacteriorhodopsin, which hugely scatters light and has previously required high pulse
fluences to resolve the signal [26]. The increase in power also provides a higher upper value

for power-dependent studies to test effects such as exciton-exciton annihilation.
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Figure 2.7: Stacked alignment of the pulses onto pairs of chirped mirrors. The light was
spectrally filtered at 650 nm (shortpass) to demonstrate the blue light generated via the
argon tube. Photo credit: Qijie Shen.
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CHAPTER 3
LEVERAGING DYNAMICAL SYMMETRIES IN
TWO-DIMENSIONAL ELECTRONIC SPECTRA TO
EXTRACT POPULATION TRANSFER PATHWAYS

The work presented in this Chapter adapted and reprinted with permission from: J.S. Hig-
gins, A.R. Dardia, C.J. Ndife, L.T. Lloyd, E.M. Bain, and G.S. Engel, ”Leveraging Dy-
namical Symmetries in Two-Dimensional Electronic Spectra to Extract Population Transfer
Pathways,” Under Revision at Journal of Physical Chemistry A. Copyright 2022 Americal

Chemical Society.

We present a method to deterministically isolate population transfer kinetics from two-
dimensional electronic spectroscopic signals. Central to this analysis is the characterization
of how all possible subensembles of excited state systems evolve through the population time.
When these dynamics are diagrammatically mapped using double-sided Feynman pathways
where population time dynamics are included, a useful symmetry emerges between excited
state absorption and ground state bleach recovery dynamics of diagonal and below diagonal
cross peak signals. This symmetry allows removal of pathways from the spectra to isolate
signals that evolve according to energy transfer kinetics. We describe a regression procedure
to fit to energy transfer time constants and characterize the accuracy of the method in
a variety of complex excited state systems using simulated two-dimensional spectra. Our
results show that the method is robust for extracting ultrafast energy transfer in multistate
excitonic systems, systems containing dark states that affect the signal kinetics, and systems
with interfering vibrational relaxation pathways. This procedure can be used to accurately

extract energy transfer kinetics from a wide variety of condensed phase systems.
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3.1 Introduction to Population Analysis in Two-Dimensional

Electronic Spectroscopy

Two-dimensional electronic spectroscopy (2DES) is a technique used extensively over the
last two decades to study the excited state behavior of condensed phase systems[1, 2, 3, 4].
It has been used to interrogate excited state dynamics in photosynthetic light harvesting
complexes[5, 6, 7, 8,9, 10, 11], photobiological systems such as rhodopsin proteins[12, 13],
synthetic molecular systems[14, 15, 16, 17], and materials systems[18, 19]. In 2DES, the elec-
tronic excitation energies of a system are correlated with the detection energies, revealing how
the excited states are coupled[20, 21]. This coupling can be tracked through the population
time with femtosecond precision to monitor the dynamics of processes such as exciton en-
ergy transfer (EET). 2DES is a versatile tool to unpack many aspects of excited state system
and bath interactions in molecular systems, as one can study spectral lineshapes[22, 23, 24],
coherence dynamics(3, 4], and population kinetics[25, 26] in the signal analysis.

Due to the overlap of multiple peaks and dynamic contributions to 2DES signals, it
remains difficult to extract the exact kinetic rates that govern energy transfer[26, 27]. The
illumination of a sample with an ultrafast laser source excites many different dynamical
subensembles within the system|[20, 28]. These dynamics can converge onto a single lineshape
when the excitation and detection energies of the subensembles are similar, and many of these
lineshapes overlap at finite temperatures. The population time evolution at any given point
on a 2D spectrum is thus generated from many types of electronic or nuclear motion, such
as EET, ground state recovery, coherence, spectral diffusion, and vibrational relaxation[29].
It has been shown that 2D spectroscopy is capable of resolving the entire energy transfer
matrix of spectrally resolved complexes[27], and previous reports have extracted population
transfer tables in 2D spectra with global fitting analyses[6] and by using a combination
of decay associated and coherence associated spectra[30]. Another method uses a global

fitting procedure based on the variable projection album to fit all spectral components to a
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series of complex decaying exponentials to generate decay-associated spectra and coherence-
associated spectra[31].

In this paper, we extend an analysis method to fit to the kinetic parameters for population
transfer in two-dimensional spectra. This method has been used to differentiate the kinetics
of excitonic pathways in photosynthetic light harvesting systems[32], but it can in principle
be exported to others. The method differs from other methods in that it accounts for
all possible microscopic dynamics of the system and their relative signal contribution and
removes signals that interfere with energy transfer kinetics. The paper is outlined as follows.
We first describe the theory of nonlinear spectroscopy and how Feynman pathways allow one
to calculate the relative probability that dynamical subensembles contribute to the signal.
We then enumerate the types of Feynman pathways in excitonic systems and their relative
signal strengths, spectral location, and time evolution. We describe signal processing steps
to extract time constant information and methods to improve the accuracy. We then test
the method’s accuracy using simulated two-dimensional electronic spectra in a diverse set of
systems with increasing complexity, to find that the method is robust to molecular complexes

with dark states and interfering resonant vibrations.

3.2 Molecular Response Functions and Their Time Evolution

In 2DES, a nonlinear signal is generated in response to three pulses acting on the system[20,
28]. The pulses coherently couple the molecular dipoles and generate the third order polar-

1zation:

o0 o0 o0
P3(t1,ta, t3) :/ dts/ dtz/ dtq
0 0 0 (3.1)

X E(t —t3)Eo(t — t3 — to) By (t — t3 — to — t1)R3(t3, 12, 11).

This polarization is dependent on three distinct time variables representing the time delay
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between each pulse, referred to as the coherence time t¢1, the population time (or waiting
time) ¢9, and the detection time 3. In a semiclassical formalism, the three pulses are treated
classically, and the quantum mechanical information of the molecular system is encapsulated

in the third order response function R3:

-\ 3
Bty t2.00) = () Gutts 4 2+ )t + 00, o) u0) p-o0)l]), (52

Response functions describe how the ensemble of states reacts to the dipole perturbation
induced by the laser pulses[33]. The molecular density matrix p is acted on by the dipole
operator p[21]. The nested commutators allow all possible combinations of dipole operators
to act on either side of the density matrix, and the brackets ( ) depict an average over the en-
tire thermal ensemble. The magnitude of the transition dipole moment terms ju;5=(t;|u[1;)
determine the relative probability of transitioning between states i and j[34]. With multiple
dipole interactions acting on the density matrix, permutations from the nested commutators,
and averaging over the thermal ensemble, there is a large number of terms in the total third
order response function. These terms scale rapidly with the number of dipole-accessible elec-
tronic, vibrational, and vibronic states in the system. Each term in the response function
describes a particular subensemble, each of which has a probability of contributing to the
signal depending on intrinsic properties of the system, such as the transition dipole moments
or the transfer rate between the states coupled to the subensemble population.

In this analysis, we use double-sided Feynman pathways to visualize and track the compo-
nents of the third order response function (Equation 3.2)[21, 28, 35]. Feynman pathways have
been used in many physical systems to visualize the behavior of many-body dynamics[36].
An example Feynman pathway that undergoes population time dynamics is shown in Figure
3.1. The diagonal lines represent pulses driving transitions on either the bra or ket side
of the density matrix. Over each time interval, the signal evolves as either a coherence or

a population. For coherences, the signal oscillates with a frequency given by the energy
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Figure 3.1: Double-sided Feynman pathway representing a dynamical subensemble that un-
dergoes population transfer from state e, to e, during the population time, t9. The excitation
and detection axes w; and wg are respectively given by the bra-ket energy difference during
t1 and t3. The signal evolution through t9 is proportional to the population of excitation
probed from e that began in e, at t9=0. As such, the pathway will evolve with the kinetics
of energy transfer such that its rise time will be given by 7, and its decay will be given
by the loss of e, population, 747. The signal strength is weighted by the transition dipole
magnitudes of the four laser interactions, in this case |pq|?|sp|%.

difference between the two states and decays with a dephasing time 7 g,

G(t)aexp(iwijt —t/Tgepn) (3.3)

Here, G(t) is the Green function operator that drives time evolution to time ¢, and w=(FE; -
Ej)/R[20, 21]. The coherence generated in the third time interval produces the signal, which
we represent with the dashed line. For populations, the signal strength is proportional to
the population of the subensemble at time ¢[35]. As such, the signal will increase or decrease
with the microscopic population dynamics in the system. For example, the pathway shown
in Figure 3.1 undergoes population dynamics during the population time ¢o, where excitation
energy transfers from the excitonic state a to state b with a phenomenological time constant
T op (shown in the adjacent two excited state system). The signal during ¢9 that evolves from
this pathway, shown to the right, is directly proportional to the population of exciton b that
accumulates due to energy transfer from exciton a. The signal strength is weighted by the

transition dipole moments for each laser interaction (in this case |pa|?|py|?, shown as the
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signal peak).

The population kinetics during the population time t9 and how the dynamics of all
Feynman pathways contribute to the signal are the principle concern of this analysis. We
consider each Feynman pathway to represent a particular dynamical subensemble of the
system, carrying its own population time kinetics due to the system’s microscopic behavior.
Its relative contribution to the total signal is determined by the dephasing times of the
coherences, the kinetics of the populations (typically during t9), and the transition dipole
amplitude from the four light-matter interactions. The 24 possible pathways for a two
excited state system with a shared ground state are shown in Figure 3.2. These 24 Feynman
pathways constitute a basis set that can be used to describe the total response of a larger

set of states, including vibrational energy levels.

3.3 Time Constant Extraction Method

There are symmetries in the dynamical evolution of diagonal and below diagonal cross peaks
of 2D spectra that we can exploit to isolate the time constants for energy transfer. The
strongest signals in the diagonal and below diagonal peaks are the ground state bleach
(GSB), stimulated emission (SE), and excited state absorption (ESA) signals. For any
given diagonal peak a and cross peak a-b, the goal of this analysis is to remove all GSB
recovery signals and extraneous ESA signals, thus isolating the dynamics that evolve during
the population time due to a-b energy transfer. These signals can be fit exactly to kinetic
equations to isolate the phenomenological time constants for energy transfer. The following
section describes the Feynman pathways (Figure 3.3), approximations, and steps that this
method entails.

Figure 3.3A-B shows the SE, ESA, GSB, and GSB recovery population and their sub-
sequent population time evolution for a mock exciton e, diagonal peak and exciton eg,-e,

below diagonal cross peak. For the stimulated emission pathways, the population time dy-
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Figure 3.2: Possible electronic Feynman pathways for a system with two excited states, e;
and ej, that share a common ground state. The two states comprise two diagonal peaks and
two cross peaks. Each peak contains two ground state bleach pathways, two stimulated emis-
sion pathways, and two excited state absorption pathways that have distinct time evolution
in the population time, to. The symbol (*) denotes that there is a corresponding nonrephas-
ing pathway. These 24 pathways form a basis set to simulate multi-state two-dimensional
spectra.
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Figure 3.3: Excitonic Feynman pathways between diagonal peaks and corresponding below
diagonal cross peaks possess dynamical symmetries that allow for isolation of population
transfer signals. The major contributing pathways to these peaks (A, B) are stimulated
emission, excited state absorption, ground state bleach recovery, and ground state bleach
signals. The ground state bleach recovery signals evolve with the same kinetics given by 744
on both peaks, but the stimulated emission pathways evolve according to their respective
population transfer kinetics. The 744 time is typically much larger than energy transfer time
constants, though they are plotted here on a similar scale for clarity. One pair of excited state
absorption pathways evolve with identical t9 kinetics as the stimulated emission signals, while
the others are subtracted out (see Figure 3.4). The four pathways on the diagonal and cross
peak have the transition dipole strength |uq|* for the diagonal and |puge|?|us|? for the cross
peak. C) Coherence pathways do not contribute to the monotonic evolution of the total
signal. D) The normalized diagonal and cross peak signals can be subtracted to remove
the bleach recovery pathways and symmetrical excited state absorption pathways. What
remains is a signal whose kinetics evolve according to population transfer. The subtracted
signal can be used as a parameter to fit to energy transfer time constants. Note: for each
rephasing pathway that undergoes population evolution during t9, there is a corresponding
nonrephasing pathway that undergoes the same population time dynamics, not shown here
for brevity.
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namics evolve differently between diagonal and below diagonal peaks. The diagonal pathway
decays with population time due to loss of exciton e, population as it transfers to exciton
ep, the ground state, or to other states in the system. The cross peak pathway increases
with population time as e4-e; energy transfer occurs but then will decrease as the population
subsequently leaves exciton ep. At both the e, diagonal and e4-ep cross peak, the ground
state bleach and bleach recovery pathways undergo the same time evolution in the popula-
tion time with a time constant given by the relaxation from exciton a to the ground state.
The only difference between the bleach signals of each region is the interaction of the third
pulse. The diagonal pathway produces a |eq)(g| coherence while the cross peak pathway
produces a |ep)(g| coherence. For clarity, the bleach recovery traces are plotted in Figure 3.3
with a similar time scale as the energy transfer dynamics. However, recovery to the ground
state typically occurs on much slower timescales in most molecular systems (on the order of
nanoseconds), meaning they will contribute minimally to short time signals. The presence
of features such as conical intersections can speed up the bleach recovery and bring the time
constant into the energy transfer regime[12, 37|, so we include bleach recovery dynamics
here to preserve the generalizability of the method. For coherence pathways (Figure 3.3C),
signals associated with coherences will be nearly symmetric about zero (depending on the
speed of dephasing and oscillatory frequency) and therefore should not contribute signifi-
cantly to the retrieved dynamics of the signals. Therefore, the signals should be primarily
due to population dynamics.

We consider excited state absorption (ESA) pathways from physical systems in two com-
mon limiting cases: weak biexciton coupling and infinite biexciton coupling. In ESA path-
ways, the first two pulses put the system into a singly excited state, and the third pulse drives
a transition to a higher excited state. In the case of infinite biexciton coupling, there will be
no transition to the higher excited state, so the ESA pathways have no signal strength. In

the limiting case of weak biexciton coupling, we assume that the two exciton manifold states
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are spanned by direct products of the single exciton states. That is, the biexciton energies
are approximately the sum of the single exciton energies.

For a standard ESA pathway on the e4-ej, cross peak, the first two pulses put the system
into an e, population during ¢9, and the third pulse generates the biexciton state f,;. This
pathway will evolve over the population time in proportion to the loss of population from
exciton a (see Figure 3.4). Other ESA pathways on the cross peak include exciton energy
transfer (Figure 3.3B). Here, energy will transfer from state a to any state m over the
population time, and the third pulse will generate the biexciton state f;,,. ESA pathways
for all m states are possible except for m=b (because the biexciton state fy; is not viable).
For generalizability, we include the case m=a to be the standard pathway described at the
beginning of this paragraph. Interestingly, there are also energy transfer ESA pathways on
the diagonal peaks. On the e, diagonal (Figure 3.3A), energy transfers from exciton a at
the beginning of the population time to exciton n, and the third pulse generates a biexciton
state fy,. There will be an ESA pathway for each n state with the exception of n=a (for
the same reason described above). All of the ESA pathways described here scale with the
same transition dipole strength as the corresponding SE and GSB pathways. However, the
amplitudes of the signals are likely weaker due to lifetime broadening of the shorter-lived
biexciton coherence over t3. The shorter dephasing time spreads the signal over a broader
area on the detection axis, which reduces the contribution to each point[33, 38]. The relative
weakness of ESA signals can be seen in the largely positive diagonal and below-diagonal
2DES signals of photosynthetic light harvesting complexes|6, 8, 25, 39, 40|, demonstrating
that the positive SE and GSB pathways produce stronger signals in these regions.

For every set of ESA pathways on a diagonal peak a and below diagonal cross peak
a-b, all pathways not corresponding to the t9 evolution of stimulated emission pathways
will evolve with the same kinetics on the diagonal and cross peak. This is illustrated in

an example three exciton system in Figure 3.4A-B. The exciton 3 diagonal has two ESA
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Figure 3.4: Representative excited state absorption pathways for a mock three exciton sys-
tem. A) Exciton 3 diagonal and B) exciton 3-1 cross peak excited state absorption pathways
and their corresponding population time evolution. C) Exciton 3 diagonal and D) exciton
3-1 cross peak stimulated emission pathways and corresponding population time evolution.
Arrows between Feynman pathways indicate identical population time kinetics.
pathways (downhill energy transfer to excitons 1 and 2), and the exciton 3-1 cross peak has
two ESA pathways (loss of exciton 3 and downbhill energy transfer to exciton 2). Between
these two peaks, the exciton 3-2 energy transfer pathways evolve according to the same
kinetics. In contrast, the remaining pathways evolve differently between the diagonal and
cross peak. The 3-1 energy transfer pathway on the diagonal evolves with the same kinetics
as the SE pathway on the cross peak (but with a negative sign, see Figure 3.4D). Similarly,
the exciton 3 cross peak pathway evolves according to the diagonal SE pathway (but again,
with a negative sign, see Figure 3.4C). This example can be inductively generalized to any n
exciton system. These symmetries allow us to remove extraneous ESA pathways unrelated
to energy transfer between the two excitons.

We take advantage of these symmetries in the bleach recovery and ESA pathways to
remove their contribution to the signal evolution. At each peak, the pathways scale with the
same transition dipole strength, but the strength is different between peaks. We correct for

this difference by first normalizing each signal:
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. ~ Sig(T) — Sig(Ty)
norm(Sig(T)) = |Sig(Tf> — Sig(T;)|

(3.4)
Here, T; and T} are the initial and final 5 values for each time interval. The normalization
step removes the amplitude differences between the diagonal and cross peaks but keeps the
difference curvature due population transfer rates. We subtract the normalized diagonal
signal from its corresponding normalized lower diagonal cross peak signal to remove the
bleach recovery contribution, maintain the stimulated emission kinetics, and keep only the
ESA pathways that correspond to SE kinetics (Figure 3.4). Because the relevant ESA traces
evolve equally and oppositely to the SE kinetics on the corresponding peak, the subtraction
step will be additive for these kinetics. The time constant for the subtracted signal is a
parameter that can be used to fit to energy transfer time constants.

The schematic of steps for isolating the kinetic rate constants is shown in Figure 3.5. For
clarity, we use sequential exciton numbering, where exciton 1 is the lowest energy. First,
diagonal and cross peak regions of the excitonic peaks are averaged using circular windows.
Averaging over finite regions removes the bath dynamics from the signal such as vibrational
relaxation and spectral diffusion. These dynamics affect the lineshape evolution in the spec-
tra, and averaging removes this effect so that the signal evolves in time exclusively from
excitonic dynamics. Then, a population time interval is selected for curve fitting, typically
from times between 50 and 100 fs to about half the experimental time, typically around
1000 fs. The fitting procedure is then performed starting with energy transfer between the
lowest two excitonic states. The 2 diagonal and 2-1 cross peak are normalized according
to Equation 3.4 and then subtracted from one another. If necessary, the 7, time constant
can be obtained from the exciton 1 diagonal. The bleach recovery signal is removed in the
subtraction. The stimulated emission signals and remaining ESA signals evolve according to
2-1 energy transfer. Thus, the fit time constant for the subtracted signal must be the energy

transfer time constant 797.
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Figure 3.5: Scheme for extracting kinetic time constants from two-dimensional spectroscopic
signals. Time constants are calculated from lowest to highest exciton energy. The entire
procedure is repeated for multiple time intervals, and those with the best fitting subtracted
time trace are averaged to generate the most accurate time constants.
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The procedure then moves to the next highest excitonic state. The time constant 737, (‘3
loss,” or transfer from exciton 3 to other states) is estimated as the short time constant in a
biexponential fit to the 3 diagonal. This 7 g7, value must satisfy the other energy transfer time

constants 739 and 731 according to kgr,= L_1 4 L The3 diagonal and below diagonal

T3 731 | 732

cross peaks are then normalized, and one cross peak is selected to be subtracted from the
diagonal. Typically, the 3-1 cross peak is chosen to ensure a good fit to the subtracted time
constant because the peak signal monotonically increases over short experimental times,
rather than the 3-2 cross peak, which often has flatter curvature due to energy transfer in
and out of exciton 2. The normalized diagonal and cross peak signals are subtracted from one
another, and the remaining signal is fit to a set of kinetic parameters. These parameters are
typically a monoexponential decay function in excitonic signals, though other functions can
be used if they better fit the data. The subtracted fit is used as an empirical constraint for the
numerical procedure. Solutions to differential equations for energy transfer are numerically
calculated to fit to the diagonal and cross peak stimulated emission signals, which are also
normalized, subtracted, and fit to the same kinetic parameters. The resulting time constant
value is compared to the experimental data. The calculation is repeated for all short time
values of 731 and 732 under the constraint of 737, and the combination that best matches the
experimental subtracted time constant is selected as the best fit for energy transfer. (Note:
T91 has already been calculated, as it is used as a parameter in the differential equation.)
The numerical fitting procedure is done for higher energy levels as necessary.

This entire analysis, starting from the normalization of the 2 diagonal and 2-1 cross
peak, is then repeated with different time intervals until the time interval spans the entire
experimental time, typically 2000 fs. For each time interval, the goodness of fit for the
numerical signals is evaluated by calculating the root-mean-squared difference between the
experimental subtracted 2D signals and the numerically calculated subtracted signals. There

is a range of best-fitting time intervals are averaged over to produce the final time constant
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values for EET. This final averaging step minimizes error due to the arbitrary choice of time
interval. In the Supporting Information, we discuss how this method can be extended to
other systems.

We demonstrate this process with data from the Fenna-Matthews-Olson (FMO) com-
plex from green sulfur bacteria in reducing conditions. This analysis is conducted in the
following study without the final population time interval average[32]. Figure 3.6A shows
a two-dimensional spectrum of FMO at population time 800 fs. The three diagonal peaks
represent excitons 4, 2, and 1, which constitute a major energy transfer pathway through the

I circular window. Figure 3.6B-E

complex[25]. The time traces are averaged using a 70 cm”
depicts the signal subtraction process using a population time window range from 100 to
2000 fs. Figure 3.6B is the monoexponential fit to the normalized 2 diagonal subtracted
from the normalized 2-1 cross peak, which isolates the 791 time constant. Figure 3.6C is
the fit to the averaged exciton 4 diagonal peak, where the short time constant 71=225 fs is
estimated as the exciton 4 loss time constant. The monoexponential fit to the normalized
4 diagonal subtracted from the normalized 4-1 cross peak (Figure 3.6D) is then reproduced
in the numerical simulation (Figure 3.6E) such that 747 and 749 satisfy the 741, constraint.
After repeating this process over population time end points from 600 to 2000 fs, we find
that the lowest root-mean-square error falls in the range from 1700 to 2000 fs (Figure 3.6F).

After averaging over this range, we obtain the final averaged time constants 791 ayve=453 fs,

742 ave=409 fs, and 741 ave=496 fs.

3.4 Global Response and Method Accuracy for Excitonic

Systems

We simulated two-dimensional spectra of multi state systems by calculating each component
of the total response in the time domain, following the procedure laid out in Ref. [28].

All combinations of Feynman pathways from a system with two excited states (Figure 3.2)
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Figure 3.6: Demonstration of the analysis method using the Fenna-Matthews-Olson complex.
A) Absorptive population time spectrum at to=800 fs. Shown are the exciton 1, 2, and 4
diagonal peaks and their corresponding below diagonal cross peaks. Each peak region is
averaged using a 70 cm™! window. B) Fit to the normalized 2 diagonal subtracted from
the normalized 2-1 cross peak traces. The monoexponential time constant is approximately
equal to the 791 energy transfer time constant 455 fs. C) Biexponential fit to the averaged
exciton 4 diagonal trace. The first time constant is used as the 4 loss time. D) Fit to the
normalized 4 diagonal subtracted from the normalized 4-1 cross peak traces. E) Simulated
subtracted signal reproduces the signal time constant in panel (D) using 741=504 fs and
749=408 fs, which satisfies the constraint of 7. F) This process is repeated using a series
of population time ranges, and the root-mean-square error between the signals in (D) and
(E) are calculated. The time constants are averaged over the lowest error region to obtain
the final energy transfer time constants.
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were used to form a basis set to model systems with multiple excited states, taking care
not to double count pathways. We then Fourier transformed the ¢1 and t3 axes of the total
response to obtain wy and wg. Unless stated otherwise, the spectra were simulated near the
limit of infinite biexciton coupling. Three classes of energy transfer systems were simulated,
shown in Figure 3.7, to understand the accuracy of this method under differing excited state
structures. The first system (Figure 3.7A) is a standard excitonic model, featuring downhill
energy transfer between three electronic excited states. All states are dipole allowed from
the ground state and have a ground state recovery time 74 that is at least an order of
magnitude higher than the energy transfer times. The second system (Figure 3.7B) is the
dark state system, where a fourth electronic state is added with no transition dipole moment
between the state and the ground state. Excitons are allowed to transfer between this state
and the three bright excited electronic states, however, so its presence will affect the EET
kinetics of the three bright excitons. In this analysis, we include systems with a dark state
between excitons 1 and 2 and between excitons 2 and 3 and show that the dark state only
affects the extracted kinetics of adjacent excitons. In the third system (Figure 3.7C), a
vibrational energy level is added to each excited state whose energy gap is resonant with
the adjacent exciton energy gap. In this system, vibrational relaxation within one exciton
will create below diagonal cross peak signals that constructively interfere with EET signals.
We will show that while dark state kinetics and vibrational relaxation affect the cross peak
signal growth, the analysis method still accurately extracts the kinetic parameters for exciton
energy transfer.

We test the method’s accuracy in the two limiting ESA cases and the assumption that
coherence pathways don’t impact the method. We characterize the accuracy of the standard
system parameters when the relative contribution the signal strength of excited state absorp-
tion and coherence pathways is increased (Figure 3.8). The former is done by increasing the

dipole ratio ,Ufe/ [eg, Where fieq is the dipole moment of the ground to excited state transi-
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Figure 3.7: Three types of systems are used in global response calculations. A) Standard
electronic system with three bright excitonic states allowing downhill energy transfer and
slow relaxation to the ground state. B) Dark state system, where a fourth excitonic state
is added to the standard system. This state has no oscillator strength with the ground
state but still participates in downhill energy transfer with other excitons. Shown is a dark
state between excitons 2 and 1, but the same analysis is also conducted using a dark state
between excitons 3 and 2. C) Vibrational system, where vibrational modes resonant with the
exciton energy gap are added to the standard system. Vibrational relaxation constructively
interferes with below diagonal cross peak dynamics and slows the signal evolution.

tion, and fif, is the dipole moment from the first excited state to the biexciton state. Figure
3.8A shows the error in the standard three exciton system as the g, /lteg dipole ratio ranges
from zero to one. In most cases, the error falls below 15%, demonstrating that the method
works between the two limiting cases of infinite and weak biexciton coupling. For coher-
ence pathways, dephasing times in the hundreds of femtoseconds range (which are typical
dephasing times for vibrational and vibronic coherences[41, 42, 43]) might interfere with the
exponential pathways involving energy transfer. The presence of long-lived coherent signals
observed in multiple photosynthetic systems|5, 41, 44, 45, 46] might affect the time constant
extraction. Figure 3.8B shows the error as the dephasing time for excited state coherences
is increased from below 100 fs to 500 fs. The dephasing time has little effect on the accuracy
for any of the three EET time constants. The coherence pathways modulate the signal in
the population time, but they do little to affect the monotonic signal kinetics and therefore

the exponential fits. This result will hold true for both excited state electronic or vibronic

coherences and ground state vibrational coherences.
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Figure 3.8: Error analysis for interfering excited state absorption and coherence pathways
in the kinetic extraction method for a variety of time constants in the standard system. A)
Percent error for each time constant as a function of relative transition dipole magnitude
between pif, and peg, which corresponds to the relative signal strength of the excited state
absorption and ground state bleach /stimulated emission pathways, respectively. B) Percent
error as a function of dephasing time for excited state electronic coherences. Long-lived
coherences have little effect on the accuracy of the method because they do not contribute
to monotonic signal growth or decay.

61



We now compare the method’s accuracy for the systems shown in Figure 3.7 using mul-
tiple kinetic schemes for energy transfer. Tables 3.1-3.4 show the percent errors for each
time constant for the standard system, two dark state systems, and the vibrational system.
For the standard system (Table 3.1), we find that the method is accurate for energy trans-
fer systems with subpicosecond kinetics, as all but one time constant is fit to within 15%
accuracy. The 731 time constants are all fit within 10% accuracy, and the 797 constants
are all extracted within 5% accuracy. In schemes with picosecond energy transfer constants,
the method tends to inaccurately calculate the slow time constant with errors above 20%.
However, the accuracy of the subpicosecond time constants remains within 15% (Table 3.1).
This effect is likely due to the regression more accurately fitting signals that evolve several
e-folds through the population time (as experimental timeframes typically range from 0 to
2000 fs). We should note that for the standard system, averaging over multiple time intervals
does not significantly improve the accuracy of the method.

We find that dark states only affect the accuracy of the time constants for adjacent
excitons that are directly involved in energy transfer with the dark states. Table 3.2 shows the
method accuracy for multiple kinetic schemes when a dark state is added between excitons 1
and 2. For each scheme, the energy transfer to (794) and from (747) the dark state is changed
to test how the dark state kinetics affect the method’s accuracy. All 791 errors are greater
than 15%. This error is due to the kinetic sink effect between excitons 2 and 1. However, 731
and 739 remain accurate for all schemes where energy is allowed to flow to and from the dark
state, with many of the errors falling below 5%. This result is notable because the presence
of dark states on lower exciton manifolds does not disrupt the accuracy of the calculation
for higher excitonic states despite the fact that the fit to 731 and 739 relies on knowledge of
791. Table 3.3 shows the method accuracy when a dark state is added between excitons 2
and 3. In this model, 797 remains accurate for all kinetic schemes within 5%. However, 739

and 731 are each off by >30% for every scheme for the same kinetic sinking effect described
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above. In the method, 739 and 739 are simultaneously calculated to reproduce the time
constant of the subtracted signal (see Figure 3.5, step 7). An error in one time constant
due to the kinetic trap would therefore introduce an error in the other time constant. For
both dark state systems, averaging over multiple time intervals does not improve the method
accuracy. We should note that the method is only accurate when excitons are allowed to
flow in and out of the dark state. Tables 3.2-3.3 show the method is highly inaccurate for
all time constants when energy does not flow back. Thus, in systems containing dark states
that couple to the excitonic states, knowledge of the electronic states and their couplings
must be knowna priori to know which calculated time constants will be accurate.

In the final step of the analysis, multiple time intervals are averaged to minimize errors
due to arbitrary choice of population time intervals (Figure 3.5, step 8). This step does
not improve the accuracy of the standard and dark state systems, but it markedly improves
the accuracy of the vibrational system. Table 3.4 shows the method accuracy for multiple
kinetic schemes when the slow relaxation of resonant vibrations interferes with below diagonal
energy transfer cross peaks, as described in the previous section. The analysis method
remains accurate to 10% for all time constants after averaging over multiple population
time intervals. For the vibrationsl system, we find that the fits with the smallest least
squares fit to the subtracted signal and those which most accurately extract the energy
transfer time constants occur when shorter time intervals are averaged (e.g. from 50-1050
fs to 50 —1775 fs). This range is long enough to capture multiple energy transfer e-folds
but short enough to minimize the effect of picosecond signal changes due to vibrational
relaxation. This result is in contrast to the purely electronic standard and dark state kinetic
systems, where the smallest least squares error and most accurate time constant fits occur
over larger time intervals. In experimental molecular spectra, there will be slow signals due
to vibrational relaxation and other nuclear motion not completely removed from the signal

averaging[47, 48]. It is necessary to average over the time intervals to most accurately extract
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T91 Error Error T39 Error Error T31 Error Error
(fs) w/o w/ (fs) w/o w/ (fs) w/o w/
average | average average | average average | average
450 1.7% 1.6% 400 13.6% 13.1% 500 5.4% 5.2%
800 2.0% 1.8% 400 9.7% 7.6% 500 1.6% 1.1%
450 1.8% 1.8% 800 22.0% 22.0% 500 5.8% 5.8%
450 1.4% 1.3% 400 14.1% 12.0% 800 11.8% 10.0%
440 1.3% 1.0% 225 10.9% 10.9% 1500 | 21.9% 25.7%
450 1.9% 1.6% 1500 | 39.7% 29.1% 500 5.6% 4.5%

Table 3.1: Error in the standard three excited state excitonic system using six sets of energy
transfer time constants. The first four sets have only subpicosecond time constants, and the
last two have picosecond times. Shown is the percent error for each time constant with and
without averaging over multiple population time windows.

the kinetic time constants. The need to average over shorter time intervals could therefore
show the presence of interfering Stokes shift signals in experimental 2D measurements.

For all system types, the error in the time constant 791 is smaller than 737 and 739.
(Tables 3.1-3.4). This result is due to a combination of two effects. The first is the relatively
smaller number of kinetic pathways involving 2-1 energy transfer. For the 2 diagonal and 2-1
cross peak, there are no competing kinetic pathways that influence the signal. Conversely,
exciton migration through both the exciton 3-2-1 pathway and the direct 3-1 pathway both
cause the 3 diagonal to decrease and the 3-1 cross peak to increase with time. The compet-
ing pathways amplify small errors in the analysis because the 731 and 7392 time constants
because both 731 and 739 are fit simultaneously, as described above. The second effect is
the approximation of the exciton 3 loss pathway (Figure 3.5, step 4). The 731, time constant
is estimated as the short time constant of the diagonal. The loss rate constrains 732 and
731 because the sum k3o + k31 must equal kg, but other Feynman pathways such as the
ESA pathways and the ground state bleach recovery contribute to signal loss on the 3 di-
agonal. This approximation thus limits the possibility of reproducing the subtracted signal
with complete accuracy. However, we have shown that the time constants are still fit within

15% accuracy despite these limitations.
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Tod | Ta1 ||| 721 | Error Error 732 | Error Error 731 | Error Error
(fs) | (fs) ||| (fs) | w/o w/ (fs) | w/o w/ (fs) | w/o w/
average | average average | average average | average
900 | 900 ||| 450 | 15.6% | 17.5% 400 | 3.7% 3.4% 500 | 4.8% 3.4%
600 | 900 ||| 450 | 19.2% | 23.7% 400 | 1.2% 0.5% 500 | 11.6% | 7.5%
900 | 600 ||| 450 | 16.9% | 18.0% 400 | 1.7% 1.0% 500 | 12.6% | 9.6%
900 | Inf ||| 450 | 35.2% | 34.9% 400 | 47.9% | 41.7% 500 | 24.2% | 22.9%

Table 3.2: Error in the time constant extraction method when a dark state is added between
excitons 2 and 1. Here, 794 is the time constant for energy transfer from exciton 2 to the
dark state, and 74 is the time for energy transfer from the dark state back to exciton 1. The
percent error is calculated for each time constant with and without averaging over multiple
population time windows.

T34 | Ta2 ||| 721 | Error Error 732 | Error Error 731 | Error Error
(fs) | (fs) || (fs) | w/o w/ (fs) | w/o w/ (fs) | w/o w/
average | average average | average average | average

900 | 900 ||| 450 | 1.7% 1.3% 400 | 37.8% | 34.3% 500 | 51.4% | 23.3%
600 | 900 || 450 | 1.6% 1.3% 400 | 51.2% | 45.7% 500 | 173% 49.1%
900 | 600 || 450 | 1.6% 1.3% 400 | 40.7% | 36.4% 500 | 77.6% | 34.0%
900 | Inf ||| 450 | 1.9% 1.6% 400 | 11.3% | 13.5% 500 | 21.2% | 20.6%

Table 3.3: Error in the time constant extraction method when a dark state is added between
excitons 3 and 2 with the associated energy transfers given by 734 and 749. (Same as Table
3.2 but with a different dark state.)

Trelax || 721 | Error Error 732 | Error Error 731 | Error Error
(fs) (fs) | w/o w/ (fs) | w/o w/ (fs) | w/o w/
average | average average | average average | average

5000 ||| 450 | 8.5% 4.9% 400 | 11.4% | 10.3% 500 | 20.6% | 3.59%
5000 || 800 | 5.52% | 0.98% 400 | 4.4% 2.0% 500 | 33.0% | 6.7%
5000 | 450 | 8.4% 3.05% 800 | 14.2% | 7.0% 500 | 9.2% 7.6%
5000 || 450 | 8.70% | 4.08% 400 | 22.5% | 5.8% 800 | 2.1% 0.1%

Table 3.4: Error in the time constant method when resonant vibrations are added to exci-
tons 1 and 2 that interfere with below diagonal cross peak signal kinetics. The vibrational
relaxation times 7 .. are all 5000 fs. The percent error is also shown with and without
averaging over population time windows. In this system, the averaging step (Figure 3.5, step
8) improves the accuracy for all energy transfer time constants.
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3.5 Conclusion and Summary

We develop and characterize a method to accurately fit two-dimensional spectra to elemen-
tary kinetic rates for multistate energy transfer systems. We simulated two-dimensional
spectra for standard multiexcitonic systems undergoing energy transfer, systems comprised
of dark states that act as kinetic traps for energy transfer, and systems with resonant vi-
brations that undergo vibrational relaxation. The method remains accurate in the efficient
energy transfer regime in two common limiting cases for excited state absorption pathways
— weak and infinite biexciton coupling — and when the signals are convoluted by long-lived
coherence and interfering vibrational relaxation pathways. When dark states are present the
system, the fitting is accurate for energy transfer between states that are not adjacent to the
dark state. Extracting accurate kinetic information from EET systems can provide informa-
tion on the subtle microscopic parameters that influence and system and allow for precise
comparative analyses between systems with slight differences, such as point mutations and
functional group substitutions. As such, the method is widely applicable to excitonic systems

undergoing downhill population transfer.
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CHAPTER 4
PHOTOSYNTHESIS TUNES QUANTUM MECHANICAL
MIXING OF ELECTRONIC AND VIBRATIONAL STATES TO
STEER EXCITON ENERGY TRANSFER

The work presented in this Chapter has been published and adapted with permission from:
J.S. Higgins, L.T. Lloyd, S.H. Sohail, M.A. Allodi, J.P. Otto, R.G. Saer, R.E. Wood, S.C.
Massey, P-C. Ting, R.E. Blankenship, and G.S. Engel, "Photosynthesis Tunes Quantum
Mechanical Mixing of Electronic and Vibrational States to Steer Exciton Energy Transfer,”

PNAS 118, 2018240118 2021.

Photosynthetic species evolved to protect their light-harvesting apparatus from photox-
idative damage driven by intracellular redox conditions or environmental conditions [1, 2].
The Fenna-Matthews-Olson (FMO) pigment-protein complex from green sulfur bacteria ex-
hibits redox-dependent quenching behavior partially due to two internal cysteine residues
[3]. Here, we show evidence that a photosynthetic complex exploits the quantum me-
chanics of vibronic mixing to activate an oxidative photoprotective mechanism. We use
two-dimensional electronic spectroscopy (2DES) to capture energy transfer dynamics in
wild-type and cysteine-deficient FMO mutant proteins under both reducing and oxidizing
conditions. Under reducing conditions, we find equal energy transfer through the exciton
4-1 and 4-2-1 pathways because the exciton 4-1 energy gap is vibronically coupled with a
bacteriochlorophyll-a vibrational mode. Under oxidizing conditions, however, the resonance
of the exciton 4-1 energy gap is detuned from the vibrational mode, causing excitons to

preferentially steer through the indirect 4-2-1 pathway to increase the likelihood of exciton

1. Thank you to Prof. Robert Blankenship and Dr. Rafael Saer for providing the biological samples, to
Dr. Karen Watters for scientific editing of the manuscript, to Prof. Ryszard Jankowiak and Dr. Adam Kell
for detailed insight into their Redfield Model “C” and guidance for implementation of the model, and to Dr.
Jonathan Fetherolf for detailed discussions.
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quenching. We use a Redfield model to show that the complex achieves this effect by tuning
the site III energy via the redox state of its internal cysteine residues. This result shows
how pigment-protein complexes exploit the quantum mechanics of vibronic coupling to steer

energy transfer.

4.1 Significance of Redox-Dependent Vibronic Coupling

Photosynthetic light harvesting antennae transfer energy toward reaction centers with high
efficiency, but in high light or oxidative environments, the antennae divert energy to protect
the photosynthetic apparatus. For a decade, quantum effects driven by vibronic coupling,
where electronic and vibrational states couple, have been suggested to explain the energy
transfer efficiency, but questions remain whether quantum effects are merely consequences
of molecular systems. Here, we show evidence that biology tunes inter-pigment vibronic
coupling, indicating that the quantum mechanism is operative in the efficient transfer regime
and exploited by evolution for photoprotection. Specifically, the FMO complex uses redox-
active cysteine residues to tune the resonance between its excitons and a pigment vibration

to steer excess excitation toward a quenching site.

4.2 Introduction to Redox Conditions in Photosynthesis

Photosynthetic organisms convert solar photons into chemical energy by taking advantage
of the quantum mechanical nature of their molecular systems and the chemistry of their
environment[l, 4, 5, 6]. Antenna complexes, composed of one or more pigment-protein
complexes, facilitate the first steps in the photosynthesis process: They absorb photons
and determine which proportion of excitations to move to reaction centers, where charge
separation occurs[6]. In oxic environments, excitations can generate highly reactive singlet

oxygen species. These pigment-protein complexes can quench excess excitations in these

5



environments with molecular moieties such as quinones and cysteine residues|1, 7, §].

The FMO complex, a trimer of pigment-protein complexes found in the green sulfur bac-
terium Chlorobaculum tepidum [9], has emerged as a model system to study the photophys-
ical properties of photosynthetic antenna complexes[3, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19].
Each subunit in the FMO complex contains eight bacteriochlorophyll-a site molecules (PDB:
3ENI) that are coupled to form a basis of eight partially-delocalized excited states called
excitons (Figure 4.1) [20, 21, 22, 23]. Previous experiments on FMO have observed the
presence of long-lived coherences in nonlinear spectroscopic signals at both cryogenic and
physiological temperatures[11, 13]. The coherent signals are thought to arise from some
combination of electronic[24, 25, 26], vibrational[16, 17, 18], and vibronic[27] coherences in
the system[28, 29, 30]. One previous study reported that the coherent signals in FMO re-
main unchanged upon mutagenesis of the protein, suggesting that the signals are ground
state vibrational coherences[17]. Others discuss the role of vibronic coupling, where elec-
tronic and nuclear degrees of freedom become coupled[29]. Other dimeric model systems
have demonstrated the regimes in which these vibronically coupled states produce coherent
or incoherent transport and vibronic coherences[31, 32, 33]. Recent spectroscopic data has
suggested that vibronic coupling plays a role in driving efficient energy transfer through pho-
tosynthetic complexes|27, 31, 33, 34], but to date there is no direct experimental evidence
suggesting that biological systems use vibronic coupling as part of their biological function.

It has been shown that redox conditions affect excited state properties in pigment-
protein complexes, yet little is known about the underlying microscopic mechanisms for
these effects[l, 3]. Many commonly studied light-harvesting complexes, including the FMO
complex[20], light-harvesting complex 2 (LH2)[35], the PC645 phycobiliprotein[36], and the
cyanobacterial antenna complex isiA[37], contain redox-active cysteine residues in close prox-
imity to their chromophores. As the natural low light environment of C. tepidum does not

necessitate photoprotective responses to light quantity and quality, its primary photoprotec-
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Figure 4.1: A) Numbered sites and side chains of cysteines C353 and C49 in the FMO
pigment-protein complex (PDB: 3ENI)[20]. B) Site densities for excitons 4, 2, and 1 in
reducing conditions with the energy transfer branching ratios for the wild-type oxidized and
reduced protein. The saturation of pigments in each exciton denotes the relative contribution
number to the exciton. The C353 residue is located near excitons 4 and 2, which have most
electron density along one side of the complex, and other redox active residues such as the
Trp/Tyr chain. C353 and C49 surround site 111, which contains the majority of exciton 1
density. Excitons 2 and 4 are generally delocalized over sites IV, V, and VII.
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tive mechanism concerns its response to oxidative stress. C. tepidum is an obligate anaerobe,
but the presence of many active anoxygenic genes such as sodB for superoxide dismutase
and roo for rubredoxin oxygen oxidoreductase [38] suggests that it is frequently exposed to
molecular oxygen|8, 39]. Using time-resolved fluorescence measurements, Orf et al. demon-
strated that two cysteine residues in the FMO complex, C49 and C353, quench excitons
under oxidizing conditions[1], which could protect the excitation from generating reactive
oxygen species[8, 40, 41, 42]. In two-dimensional electronic spectroscopy (2DES) experi-
ments, Allodi et al. showed that redox conditions in both the wild-type and C49A/C353A
double mutant proteins affect the ultrafast dynamics through the FMO complex[3, 43]. The
recent discovery that many proteins across the evolutionary landscape possess chains of tryp-
tophan and tyrosine residues provides evidence that these redox-active residues may link the
internal protein behavior with the chemistry of the surrounding environment[41, 43].

In this paper, we present data showing that pigment-protein complexes tune the vibronic
coupling of their chromophores and that the absence of this vibronic coupling activates an
oxidative photoprotective mechanism. We use 2DES to show that a pair of cysteine residues
in FMO, C49 and C353, can steer excitations toward quenching sites in oxic environments.
The measured reaction rate constants demonstrate unusual non-monotonic behavior. We
then use a Redfield model to determine how the EET time constants arise from changing
chlorophyll site energies and their system-bath couplings[44, 45]. The analysis reveals that
the cysteine residues tune the resonance between exciton 4-1 energy gap and an intramolec-
ular chlorophyll vibration in reducing conditions to induce vibronic coupling and detune the
resonance in oxidizing conditions. This redox-dependent modulation of the vibronic coupling
steers excitations through different pathways in the complex to change the likelihood that

they interact with exciton quenchers.
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4.3 Redox-Dependent Exciton Steering by Cysteine Residues

We investigate the excitonic pathways that give rise to the different 2DES signals to de-
termine the roles of the cysteine C353 and C49 residues in exciton energy transfer. Two-
dimensional electronic spectra map the couplings between excitonic states and show how
the couplings evolve over time. The excitation energy (z-axis) of the system is correlated
with the detection energy (y-axis) at each waiting time delay T. We can plot the intensity
of peaks in the spectra with increased waiting time to observe the kinetic evolution of the
exciton populations. For example, a cross peak below the diagonal can report on energy
absorbed at a higher energy state and detected at a lower energy state, indicating energy
transfer between these states. Figure 4.2 shows 2DES spectra for the FMO wild-type, C353A
and C49A single mutants, and C353A/C49A double mutant samples under both oxidizing
and reducing conditions at waiting time T=1 ps. At later waiting times, the growth of be-
low diagonal cross peaks, where the excitation energy is greater than the detection energy,
indicates that there is downhill EET in the system at sub-picosecond rates. Using averaged
time traces for each of these spectra, we extracted the EET time constants for exciton 4-1,
4-2, and 2-1 energy transfer in each sample (see previous chapter).

Experimental time constant data in Table 4.1 show that the redox environment deter-
mines which pathways the excitation energy takes through the complex. Looking first at
wild-type FMO under reducing conditions, we see that 741, 749 and 791 are comparable at
504 4+ 12 fs, 408 £ 12 fs, and 455 + 11 fs, respectively, indicating that exciton 4 is equally
likely to transfer energy to exciton 1 through the direct 4-1 or indirect 4-2-1 pathways. The
branching ratios representing relative probability of EET for these two pathways are 0.45 and
0.55, respectively[46]. When the wild-type FMO is oxidized, 747 gets slower (1.5 ps), 749 gets
faster (227 fs), and 791 does not change, indicating that exciton 4 is more likely to transfer
energy through the indirect pathway under oxidizing conditions. Under these conditions, the

branching ratios for the direct versus indirect pathway become 0.13 and 0.87, respectively.
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Figure 4.2: Absorptive 2D spectra of the eight FMO samples at waiting time T=1 ps under
reducing (top row, A-D) and oxidizing (bottom row, E-H) conditions. In 2DES, the exci-
tation energy of a system is correlated with the detection energy, and the waiting time T
indicates the delay time between the pump and probe pulses. Spectra were normalized to
the peak amplitude at time T=0. The three peaks of the diagonal features in each spec-
trum represent excitons 4, 2, and 1. The growth of cross peaks below the diagonal indicates
downhill EET on the timescale of hundreds of femtoseconds.
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Experiment
791 (f8) 741 (f8) 742 (f5)
WT reduced 455 + 11 | 504 4+ 12 | 408 + 12
C353A reduced 544 £ 15 >5000 204 £ 20
C49A reduced 485 £+ 13 558 £ 25 537 + 25
C353A /C49A reduced || 567 £ 20 >5000 205 £ 24
WT oxidized 439 4+ 10 | 1480 + 11 | 227 + 11
C353A oxidized 438 + 11 853 £ 14 | 328 + 14
C49A oxidized 452 £ 9 520 £ 19 524 +£ 19
C353A/C49A oxidized | 594 + 17 | 1642 + 21 | 301 + 21

Table 4.1: Experimental energy transfer time constants for wild-type (WT), singly mutated,
and doubly mutated FMO samples under reducing and oxidizing conditions extracted from
two-dimensional spectra using the method detailed in the previous chapter.
In the 4-2-1 pathway, the excitation is steered to generate higher electron density near the
periphery of the system (exciton 2, Figure 4.1). The amino acids near this region contain,
among other redox-active residues, a Trp-Tyr chain which has been suggested to play a role
in the redox-dependent ultrafast dynamics of the FMO complex(3]. Given that 79; does not
change, steering the excitation through the 4-2-1 pathway under oxidizing conditions would
increase the likelihood of quenching at the cysteine 353 trapping site or charge transfer to the
Trp-Tyr chain [43]. As shown in previous work [1, 3], we see that the long time signal am-
plitudes of the oxidized wild-type complex decay faster than those of the reduced wild-type
complex. The signal amplitudes of the oxidized wild-type complex also decay faster than
those of the C353A/C49A double mutant samples, which decay at similar rates under both
redox conditions, indicating that the cysteines are responsible for the observed quenching.
Overall, we find that the C353 residue is responsible for exciton steering in reducing
conditions, based on the drastic change in time constants in the C353A mutants in reducing
conditions. However, we find that both C49 and C353 are active in oxidizing conditions.
We observe that the patterns in the time constants are non-monotonic and, in oxidizing
A detailed analysis of all single and

conditions, non-cooperative, as one would expect.

double mutant EET time constants can be found in the supplementary sections.
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4.4 Redfield Model Reveals Vibronic Coupling Mechanism for

Controlling Energy Transfer

To understand the complex, non-monotonic changes in the time constants for energy trans-
fer as a function of both redox environment and mutation, we employ a Redfield model to
show that the FMO protein structure facilitates redox-dependent exciton steering by tun-
ing its resonant coupling with a vibrational mode in bacteriochlorophyll-a. The Redfield
equation describes the relaxation of an exciton through the excited states of the complex
after second order perturbation by the system-bath coupling. The rate of energy transfer
increases with the spatial overlap of excitons, resonance between the excitonic energy gap
and bath oscillations through the spectral density, and the magnitude of coupling between
the system and these bath modes (Huang-Rhys factor) [47, 48]. An increased Huang-Rhys
factor indicates that there is greater system-bath coupling, meaning that the bath more
strongly couples to the excitonic states, and increases the rate of EET [47]. We varied the
pigment site energies and Huang-Rhys factors for bacteriochlorophyll-a sites II, ITI, and IV.
These sites are proximal (within 10 angstroms) to C353 and C49 and are most likely to be
electrostatically perturbed by cysteine mutation and oxidation [20]. We use a log-normal
spectral density with an added Gaussian curve centered at 260 cm™ representing coupling
to a vibrational mode in bacteriochlorophyll-a [44, 45]. The most illustrative energy transfer
dynamics maps were for sites III and IV, shown in Figure 4.3B-D. In the maps, the z-axis
represents the relative change in Huang-Rhys factor for a given site, the y-axis represents the
change in site energy, the colormap represents the value of the energy transfer time constant
as a function of these two variables, and the arrows represent changes upon mutation. Our
results represent the only consistent set of changes that reproduce the experimental data.
The calculated EET time constants can be found in Table 4.2. For example, in Figure 4.3B
the dashed blue line pointing downward from ‘WT oxidized’ to ‘0C49A’ shows that under

oxidizing conditions, mutation of the C49 residue lowers the site III energy by 100 cm™ but

82



Redfield Theory

Site II | Site Site Spectral | Spectral | Spectral || 791 | T41 | Tao

change | III v Density | Density | Density || (fs) | (fs) | (fs)

(em™) | change | change | Site II | Site III | Site IV

(em™) | (em™) | change | change | change
(S/S0) | (3/S0) | (3/S0)

WT reduced 0 0 0 1 1 1 508 | 499 | 437
C353A reduced || 0 -60 10 1 0.8 1.1 537 | 1601 | 397
C49A reduced 20 0 0 1 1 1 504 | 535 | 476
C353A/C49A 20 -60 10 1 0.8 1.1 525 | 1884 | 427
reduced
WT oxidized 40 120 70 1 1 1 264 | 1532 412
C353A oxidized || 40 60 40 1 0.8 1.2 395 | 725 | 398
C49A oxidized 20 20 10 1 1 1 455 | 504 | 443
C353A/C49A 20 -40 -20 1 0.8 1.2 534 | 988 | 509
oxidized

Table 4.2: Calculated changes made to the FMO Hamiltonian to reproduce the general trends
in spectroscopic data. The time constants were calculated using the "Model C” Redfield model
described in the text. The trends in the time constants are mapped visually in Figure 4.3.
does not affect the Huang-Rhys factor, in agreement with the difference in the corresponding
experimental time constant in Table 4.1.

Our Redfield model reveals that the FMO protein structure modulates different energy
transfer rates by tuning its resonant coupling with the vibrational mode centered at 260
cm™!. Figure 4.3A-B shows that when oxidized or reduced FMO is perturbed by mutation,
the energy of site III changes such that the distribution of the exciton 4-1 energy gaps
shifts in its resonance with the chlorophyll vibration. When site III energy is raised in
this FMO Hamiltonian, the exciton 4-1 energy gap decreases. In the wild-type reduced
Hamiltonian, the vibronic coupling between the energy gap distribution and the chlorophyll
vibration produces a subpicosecond 741 time constant|23]. The oxidized wild-type protein
has a 120 cm™ increase in site III energy relative to the reduced wild-type; the slower time
constant reflects the fact that the 4-1 energy gap is detuned from the chlorophyll mode
(Figure 4.2A-B). In both oxidizing and reducing conditions, we find that the changes to the
system Hamiltonian actually represent cooperative effects between mutations, meaning that

the changes to the double mutant are a combination of the changes to the two single mutants
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Figure 4.3: Calculated Redfield energy transfer rates of the FMO Hamiltonian upon changing
the site energies and degree of system-bath coupling (Huang-Rhys factors, S) for pigments
IT (A-B) and IV (C-D). The center points (S/Sg=1; site energy change Av=0 cm™!; plotted
as red circle) represent the wild-type FMO in reducing conditions. The blue circles represent
wild-type FMO in oxidizing conditions. A) Overlap of the distribution of exciton 4-1 energy
gaps in FMO with the spectral density for site III, representing relative vibronic coupling
with an intramolecular vibration. Increased overlap with the spectral density indicates that
the bath can more readily couple the two excitons, which increases the EET rate. B) Change
in the 747 time constant as site III energy and Huang-Rhys factor is changed. C-D) Change
in the 791 and 749 time constants as site IV is changed. The arrows represent how mutation
changes each FMO sample. The ‘0’ and ‘r’ prefixes represent the oxidized and reduced
parameters, respectively. For the reduced FMO samples, there is no change in the C49A
parameters, and the C353A changes are the same as the double mutant (DM) changes. In
every case, the double mutant is a sum of the two single mutant vectors. The calculated
changes are shown in Table 4.2.
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(Table 4.2).

Generally, the effect of oxidation raises the site III energy based on the number of unmu-
tated cysteines present, while the effect of mutation lowers the site III energy (Table 4.2).
Our experimental data showed that 741 slowed down significantly (>5 ps) when the C353
residue was mutated under reducing conditions, discussed above. In the Redfield model, this
change is least perturbatively achieved by lowering the energy of site III by >50 ¢cm™!, which
increases the 4-1 energy gap and diminishes the vibronic coupling with the chlorophyll mode,
as shown by the arrows representing site mutation in Figure 4.3B. The reduced C49A time
constants are relatively less changed, so we assume that the site energies for this mutant
are roughly equal to the wild-type reduced parameters. The changes in the reduced double
mutant C49A /C353A parameters are thus exclusively caused by the C353A mutation.

In the oxidized samples, mutating C353 or C49 subsequently lowers the site III energy
such that the vibronic resonance with the bacteriochlorophyll-a mode is increased in each
single mutant and is decreased cooperatively in the double mutant. In Figure 4.3B, we
see that the calculated 74; time constants in the oxidized single mutants are faster than
the double mutant because each single mutant is passing through the resonance vibronic
coupling region. These changes to site III upon mutation of the oxidized cysteine residues
shift the exciton 4-1 energy gap through various magnitudes of vibronic coupling with the
intrinsic chlorophyll mode to facilitate steering of energy transfer pathways.

In the reduced FMO complex, the resonance between the 4-1 energy gap and the spectral
density demonstrates that the chlorophyll vibration is able to couple the excitonic states and
facilitate energy transfer. The cysteine residues manipulate the electronic Hamiltonian of
FMO by tuning the degree of vibronic coupling between the exciton 4-1 energy gap and the
intramolecular vibration centered at 260 cm™L. The resulting assignments of site changes to
the FMO Hamiltonian are supported within the limitations of Redfield theory because the

mutations and redox-conditions primarily perturb the excitonic Hamiltonian, not the system-
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bath coupling, as evident from the changes in peak position of the linear absorption spectra.
In this new mechanism, the system steers the excited-state energy transfer toward quenching

sites near the protein periphery in response to potentially dangerous oxic conditons.

4.5 Discussion: Exciton Steering by Vibronic Tuning

In this study, we show that redox-active residues in FMO steer energy transfer through
different pathways in the complex by tuning the excitonic energy in and out of resonance
with a vibrational mode of the pigments. In the oxidized wild-type protein and the reduced
mutated C353A and C353A/C49A proteins, the vibronic coupling is detuned because the
site III energy is changed, causing the exciton 4-1 energy gap to shift out of resonant coupling
with an intramolecular vibration in the bacteriochlorophyll molecule. In these conditions,
the indirect exciton 4-2-1 energy transfer pathway becomes more kinetically favorable than
the direct exciton 4-1 pathway, increasing the likelihood of interacting with quenching sites in
the protein. The redox-dependent vibronic coupling shown here exemplifies an evolutionary
mechanism by which photosynthetic organisms can exploit the quantum mixing between

electronic and vibrational states to control excited state energy transfer dynamics.

4.6 Materials and Methods

4.6.1 Ezperimental Parameters

Two-dimensional spectra of wild-type, C353A, C49A, and C535A/C49A FMO under oxi-
dizing and reducing conditions were acquired at 77 K, as described in detail in a previous
publication[3]. Briefly, we used a cryostat containing liquid nitrogen (Oxford Instruments)
to cool the sample to 77K. To generate a glass, we mixed the protein buffer (CAPS, pH 10.5)
with 50% glycerol and loaded the solution into a 200 um quartz cuvette (Starna) coated with
SigmaCote. We generated ‘oxidizing’ conditions by handling the sample in ambient air prior
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to cooling. To create ‘reducing’ conditions, we added sodium dithionite to a concentration
of 10 mM.

For the spectroscopic measurements, using the output of a regenerative amplifier (Coher-
ent Inc. Legend Elite USP, 35 fs, centered at 800 nm), we generated coherent light spanning
from 775 to 840 nm via self-phase modulation in 15 psi of argon. The pulse was then tempo-
rally compressed to less than 20 fs using a pulse shaper (Biophotonic Solutions, MIIPS). We
acquired 25 2DES spectra for each sample using our single-shot, GRadient Assisted Photon
Echo Spectroscopy (GRAPES) setup, described in detail elsewhere[49, 50, 51, 52]. We also
collected pump-probe spectra of each sample to phase the data using the projection-slice the-
orem. We phased each spectrum separately and then averaged them to produce an averaged

fully absorptive signal.

4.6.2  Eaxtraction of Kinetic Parameters

To obtain the time constants 791, 749, and 747 for each FMO sample, we averaged over
the diagonal and below diagonal cross peak signals using a circular window with a 70 cm™
range. The center points of the circles for each exciton pair were taken from the peaks of the
respective linear absorption spectrum. The signals were then normalized, and the normalized
diagonal signals were subtracted from the normalized cross peak signals to remove the bleach
recovery contribution. The subtracted signals were then fit to phenomenological kinetic
equations for energy transfer. The time constant 79; was fit with the 2 diagonal and 2-1

cross peak, and the 741 and 749 time constants were fit with the 4 diagonal and 4-1 cross

peak using the 4 diagonal time constant as a fit constraint.

4.6.3 Redfield Energy Transfer Calculations

We calculated the Redfield energy transfer rates resulting from changing the FMO Hamilto-
nian. We used the ‘Model C’ FMO Redfield model developed by Kell et al. 2016 (Ref [45])
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and their most recent FMO Hamiltonian as listed in Ref [23]. Calculated rates using uncor-
related sites were averaged over static disorder with 5,000 Hamiltonians for each site using
the same disorder parameters, Huang-Rhys factors, variances, and bath cutoff frequencies
as listed in Ref [45]. We added a Gaussian line centered at 260 cm™ with a FWHM of 20
cm™ to the spectral density of each site. We calculate the energy rates after varying the site
energies and Huang-Rhys factors for sites II, III, and IV. We fit to the set of changes for
each FMO sample and constrained the set such that mutation and oxidation are consistent

for all FMO samples.

4.7 Supporting Material: Exciton Steering by Individual

Cysteine Residues

Reduced C49A mutant kinetics are similar to those of the reduced wild-type, which implies
that C49 does not play a role in energy transfer when reduced. However, mutation of C353
singly or in the double mutant C353A/C49A under reducing conditions (Table 4.1) also
redirects energy transfer to the 4-2-1 pathway. In both C353A and C353A/C49A, 741 slows
down (from 504 fs to >5 ps) while 740 becomes faster (from 408 fs to 204 fs). The time
constant 791 also slows down (from 455 fs to 544 fs) although the difference in transfer
rate between wild-type and mutants is much less pronounced, and we note that the slower
T91 in the mutant C353A sample does not directly affect the propensity of exciton 4 to be
steered through either the direct or indirect pathway. Due to significantly slower 741 time
constants in the C353A and C353A/C49A samples, the relative probability of an exciton
moving through the 4-2-1 pathway is significantly increased. The unfavorable kinetics of the
direct 4-1 pathway in the reduced C353A sample provides evidence that the C353 residue
plays an active role in steering through the 4-1 pathway in FMO under reducing conditions.

In the oxidized FMO complex, the time constant data show that both C353 and C49

residues steer excitations through the direct 4-1 or the indirect 4-2-1 pathways. As discussed
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in a previous section, when wild-type FMO is oxidized, 741 slows down (1.5 ps) and 749 speeds
up (227 fs) as energy transfer is steered through the 4-2-1 pathway. When C353 or C49 are
individually mutated under oxidizing conditions the time constant values approach the wild-
type reduced values: 741 gets faster (853 fs and 520 fs for C353A and C49A respectively), 749
gets slower (328 fs and 524 fs, respectively), and 791 once again exhibits little change. These
741 and 749 results for the individual mutant samples indicate that C353 and C49 cysteine
residues are both involved in steering through the 4-1 and 4-2-1 pathways under oxidizing
conditions. Additionally, the C353A time constants change significantly between reducing
and oxidizing conditions, which further suggests that the C49 residue, which is present in
this mutant, becomes activated when oxidized and plays a large role in the excitonic steering
in ambient conditions.

Based on these results, we might expect to observe a cooperative effect in the oxidized
double mutant C353A /C49A. However, in the oxidized double mutant, 747 essentially returns
to the oxidized wild-type time constant value. Further, it appears that redox-active residues
other than C353 and C49 are involved in steering excitations. For example, the 741 time
constant in the oxidized double mutant (1642 fs), while comparable to the oxidized wild-type
(1480 fs), is still much faster than 74 in the reduced double mutant (>5 ps). Oxidation
therefore likely affects exciton dynamics through other redox-active residues besides C49 and
(353 in the complex.

It has been previously shown that C353 is the more active quenching residue in oxidized
FMO on longer timescales [1]. C353 is located in the center of the electron density for
excitons 1, 2, and 4, whereas C49 is near exciton 1 but not the bulk of electron density
for excitons 2 and 4 (Figure 4.1). The spatial location of the two residues within the lower
exciton manifold may explain, in part, their relative importance in controlling the excited-
state energy transfer properties: C353 is active under both reducing and oxidizing conditions,

while C49 is active only under oxidizing conditions when it can act as a thiyl radical.
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Our results show that under oxidizing conditions, exciton density is steered toward
quenching sites and the tryptophan/tyrosine chain. This chain has been identified as con-
served within FMO[3], and Gray and coworkers have identified these chains as redox active
outlets in other enzymatic systems[43]. We believe that steering toward the periphery of
the chromophore structure does not significantly increase the chance of interacting with
molecular oxygen because of the competition from this Trp/Tyr quencher. Indeed, it has
been shown in previous publications that excitons are quenched more rapidly in the wild-
type FMO protein under oxidizing conditions than under reducing conditions[l, 7]. We
show the same trend in absolute valued signal amplitude at long waiting times. This data
agrees with the dithionite effect reported by Blankenship in the 1990s[53]. In the wild-type
protein, the signal amplitude decreases significantly faster in oxidizing conditions than re-
ducing conditions for the diagonal peaks and the 4-1 and 2-1 cross peaks. In the doubly
mutated C353A/C49A samples, the signal amplitudes under both redox conditions decay at
similar rates. These results show that the redox-dependent steering of excitons in oxidizing

conditions does indeed lead to increased quenching by the cysteine residues.

4.8 Supporting Material: Redfield Model Accounts for All

Perturbative Changes to System

The Redfield model, an equation for EET that is perturbative in the system-bath coupling,
explains how the cysteine residues electrostatically change the electronic Hamiltonian of the
chromophores under different redox conditions. In 2016, Kell et al. used an updated FMO
Hamiltonian averaged over static disorder with different spectral density and static disorder
parameters for site III, which enabled a more accurate model of energy transfer between
adjacent excitons in FMO [45]. This model reproduces the 791 and 749 time constants for
the reduced wild-type FMO from our experimental data, but not the 741 time constant.

The energy gap between excitons 4 and 1 is approximately 260 ¢cm™, which corresponds to
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a mode observed in the hole-burning spectra of bacteriochlorophyll-a[54, 55] and has been
assigned to an intrinsic vibration in the pigment. Once we add a Gaussian curve centered at
260 cm! to the spectral density of each site (Figure 4.3A), we are able to reproduce the 741
time constant (approx. 500 fs) from the reduced wild-type experimental data. We take this
Hamiltonian and spectral density parameters in our calculations to represent the reduced
wild-type FMO.

The necessary addition of the resonant vibrational mode to the Redfield model developed
by Kell et al. in order to reproduce the 741 time constant suggests vibronic coupling in the
reduced FMO protein. Vibronic coupling occurs when an electronic energy level mixes
with an excited vibrational state of another exciton. Here, the electronic and vibrational
eigenstates of the system Hamiltonian become non-trivially mixed due to the energy gap
between the electronic states being nearly resonant with the vibrational transition[29]. This
coupling implies that the eigenstates of the FMO Hamiltonian cannot be purely electronic
in nature but must have some vibrational component. This mixing necessarily affects the
energy transfer dynamics. In the case of 4-1 energy transfer in FMO, a vibrational mode in
bacteriochlorophyll-a couples the two excitonic states.

We found the six-dimensional space formed by perturbation of the energies and Huang-
Rhys factors of sites II, III, and IV, which each make up a portion of the electron density
for excitons 1, 2, and 4 (see Figure 4.1), sufficient to fit all our observations. In this six-
dimensional space, mutation and oxidation can each be represented as vectors, shifting site
energies and bath couplings. We constrained the time constant fits by requiring that the
eight samples (FMO wild-type and C353A, C49A, and C353A/C49A mutant samples un-
der oxidizing and reducing conditions) be internally consistent such that the mutation and
oxidation vectors are both additive (Figure 4.3 and 4.4, respectively).

In the Redfield analysis, we varied the Huang-Rhys factors because the centerline slope

(CLS) traces for excitons were different between samples. It has been shown that the wait-
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Figure 4.4: Redfield energy transfer maps displaying the cooperative effect of oxidizing each
sample.

ing time change in the CLS in a two-dimensional spectrum corresponds to the decay of the
frequency-frequency correlation function for that transition[56]. Thus, there are bath dy-
namics that differently modulate the energy levels of the excitons in each system. We can
thus expect reasonable differences in the bath coupling terms (Huang-Rhys factors) in each
FMO sample.

The fitting for the Redfield analysis was constrained such that the values for site energies
and Huang-Rhys factors are internally consistent for all samples and all three time constants
T41, T42, and 791. For mutation, it can be seen that for both sets of oxidizing and reducing
samples, the changes in double mutant values are the sum of the changes in the two single

mutant values:

Amutcgssa caga = Amutcggn + Amutcsssa (4.1)

This is true both for individual site changes and individual spectral density changes. We
discussed that there are other redox-active residues in the complex that affect the ultrafast
dynamics because the double mutant time constants change when oxidized. When we oxidize
C353 plus C49 plus these ‘other’ residues individually, their sum total effect is equal to
oxidizing the wild-type. Thus, the total change in the wild-type parameters must be equal
to the change in the parameters due to these other residues plus the change due to each single
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mutant. However, the oxidation of each single mutant sample also includes the contribution
from the other residues. Therefore, the oxidation effect of each individual cysteine residue
must be from the other corresponding single mutant minus the double mutant. Internal

consistency under oxidation follows the following formula:

Aoxwt = Aoxpy + (Aoxcgsza — Aoxpy) + (Aoxrcgga — Aoxpyy) (42)

= Aozcgsza + Aorcyga — Aorpym

Here, Aoxj= site energyopidizedi - Site €nergyredyced,i for each time constant. The term
Aoz cgs3A /Ca9A Trepresents oxidation of the ‘other’ residues, the term A oxcgs3a-Aoxpym
represents oxidation of C49, and the term Aoxcyga-Aoxpy represents oxidation of C353.
When we oxidize the double mutant, we are only oxidizing the ‘other’ residues. When we
oxidize the C353A sample, we are in reality oxidizing C49 plus the ‘other’ residues, and
vise versa for oxidizing the C49A sample. This effect can be seen visually in Figure 4.4.
Each individual site and Huang-Rhys factor in the theoretical values of Table 4.2 follows this
pattern of consistency.

In addition to vibronic tuning, the changes to the FMO Hamiltonian revealed by our
Redfield model suggest that changes to the protein environment likely affect site II, but
the specific effects are more difficult to determine with confidence because the contribution
numbers c,\> for site II to excitons 1, 2, and 4 are small[21]. The redox-dependent change
in bacteriochlorophyll-a site IV energy, however, shows similar trends to that of site III.
Under reducing conditions, the C353A and C353A/C49A mutants have slower 791 and 741
time constants and faster 749 time constants than the wild-type sample (Table 4.1). This
effect is achieved in the Redfield model by raising the energy of site IV by 10-20 cm™! (Figure
4.3C-D). As with site III, oxidizing the wild-type protein raises the energy of site IV. Figure
4.3C-D shows that when the energy of site IV is raised, the 2-1 energy gap increases and

the 4-2 energy gap decreases; 791 slows down and 749 speeds up as the energy gaps shift
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in resonance with the low energy region in the spectral density. We also note that while
oxidation increases site III energy in both single mutants, the changes in site III and IV
energies are more significant in C353A than in C49A (Tables 4.1 and 4.2). As C353A is
inactive in the oxidized C353A mutant, we conclude that the C49 residue exerts a larger

redox-dependent effect on the energy transfer between excitons.
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CHAPTER 5
REDOX CONDITIONS CORRELATED WITH VIBRONIC
COUPLING MODULATE QUANTUM BEATS IN
PHOTOSYNTHETIC PIGMENT-PROTEIN COMPLEXES

The work presented in this Chapter has been published and adapted with permission from:
J.S. Higgins, M.A. Allodi, L.T. Lloyd, J.P. Otto, S.H. Sohail, R.G. Saer, R.E. Wood, S.C.
Massey, P-C. Ting, R.E. Blankenship, and G.S. Engel, ”Redox conditions correlated with
vibronic coupling modulate quantum beats in photosynthetic pigment-protein complexes,”

PNAS 118, 2112817118 2021.1

Quantum coherences, observed as time-dependent beats in ultrafast spectroscopic exper-
iments, arise when light-matter interactions prepare systems in superpositions of states with
differing energy and fixed phase across the ensemble. Such coherences have been observed
in photosynthetic systems following ultrafast laser excitation, but what these coherences im-
ply about the underlying energy transfer dynamics remains subject to debate. Recent work
showed that redox conditions tune vibronic coupling in the Fenna-Matthews-Olson (FMO)
pigment-protein complex in green sulfur bacteria, raising the question of whether redox con-
ditions may also affect the long-lived (100 fs) quantum coherences observed in this complex.
In this work, we perform ultrafast two-dimensional electronic spectroscopy measurements
on the FMO complex under both oxidizing and reducing conditions. We observe that many
excited state coherences are exclusively present in reducing conditions and are absent or
attenuated in oxidizing conditions. Reducing conditions mimic the natural conditions of the
complex more closely. Further, the presence of these coherences correlates with the vibronic

coupling that produces faster, more efficient energy transfer through the complex under re-

1. Thank you to Prof. Robert Blankenship and Dr. Rafael Saer for providing the biological samples, and
to Dr. Karen Watters for scientific editing of the manuscript
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ducing conditions. The growth of coherences across the waiting time and the number of
beating frequencies across hundreds of wavenumbers in the power spectra suggest that the
beats are excited state coherences with mostly vibrational character whose phase relation-
ship is maintained through the energy transfer process. Our results suggest that excitonic
energy transfer proceeds through a coherent mechanism in this complex and that the coher-
ences may provide a tool to disentangle coherent relaxation from energy transfer driven by

stochastic environmental fluctuations.

5.1 Significance of Long-Lived Coherences

Photosynthetic organisms evolved their light harvesting antenna complexes to optimize en-
ergy transfer. It was recently shown that the redox environment can tune the mixing of
electronic and vibrational states to steer energy through different pathways of a pigment-
protein complex. Quantum beating signals in spectra of pigment-protein complexes have
been used to probe the excited state dynamics within the complexes, but the microscopic
dynamics that generate these signals and their role in promoting energy transfer are not fully
understood. Here, we show that the redox environment that tunes energy transfer similarly
tunes the quantum beating signals in the same complex. We find that the beats report on
excited state vibrations that maintain coherence through the vibronically enhanced energy

transfer process.

5.2 Introduction to Quantum Coherences

Photosynthesis relies on light harvesting pigment-protein complexes that absorb sunlight and
transfer the energy to reaction centers[1]. The growth, development, and productivity of a
photosynthetic organism are bounded by how efficiently antenna complexes can funnel solar

energy to reaction centers [2, 3, 4] and the robustness of these complexes to environmental
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damage. To optimize both light absorption and energy transfer, the protein both serves as
a structural scaffold that holds the light-absorbing pigments at specific relative orientations
and also a dissipative bath to facilitate relaxation [5]. Both inter-pigment coupling and
pigment-bath coupling contribute to the energy transfer dynamics of antenna complexes
6, 7, 8].

The microscopic motions that drive energy transfer can preserve the quantum coherence
in a system. Quantum coherence is an ensemble phenomenon that results from sustained
phase relationships between superpositions of states across space and time [9]. It can be de-
tected as time-domain beating signals in two-dimensional and pump-probe spectra. Dephas-
ing and decoherence, which diminish the beating amplitude of the signal, depend critically on
complex dynamical interactions between the system and the bath; therefore, quantum beats
arising from coupling between excited states offer unique insight into system-bath interac-
tions and the relevant energy transport dynamics of complex systems [10, 11]. Long-lived
quantum beats persisting for hundreds of femtoseconds to picoseconds have been observed
in the FMO pigment-protein complex from green sulfur bacteria [8, 12, 13, 14]. Although
initially assigned to long-lived coherences between electronic states [8], later studies have
hypothesized that these coherences arise from vibrational states on the ground state surface
[15, 16, 17] or between vibronic states [18, 19], which could microscopically explain how
the beats can persist for hundreds of femtoseconds. Vibronic states arise when excitonic
states with different levels of vibrational excitation couple to form a new basis of mixed
electronic-vibrational states[20]. Recent work using rephasing pathways to isolate excited
state coherence signals has suggested that the purely electronic coherences in FMO dephase
within 100 fs[19, 21]. The longer lived coherences are likely a combination of ground state
vibrational, and excited state vibrational, and vibronic coherences, though their functional
role in photosynthetic light harvesting is not yet fully understood[22, 23, 24, 25].

Changes in the redox environment of an antenna complex can additionally affect the
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observed photophysical and transport properties. In the FMO complex, the addition of
an oxygen-scavenging reducing agent, such as sodium dithionite, significantly enhances the
fluorescence quantum yield[26]. The addition of such a reducing agent mimics the physio-
logical environment of green sulfur bacteria, which are anaerobic phototrophs that cannot
survive in highly oxic environments[27]. Recent work on the FMO complex identified a
pair of cysteine residues (Figure 5.1A) that, upon oxidation of the side chain thiol to a
thiyl radical, nonradiatively quench excitations via a charge transfer and recombination
mechanism|28, 29, 30]. Ultrafast spectroscopic experiments have shown that the excitonic
transport dynamics through the FMO complex are faster under reducing conditions[31]. In
reducing conditions, the cysteine residues tune the resonant vibronic coupling between the
excitons and pigment vibrations to enhance energy transfer, whereas in oxidizing conditions,
the vibronic coupling is detuned to steer excitations toward the nonradiative quenching
sites[32]. These results showed that resonant vibrations play a definitive role in photosyn-
thetic energy transport, as conceptualized originally by the Olaya-Castro group(33, 34, 35].
In particular, quantized vibrations can promote non-sequential energy transport [33], shown
by the vibronically enhanced exciton 4-1 energy transfer in FMO in reducing conditions[32].
Given the influence of redox on excitonic energy transport, it is likely that redox environment
also affects excited state quantum beating signals observed in photosynthetic complexes.

In this work, we use two-dimensional electronic spectroscopy (2DES) to investigate how
the long-lived quantum coherences observed in the FMO complex are affected by oxidizing
and reducing conditions and the subsequent influence on energy transfer. We observe a posi-
tive relationship between enhanced quantum coherence signals and the vibronic coupling ob-
served in reducing conditions[32]. Using a spectral analysis method described previously[19],
we find that under reducing conditions, the beating magnitudes of many long-lived coher-
ences are increased relative to their magnitudes under oxidizing conditions and that many

of the quantum beats appear as below-diagonal stimulated emission features in the 2D spec-
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Figure 5.1: Redox condition affects excited state behavior in the wild-type FMO complex. A)
Structure of the FMO complex and the eight bacteriochlorophyll-a sites held by the protein
scaffold (PDB: 3ENI)[29]. Shown in red are the two cysteine residues, C49 and C353, that
are known to steer and quench excitations in oxidizing conditions and tune vibronic coupling
for enhanced energy transfer in reducing conditions[30, 32]. B) Linear absorption spectra
of the wild-type oxidized (blue) and wild-type reduced (red) FMO complex at 77 K. Shown
in gray is the laser spectrum used. C, D) Rephasing 2D electronic spectra under oxidizing
and reducing conditions at waiting time T = 40 fs. Differences in the lower-diagonal cross
peaks between experiments indicate faster, more efficient energy transfer when the complex
is reduced.

108



trum (i.e. features which result from downhill energy transfer in the excited state). The
location of the long-lived coherences correlates with increased vibronic coupling and more
efficient downhill energy transfer through the FMO complex[31, 32]. The strength of beat-
ing increases with waiting time up to two picoseconds, which we ascribe to an excited state
coherence transfer. The persistence of multiple beating frequencies below the diagonal and
their growth with waiting time suggests that many of the coherences arise from excited state
vibrational coherences that retain their phase relationship through the vibronically enhanced
energy transfer process. The redox-dependent coherent behavior shown here suggests that
sample preparation and handling between experiments may underlie much of the controversy

surrounding the assignment of quantum coherences in biology.

5.3 Quantum Beats Correlate with Redox Conditions and

Enhanced Energy Transport

Linear absorption spectra and 2D electronic spectra of the FMO complex at 77 K were
collected under both oxidizing and reducing conditions using the same methods described
previously[31, 32]. The linear absorption spectra (Figure 5.1B) show that a change in the
redox condition shifts the peak positions of the absorption spectrum, previously shown to be
due to the oxidation state of the cysteine residues C49 and C353 and likely other residues[30,
31]. Two-dimensional electronic spectroscopy (2DES) can follow the time evolution of both
population and coherence signals as they evolve through the waiting time, allowing us to
investigate whether the coherent behavior of the FMO complex is redox-dependent. In
2DES, we illuminate the sample with four laser pulses to observe the molecular response as
a function of the three time periods between pulses, R(3):(T,T,t). Using Fourier analysis and
interpolation, we process the signal and cast the first and third domains into the frequency
representation, Sig(wr,T,w¢). Doing so allows us to correlate the excitation frequency of

the system w; with the detection frequency w; at different waiting times T. Rephasing
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spectra for oxidized and reduced FMO are plotted in Figure 5.1C-D for T = 40 fs. These
spectra show clear differences in the cross-peak amplitude between reducing and oxidizing
conditions, indicating more efficient population transfer in reducing conditions that has been
observed previously[31, 36]. This enhanced efficiency is due to a resonant vibrational mode
that couples excitons 4 and 1[32].

Time-domain beats appear as signal oscillations during the waiting time T with a fre-
quency proportional to the energy difference between the states[8, 11, 37, 38]. To isolate the
coherent beating signals, we remove the exponentially decaying contributions to the waiting
time signals that correspond to population dynamics. We then Fourier transform the de-
trended traces to generate a waiting time frequency signal, Sig(wr,wT,w¢). To focus solely on
the longer-lived coherences in the spectra, we only include data points after waiting time T
= 240 fs in the Fourier transform. The oxidized and reduced data are normalized so that we
can compare the relative magnitude of the spectral power between the two redox conditions.

In rephasing pathways, the sign of the phase evolution during 7 is opposite to that of ¢
because the state with higher energy switches from the bra to the ket in the ¢ domain [19].
Positive and negative wavenumbers in wt report on coherences that oscillate in opposite
directions in T [39, 40], corresponding to which state of the density matrix is higher in energy.
This distinction enables differentiation between beating features occurring on the ground or
excited state. For our 77 K experiments, ground state bleach contributions to the rephasing
pathway can only oscillate at negative frequency in the beating maps because the first two
interactions prepare a |gg)(gy| coherence, where gy denotes a higher vibrational state on
the electronic ground state[11]. The only ground state bleach pathways that give a positive
frequency occur from an initially vibrationally excited ground state |gy)(gy|; however, these
vibrations are suppressed because the necessary frequencies are several factors higher in
energy than kg'T at the cryogenic temperatures measured here. Features that oscillate at

positive frequencies therefore must be generated by stimulated emission or excited-state

110



absorption pathways and thus report on electronic, vibrational, or vibronic coherences in
the excited state[19].

Power spectra for all beating frequencies w integrated over different regions of the 2D
spectra are shown in Figure 5.2. In the negative waiting time frequencies of each region,
we observe many beating frequencies that likely are ground state vibrational coherences.
There are also many positive beating frequencies between 0 and +1000 cm™ that report on
coherences in the excited state. Several of the observed frequencies are in good agreement
with the fluorescence line narrowing spectra of FMO in the literature[41]. Many coherences
match the frequencies observed in two-dimensional spectra of isolated bacteriochlorophyll-
a molecules reported by Fransted et al. (e.g. 730 cm™ and 550 cm™)[42] and Ogilvie
and coworkers (e.g. 201 cm™ and 348 cm™) [24]. In the diagonal spectra (Figure 5.2E-
F), some frequencies are only present in reducing conditions (e.g. the 335 cm™ and 378
cmt pair in the exciton 4 diagonal region), but in general, many of the observed beats are
similar in magnitude between redox conditions. In contrast, virtually all the positive beats
in the below-diagonal beating spectra (Figure 5.2B-D) are higher in magnitude in reducing
conditions than in oxidizing conditions. Because of the large number of observed frequencies,
the beats likely report on energy gaps between states with mostly excited state vibrational
character[6, 41, 43, 44, 45] rather than between purely electronic states. The below-diagonal
regions correspond to the downhill energy transfer that is enhanced in reducing conditions
(Figure 5.1C-D) due to the tuned vibronic coupling shown in a previous study [32], further
suggesting that the redox-dependent positive-frequency beats are related to the vibronic
coupling present only in reducing conditions. Additionally, many negative frequencies are
enhanced in reducing conditions in the below-diagonal cross peak regions. We assign these
beats to ground state vibrational coherences that are enhanced by the vibronic states in
reducing conditions, as has been shown and discussed extensively in the literature[18, 15,

46, 47]. Other integrated regions display similar overall trends.
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Figure 5.2: Rephasing power spectra for oscillations in T integrated over regions of the 2D
spectrum. A) Reduced FMO 2D spectrum at T = 40 fs showing integrated regions. Regional
power spectra for B-D) below-diagonal regions and E-F) diagonal regions. Oxidizing and
reducing data are plotted in blue and red, respectively. The shaded regions represent the
standard error over the mean. The dashed vertical lines mark positive beating frequencies at
167 cm!, 335 em™!, and 550 cm™!, shown as beating maps in the next figure. In general, the
magnitude of the beating signals is larger in the reduced data below the diagonal, particularly
at positive frequencies, which result from coherences on the excited state. Diagonal power
spectra show similar beating magnitudes between redox conditions. All time traces were
Fourier transformed after T = 240 fs to focus on the long-lived coherent dynamics.
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Figure 5.3: Beating amplitude maps at (A, D) +167 cm™!, (B, E) +335 cm™, and (C,
F) +550 em™ for rephasing FMO spectra under oxidizing and reducing conditions. The
magnitude represents the relative beating strength for the w frequency at each point on the
2D spectrum. A below-diagonal feature at the positive frequency only appears in reducing
conditions. This region corresponds to downhill energy transfer in the complex, which is
enhanced in reducing conditions(31, 32].
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We generate beating maps at specific waiting time frequencies to reveal quantifiable
changes in the quantum beats throughout the 2D spectrum. The spectra for the +167 cm™,
+335 em™L, and 4550 em™ coherent oscillations for both oxidizing and reducing conditions
are shown in Figure 5.3. The magnitudes report on the relative strength of the beating
signal at each point on the 2D spectrum. All beat maps for a given redox condition are
normalized to the beating value of the summed frequency cube. At each frequency, there are
clear differences between the two redox conditions. For the 4167 cm™ beating maps (Figure
5.3A, D), both oxidized and reduced spectra show a feature of similar magnitude on the

main diagonal around 12,300 cm™!

, corresponding to the exciton 2-4 energies. However, the
lineshape of the diagonal feature of the beating map is different between redox conditions,
and the diagonal peak width is larger in reducing conditions. Similar features are notably
absent in the oxidized spectra for +335 cm™! and +550 em™ (Figure 5.3B, C) but present
in the corresponding reduced spectra (Figure 5.3E, F). Additionally, the reduced beating
maps for the three frequencies show a clear below-diagonal peak centered at 12,100 cm™ on
the detection axis that is almost entirely absent in the oxidized measurements. This feature
is in close proximity to the exciton 1 energy on the detection axis[43, 48]. We observe the
same structural pattern (i.e., below-diagonal features only present in reducing conditions)
for several other positive beating frequencies, including 815 em! and 1082 ecm™l. Taken
together, the region-specific power spectra in Figure 5.2 and the beating maps in Figure

5.3 show that many observed long-lived quantum beats correlate with vibronically enhanced

energy transfer through the FMO complex|[32].

5.4 Time Evolution of Excited State Vibrational Coherences

To better understand the time evolution of these excited state coherences, we apply a sliding
window Fourier transform to the detrended waiting time traces. We apply a window in the

waiting time domain with a 1000 fs width and center waiting time value, T’[49]. Figure
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5.4B shows a sliding window trace of the regionally averaged intensity of the below-diagonal

1 The feature clearly grows in at

beating feature in the reduced spectrum at 4167 cm”
larger T values. This effect can also be seen in Figure 5.5, which shows a reduced beating
spectrum for the +167 cm™! frequency at early (200 — 1200 fs) and later waiting times
(1200 — 2200 fs). Both representations show that the beating intensities of the diagonal and
below-diagonal features are greater at later waiting times. We show that the overall growth
pattern of the +167 cm™ feature does not change with different sliding window sizes in T
or the size of the averaged region in w; and w;. We show the growth and decay patterns
in other excited state coherences. Beating frequencies adjacent to +167 cm™! (125 cm™! and
203 cm‘l) show qualitatively different trends, indicating that the sliding window Fourier
transform does not affect all frequencies in the same manner. For a given beating frequency,
there is a competition between growth due to coherence transfer and decay due to dephasing
and decoherence[11]. This interplay produces different behavior between beating frequencies
as the bath couples differently to each mode. Sliding window time trace differences between
frequencies indicate that the bath environment affects these two competing forces differently.
Frequencies such as +550 and +1082 cm™! show similar growth to +167 cm™, indicating that
many of the below-diagonal beats present only in reducing conditions grow with waiting time.

The previous observation that vibronic coupling between excitons 4 and 1 enhances energy
transfer efficiency under reducing conditions[32] correlates with the beating patterns we
observe. However, given the number of frequencies we see in reducing conditions (Figure
5.3), it is unlikely that the coherences are between these particular vibronic states, as the
beating frequencies cannot all match the 4-1 exciton energy gap. The observed beats span
over 1000 cm™ (Figure 5.2), so it is unlikely that the coherences arise from different pairs of
vibronic states because the beats would otherwise span a smaller frequency window. Rather,
the beating signals most likely arise from coherences with largely vibrational character. The

consistency between the coherence frequencies of isolated bacteriochlorophyll-a and these
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Figure 5.4: Proposed Feynman pathway explaining below-diagonal coherences observed at
positive frequencies in the rephasing spectra. A) Ground state bleach pathways cannot
contribute to the positive frequency because the energy of gy, where the subscript v denotes
an excited vibrational quantum, is greater than gy, producing a negative frequency in T.
The stimulated emission pathway contains a coherence transfer during T between excited
state vibrational coherences on excitons 4 and 1. The observed beats below the diagonal
are the vibrational coherences on exciton 1. Because ej,>eq, the waiting time frequency is
positive. The enhanced energy transfer promoted by vibronic coupling in reducing conditions
preserves the vibrational coherence[32]. B) Sliding window Fourier transform of the below-
diagonal feature at +167 cm™ using a 1000 fs window in T. The sliding trace shows that the
coherence grows in with T, providing evidence for the coherence transfer pathway.
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Figure 5.5: Beating amplitude maps for two waiting time ranges for the +167 cm™! beating
frequency of rephasing FMO spectra. In reducing conditions, the majority of the beating
occurs over 1200 fs to 2200 fs, while the relatively smaller amount of beating in the oxidized
spectra occurs over 200 fs to 1200 fs.
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beats supports this vibrational picture[24, 42]. These coherences could be ‘purely’ vibrational
or have small degrees of vibronic mixing with other excitonic surfaces. Either assignment
would explain their long dephasing times and structural similarity in the beating spectra.

A proposed stimulated emission Feynman pathway that explains the beating signals is
shown in Figure 5.4A. In this pathway, an excited state vibrational coherence starting on
exciton 4 transfers to exciton 1 during the waiting time while maintaining the vibrational
coherence. This latter coherence is observed as a below-diagonal beating signal. This is
the most likely pathway for the beating signals because 1) the bra-ket energy difference is
maintained over the energy transfer process, and 2) the position of the signals on the 2D
spectrum is invariant to the energy of the excited vibration (see Supporting Section)[50, 51].
Similar pathways have been prescribed in the bacterial reaction center in purple bacteria[52].
Many excited state coherences of different excited state vibrational modes are accessed in
the first two laser interactions in our experiment, which explains why we observe multiple
beating frequencies in this region (Figure 5.3). The sliding window Fourier transform traces
further support the downhill vibrational coherence transfer picture, as we see the growth of
many modes with waiting time (Figure 5.4B). In this picture, the vibrational modes must
be on a pigment or pigments where the two excitonic states overlap.

The process described here operates outside the typical assumptions for energy transfer
because the vibrational coherence is not destroyed in the energy transfer process. The pre-
served coherence across multiple vibrational modes strongly suggests that the vibronically
enhanced energy transfer must be a coherent process. In these data, the long-lived coher-
ences present in reducing conditions are simply spectators to the enhanced energy transfer
in reducing conditions. While the coherences themselves are largely vibrational in character,
they are only observable because of the vibronic mixing that promotes energy transfer in
the system. The vibrational coherences are thus sensitive probes of both enhanced energy

transfer and the strong mixing of vibronic states in reducing conditions. Previous studies
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have shown that cooperative bath motion around different pigments within a complex can
maintain the lifetime of excited state coherences[53, 54, 55, 56]. These bath motions pre-
serve the phase relationships across the ensemble due to the resonant vibronic coupling that
promotes energy transfer in reducing conditions[57]. Such preservation of phase necessitates
coherence transfer alongside population transfer, implying significant non-secular terms in
the relaxation superoperator (see Ref. [58]). A full quantum mechanical description of this
process would require that all relevant vibrations be treated as part of the system. Within a
semiclassical approximation considering only the electronic states explicitly, the bath must
be treated parametrically such that the same bath motions affect the time-varying Hamilto-
nian operating on both sides of the density matrix. This semiclassical approximation shows
explicitly how the same bath motions can drive simultaneous relaxation on both the bra-
and the ket-states to preserve phase across the ensemble.

It is further possible that the resonant vibronic coupling induced in reducing conditions
alters the excited state potential energy surfaces such that many excited state vibrational
energies are markedly different from their ground state energies. This coupling would dras-
tically change the Duschinsky rotation matrix and subsequently alter the absorption and
emission vibrational profiles and, in turn, the excited state vibrational coherences [59]. This
effect may explain a number of coherences observed in this study that have not been observed
in ground state spectroscopic experiments. The Duschinsky matrix has been calculated for
isolated bacteriochlorophyll-a[44] and chlorophyll-a[59] molecules, and the subsequent effect
on the excited state dynamics of light harvesting complexes has been discussed[59]. Future
high-resolution spectroscopic methods should investigate the effect that redox-induced vi-
bronic coupling has on the excited state vibrational structure of the FMO complex and how
Duschinsky rotation ties in with the preservation of coherence through the energy transfer

process.
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5.5 Conclusions: Long-Lived Coherences, Vibronic Coupling,

and Redox Conditions

In this study, we observe excited state quantum beats in the FMO complex that are exclu-
sively present in reducing conditions. The coherences are located in below-diagonal regions
of the 2D spectrum that correspond to enhanced energy transfer due to vibronic coupling
between excitons. The coherences exist at multiple beating frequencies, from 100 em™! to
1000 cm™ | indicating that the observed beats are likely excited state coherences with mostly
vibrational character. Many of these coherences located on the below diagonal cross-peaks
appear to increase in magnitude with waiting time, and we hypothesize that they result
from a coherence transfer between excited state coherences on different excitonic surfaces
(see Figure 5.4A, stimulated emission pathway). Interestingly, the location and growth of
the coherences suggests that the vibronic coupling that enhances energy transfer in reducing
conditions also preserves the coherence between a number of excited state vibrational modes.
Coherence transfer has been previously observed and correlated with vibronic coupling in the
reaction center of purple bacteria[52]. Alternatively, it is possible that the coherence itself is
actually growing or being spontaneously generated with time as suggested by Olaya-Castro
and coworkers [33, 34] as well as Plenio, Huelga, and coworkers[60]. Our results indicate
that the redox condition of a pigment-protein complex must be known when assigning an
observed beat signal to a specific quantum coherence. Indeed, much of the debate in the
literature regarding the nature of these long-lived coherences may result from differences
in experimental sample preparation between research groups as both samples and reducing
agents are air-sensitive. Our results also show that excited state coherences observed in
these spectra can serve as reporters on the vibronically enhanced energy transfer through

the complex.
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5.6 Experimental Methods

C. tepidum was grown, and FMO was isolated in CAPS (N-cyclohexyl-3-aminopropanesulfonic
acid) buffer (pH 10.5) following well established literature procedures[30, 61, 62, 63]. Mea-
surements in this study were taken on a mixture of glycerol (50 % by volume) and 20 mM
CAPS-buffered (pH 10.5) FMO protein. Under oxidizing conditions, the samples were han-
dled under ambient conditions without any further preparation; in the reducing case, sodium
dithionite was added to the protein, buffer, and glycerol mixture to a concentration of 10
mM. The mixture was placed in a 200 um quartz cuvette (Starna) that was prepared with a
hydrophobic coating (SigmaCote, Sigma-Aldrich). The cuvette was loaded into a nitrogen-
cooled cryostat (Oxford Instruments) and rapidly cooled to 77 K, forming a glass. The
sample was held at 77 K for all measurements.

The 2D electronic spectra were acquired using the GRAPES single-shot spectrometer
described in detail elsewhere[64, 65, 66]. In these experiments, the output of an ultrafast
regenerative amplifier (Legend Elite USP, Coherent) centered at 800 nm and running at a 5
kHz repetition rate was focused through a tube containing 15 psi of Ar gas. The broadened
light was subsequently focused in air a second time to produce a spectrum that spans from
775 nm to 840 nm. This bandwidth was compressed to a < 20 fs laser pulse using an opti-
cal pulse shaper (MIIPS Box 640, Biophotonics Solutions) running a MIIPS algorithm|[67].
Beamsplitters generated four beams with parallel electric-field polarizations that were aligned
to form a shifted boxcars geometry. Pulse 1 has a geometric tilt relative to pulses 2 and 3,
meaning that different parts of the isotropic sample encode different coherence times, with
0.9 fs steps between different coherence times. Beams 1 and 2 were chopped together at
50 Hz and the signal was collected in the —k; + ko + kg phase-matched direction on the
slit of an imaging spectrometer (Shamrock, Andor Technologies) and recorded on a CMOS
camera (Miro M310, Vision Research). Pulse 4 in the boxcar geometry was attenuated using

a neutral-density filter and mixed with the signal on the camera to enable a phase-sensitive
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heterodyne detection of the signal field. The delay time between pulse 3 and the pulse 1-2
pair was swept continuously during acquisition using an optomechanical delay line (Aerotech,
Inc.). Individual 2DES spectra were recorded at waiting times from -300 fs to +2240 fs with
a 0.4 fs spacing. The rephasing pathways were isolated in post-processing by selecting the
positive-valued coherence times.

The data were Fourier filtered in the waiting-time domain to remove scattered light,
generating a final data set with 10 fs spacing between waiting times[66]. The 2DES data
were phased by fitting to separately acquired pump-probe data using a sum-of-squared-error
regression. Each experiment was repeated to collect a total of 25 independent measurements
that were subsequently averaged after phasing. Beating maps were generated by fitting the
exponentially decaying dynamics of the phased, complex-valued data and subtracting the
fit. The residuals of the full waiting time and the sliding window spectra were apodized,

zero-padded out to 2001 total points, and then Fourier transformed.

5.7 Supporting Material: Analysis of Feynman Pathways and

Their Signal Contribution

We believe the pathway proposed in Figure 5.4 of the main text offers the best explanation
for the beats we observe in the below-diagonal reducing spectra in reducing conditions.
Figure 5.6 shows the possible rephasing Feynman pathways that could contribute to the
signal in the 4-1 cross peak region, adapted from Refs. [51] and [50] but with downhill
coherence transfer pathways added. The pathways are split into waiting time populations,
coherences without transfer, and coherences with transfer. They are color-coded by the sign
of their time evolution during the waiting time and further split into ground state bleach
(GSB), stimulated emission (SE), and excited state absorption (ESA) components. We
adapt a system with two excitonic states and add a vibrational mode to all states that is

nearly resonant with the exciton energy gap. We note that the energy level spacing of this
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vibrational system is similar in form to one where the near-resonant states are vibronically
mixed, as shown at the bottom of Figure 5.6. We only include Feynman pathways in the
vibrational picture to minimize redundancy.

A number of conditions must be met for a pathway to explain the beating signals we
observe in our rephasing spectra. First, the ket side of the density matrix must be of a higher
energy state than the bra side during the waiting time to generate a positive beat frequency.
This necessity eliminates the majority of the coherence pathways without coherence transfer
(Figure 5.6), leaving only two pathways featuring a |e4)(e1y| waiting time coherence. These
pathways have a low beating frequency for the near-resonance condition to be met, so they
cannot, explain the beating we observe at hundreds of wavenumbers. The second condition
that must be met is that the bra-ket energy difference should remain constant during the
coherence transfer event. Each complex within the ensemble undergoes energy transfer over a
stochastic distribution of waiting times. A change in the bra-ket energy difference would thus
diminish the fixed phase relationship that must exist to observe the coherence. The transfer
pathways under which the energy difference does not change are marked with a diamond ()
symbol. For the third condition, the pathway must remain in the same below-diagonal region
of the 2D spectrum for all frequencies we observe in Figure 5.2. In other words, the pathway
must hold for vibrational modes ranging over several hundred wavenumbers to explain the
large numbers of beating frequencies. The pathways which satisfy this condition are marked
with a double dagger () symbol. The only pathway that satisfies all three conditions is the
pathway proposed in the main text. Here, a vibrational coherence located predominantly
on exciton 4 is transferred to a vibrational coherence during exciton 1 during the waiting
time. This pathway requires that excitons 4 and 1 are coupled and subsequently delocalized
over the same chromophores. Otherwise, the final state in the Feynman pathway would be
a coherence state between ground state vibrations on different chromophores.

Due to the enhanced vibronic coupling in reducing conditions, we would expect stronger
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ground state vibrational coherence pathways due to increased oscillator strength between
vibronic states and vibrationally excited ground state energies, as has been suggested in
other studies[18, 15, 46, 47]. We observe this effect in the below-diagonal beating maps
in Figure 5.2, where many negative frequencies are stronger in reducing conditions. It is
worth noting that the diagonal peaks, illustrated by the left pathway in panel B, show a
relatively smaller enhancement of negative beats in reducing conditions, possibly because
of the relatively weaker transitions involving |esy) in the third laser interaction and signal
generation. This trend has some exceptions, such as the 125 cm™! beat. Finally, we wish to
note that the excitation of only one vibrational mode is shown in each pathway in Figure 5.6,
though it is possible that the bra and ket sides could each have excitations along different

vibrational coordinates so long as the same w; and w; frequencies were roughly maintained.
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Figure 5.6: (Continued on the following page.)
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Figure 5.6: Pathways that could contribute to a below-diagonal rephasing signal in an ex-
citonic picture with near-resonant vibrations. Shown are populations, coherences without
waiting time transfer, and coherences with waiting time transfer grouped by their ground
state bleach (GSB), stimulated emission (SE), or excited state absorption (ESA) character.
Pathways coded in black have no beating sign during the waiting time, while green and
purple denote pathways that beat during the waiting time with a positive and negative fre-
quency, respectively. The diamond (¢) symbol indicates that the bra-ket energy spacing is
maintained through energy transfer in the waiting time, and the double dagger (1) symbol
indicates that the near-resonance condition need not hold for the pathway to contribute to
the exciton 4-1 cross peak region. Only one positive-beating pathway, shown in the main
text, holds each condition. The schematic energy level diagram (bottom) shows that purely
vibrational systems and systems with vibronically coupled states have similar energy level
spacings and thus follow identical Feynman pathway patterns even though the characters of
the states change significantly. For brevity, only the purely vibrational Feynman pathways
are shown.
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CHAPTER 6
PROPOSED DIRECTIONS FOR FUTURE RESEARCH

The work presented here shows that the Fenna-Matthews-Olson complex adapts to changing
redox environments by tuning the vibronic structure of its excitons. Green sulfur bacteria
is a relatively simple photosynthetic organism, and FMO only eight chromophores. Other
pigment-protein complexes have tens to hundreds of pigments[1]. While the pigment den-
sity of these complexes causes spectral congestion and convolves the signatures of vibronic
couplings, work should be done to study vibronic effects in more complex photobiological
systems. In the first half of this chapter, I will discuss preliminary ideas for studying redox
dependence in another photosynthetic system and for studying nonadiabatic effects in a dif-
ferent class of photobiological complexes, rhodopsin proteins. In both of these sections, I
will focus on how we can use the full information encoded in a two-dimensional spectrum to
extract the dynamics. In Chapter 3, I described a new method using Feynman pathways that
enabled the research in the rest of this thesis. I will discuss ideas for extending this method
in the second half of this chapter. The first part will discuss how the method could extract
sub-ensemble information from two-dimensional spectroscopic signals, and the second part
will discuss how we can use the combinatorial structure of coherence pathways to understand

vibronic states in more complex, spectrally congested photosynthetic complexes.

6.1 Redox-Dependent Dynamics in Other Photosynthetic

Complexes

The redox environment plays a pivotal role in both the population and coherence dynamics
of the Fenna-Matthews-Olson complex|[2]. The ultrafast dynamics are directly linked to the
biochemistry of the organism, as green sulfur bacteria has several active genes that protect

the organism from oxidative damage[3, 4]. It is not clear whether the biochemical or the
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quantum mechanical redox dependence evolved first, or if they evolved simultaneously, but
their linkage suggests that redox environments are important for light harvesting in other
photosynthetic organisms.

Take, for example, the membrane protein IsiA from cyanobacteria. This protein is pro-
duced in iron-deficient environments and aids in energy transfer with photosystem 1. It has
been suggested that IsiA has a similar cysteine-mediated exciton quenching mechanism as
FMOI5]. That is, an excited electron is transferred to a thiyl radical followed by charge
recombination, bringing the excitation to the ground state. The crystal structure for IsiA
has not yet been published, but a highly homologous protein, CP43, found in spinach has
been solved[6]. The protein is shown in Figure 6.1. At the inset, two bacteriochlorophyll
molecules are shown, along with two cysteine residues (magenta) and a valine residue (or-
ange). This valine residue is singly substituted by cysteine across multiple IsiA proteins,
while the surrounding amino acids are conserved. As a result of this point change, CP43
has different quenching properties as IsiA, which suggests that the cysteine is responsible for
quenching excitons in IsiA. Further, it has been shown that the addition of a reducing agent
in IsiA prolongs the fluorescence lifetime, as with FMOI5, 2|. These data strongly suggest
that cysteine plays a regulatory role in energy transfer in IsiA proteins, which should be
further investigated by ultrafast studies.

It would be straightforward to test this hypothesis using the same experimental proce-
dures conducted here and in Ref. [7]. The cysteine residues should have the same redox
potentials as those in FMO, so oxidizing conditions can be generated by exposing the com-
plex to open air, and reducing conditions by adding a small concentration of a reducing agent
such as sodium dithionite. In a two-dimensional spectrum, one could look to the population
dynamics, coherences, and other spectral features such as lineshapes to investigate differ-
ences between the two redox conditions. The population dynamics allow for comparison

of relative rates of downhill energy transfer between redox conditions. The short and long
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Figure 6.1: Structure of the protein complex CP43 from spinach, which is largely homologous
with the complex IsiA from cyanobacterial6]. Inset: Two bacteriochlorophyll-a pigments
neighbor a pair of cysteine residues (magenta) and a valine (orange), which is a point muta-
tion of a cysteine in IsiA. It has been proposed that the cysteines quench excitations in IsiA
in a similar manner to FMO, making the IsiA complex an ideal target for redox-dependent
effects in other photosynthetic proteins.
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time dynamics should reveal competing energy transfer pathways such as cysteine-mediated
exciton quenching. Coherences can be used to understand the differences in couplings be-
tween redox conditions. The duration of coherences will give insight into the system-bath
couplings that underlie energy transfer, as described in Chapter 5. The pattern of coherent
beats on the two-dimensional spectrum can help elucidate the vibronic structure, as de-
scribed in the section below. The beating strengths can be correlated with the population
dynamics to relate the changing coupling strengths with the corresponding time dynamics of
energy transfer. Time-dependent lineshapes are another feature that can reveal differences in
system-bath couplings between the samples[8]. It has been shown that the centerline slope of
a diagonal feature is directly proportional to the frequency-frequency correlation function of
the exciton[9, 10]. The rate at which the slope decays during the waiting time is intimately
related to the dephasing dynamics[11] and the spectral diffusion of an inhomogeneous en-
semble. These three observables, populations, coherences, and lineshapes, allow us to fully

interrogate how other photosynthetic proteins respond to changes in the redox condition.

6.2 Measuring Nonadiabatic Dynamics in Rhodopsin Proteins

Another family of photobiological complexes, rhodopsin proteins, are known to exhibit ex-
cited state electronic-vibrational mixing. There is a wealth of ultrafast literature, mostly
transient absorption studies, that studied the dynamics of rhodopsin proteins [12, 13, 14,
15, 16, 17, 18, 19, 20], but to date there are still many questions regarding how the protein
environment dictates the outcome of the process. Rhodopsins are transmembrane proteins
found in organisms across all of biology, from bacteriorhodopsin in halobacteria to animal
rhodopsin in the eyes of animals[21]. They contain one chromophore, retinal, that is co-
valently bound to a lysine residue inside the protein. The retinal chromophore (see Figure
6.2) has a long conjugated chain of carbon atoms that typically rests in a particular cis-

trans isomer geometry. Upon photoexcitation, retinal isomerizes to the ground state to a
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different stereoisomer. The change in nuclear configuration drives a structural change in the
protein, which then activates a biological function. In animal rhodopsin, the photoisomer-
ization initiates a response pathway that is responsible for the phenomenon of vision[22].
In bacteriorhodopsin, a proton is pumped across the cell membrane, which then activates
ATP synthase to generate energy for the cell[21]. In both of these cases, rhodopsin has
evolved to steer the isomerization dynamics with extreme efficiency. In the solution phase,
all-trans retinal isomerization occurs on a picosecond timescale, with multiple cis photo-
products forming with equal branching ratios (approximately 15% each)[14]. However, in
the protein environment, the reaction rate, efficiency, and product specificity are significantly
increased. The isomerization in bacteriorhodopsin occurs in 300-500 fs, with the 13-cis pho-
toproduct selected for with a 65% efficiency[14]. In animal rhodopsin, the 11-cis to all-trans
isomerization occurs in less than 100 fs[18], with one study claiming that the reaction time
is only limited by the vibrational torsional frequency[20]. The protein environment clearly
influences the isomerization dynamics, but the exact mechanism has eluded spectroscopists
for decades|22]. Two potential mechanisms for this control are 1) steric confinement of the
possible product configurations and 2) electrostatic forces to shape the potential energy
surfaces and direct the isomerization.

Retinal isomerization is thought to proceed through a conical intersection (CI). Conical
intersections are formed in molecules when two adiabatic electronic states become degenerate.
This degeneracy depends on two nuclear coordinates defined by the molecule, which span the
molecular branching space. It has been speculated that CI's are ubiquitous in molecules[23,
24] and thus have long-ranging impacts on molecular behavior. While they may exist in most
molecules, one important question is whether conical intersections are dynamically accessible
from the Franck-Condon region of the excited state. Whether the excited state molecule can
relax to the nuclear configuration of the conical intersection region is an important factor in

understanding the CI’s influence on the reactivity.
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Figure 6.2: Photoisomerization of the retinal chromophore in rhodopsin proteins is thought
to proceed through a conical intersection, where the ground and excited electronic states
become degenerate. In bacteriorhodopsin, the isomerization occurs from the all-trans state
to the 13-cis configuration[21]. In this reaction, the wavepacket originally in the Sy reactant
well is promoted to the Franck-Condon point on Si. The nuclear configuration changes as
the wavepacket moves along the reaction coordinate. Near the conical intersection, nona-
diabatic coupling between the ground and excited electronic surfaces occurs. This coupling
determines whether the wavepacket moves to the product well or back to the reactant well.
The transitions from the two wells to the excited state surface are resolvable, meaning their
dynamics can be studied separately in a two-dimensional spectroscopy experiment.
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Near a CI, the Born-Oppenheimer approximation breaks down because nuclear velocity
is on the same order as electronic motion and because electronic energy gaps approach rota-
tional /vibrational energy gaps. This breakdown is described by the nonadiabatic coupling

vector:

0H,;

hij = (E; — E;) ™ | R ;) (6.1)

Here, E; and Fj are the energies of the two adiabatic electronic states, and R is a nuclear
coordinate. This term is derived from the molecular Hamiltonian and is typically neglected in
a Born-Oppenheimer picture[23, 25]. It is represented here in the basis of adiabatic electronic
states. It dictates that two adiabatic states become coupled as they approach degeneracy
and/or when the nuclear momentum in the branching space increases. In this sense, nuclear
motion can drive nonadiabatic coupling and thus determine whether a reacting wavepacket
is sent back to the reactant well or whether it continues along the same path to the product
well (or, as described in previous Landau-Zener theories, the wavepacket continues along a
diabatic surface[26]).

In rhodopsin proteins, it is generally thought that retinal has a dynamically accessible
conical intersection connecting the first excited state with the ground state cis- and trans-
product wells (Figure 6.2)[18, 22]. The conical intersection introduces a third possible mech-
anism for rhodopsin’s control of the isomerization: 3) the role of dynamical coupling. In this
case, the wavepacket couples to nuclear motion in the bath to drive both the magnitude and
direction of the nuclear momentum. The amino acids in rhodopsin proteins may have evolved
so that their vibrational motion could couple to the branching space and nonadiabatically
drive the isomerization.

These dynamical couplings have been studied in the nonlinear spectra of rhodopsin pro-
teins. Of particular focus has been the observation of vibrational coherences and how they

relate to the isomerization dynamics. Many vibrational coherences in the transient ab-
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sorption spectra of animal rhodopsins were observed following the ballistic photoinduced
isomerization[19]. These vibrations were thought to dynamically drive the wavepacket iso-
merization through the conical intersection. Similar observations of vibrational coherence
have been made in bacteriorhodopsin|[14]. Another study of animal rhodopsin found that
the initial phase of the vibrational torsional coordinate largely determined whether the
wavepacket trajectory would be reactive or would end back in the reactant well[17]. This
study demonstrated that the initial direction of nuclear motion in the Franck-Condon re-
gion dictates the branching ratio and hence the nonadiabatic couplings through the conical
intersection.

We can extend these studies using two-dimensional electronic spectroscopy because the
technique can resolve the excitation axis, which allows access to subensemble dynamics.
In an inhomogeneously broadened lineshape such as retinal in bacteriorhodopsin, different
excitation energies correspond to different initial geometries in the Franck-Condon region,
which may impact the kinetics, couplings, and branching ratios of the reaction. For example,
a fluctuating wavepacket that absorbs light when at the left side the reactant well shown
in Figure 6.2 will be blue shifted within the lineshape. Though the bath couplings and
vibrational phase may be only slightly shifted relative to other states in the ensemble, the
studies described above demonstrate that the outcome of the reaction is acutely sensitive to
these initial parameters. We can use decay associated spectra[27] and beat maps to observe
these differences in the two-dimensional spectra. Decay associated spectra map the kinetic
time constants onto the two-dimensional spectrum, simplifying the comparison of reaction
rate with different pump and probe energies. Beat maps, which we used in Chapter 5,
allow the same mapping but with coherences. The relative strengths and frequencies of
coherences within a lineshape should allow us to see both the modes that are activated in
the isomerization and their coupling strengths to the system and bath. These data can be

correlated with the branching ratios between the all-trans and 13-cis photoproducts. In
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bacteriorhodopsin, the 13-cis product is redshifted relative to the all-trans reactant, so its
formation will correspond to a below-diagonal cross peak in our spectra. We can monitor
the kinetics and overall signal strength of this peak alongside the decay of the diagonal peak

to serve as a proxy for the relative branching ratios within the ensemble.

6.3 Further Insights into Reactive Steering using

Bacteriorhodopsin Mutants

The studies conducted on wild-type bacteriorhodopsin should provide evidence for which
couplings drive the isomerization, but mutant studies will give insight into the evolutionary
principles that enable this process. This study has been suggested elsewhere[28], but it is
briefly expanded here to include experimental implementations and difficulties encountered
in recent years. The binding pocket of bacteriorhodopsin is shown in Figure 6.3. Retinal,
shown in magenta, is caged by several surrounding amino acid side chains, such as Trp86,
Tyrl85, and Trp182[29]. They likely constrain the nuclear motion of retinal as it isomerizes.
There are several polar amino acids nearby (e.g. Asp85, Asp212, and Thr89) that likely exert
electrostatic forces on the chromophore. A few of these residues, such as Asp85, are involved
in the proton pumping activity[21]. By mutating a few key residues, one could discern
whether steric or electronic effects play a larger role in controlling the isomerization, and
how each of these effects interfaces with the dynamical couplings described above. Mutations
such as Trp86Ala would reduce the steric hindrance, and mutants like Asp212Val should alter
the electric field environment of the binding pocket. Other mutants, such as Tyr185Val, will
alter both the steric and electronic effects. The same analysis methods described in the
previous section can be used to probe the influence on reaction rate, bath couplings, and
branching ratios.

Expressing and isolating mutated bacteriorhodopsin proteins is a fairly involved process

and requires its own set of expertise. The wild-type protein is expressed at very high levels in
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Figure 6.3: Binding pocket of the retinal chromophore in bacteriorhodopsin[29]. Shown are
two views (A,B) of the amino acid scaffold. The isomerizing bond is surrounded by several
bulky amino acids which may sterically hinder the nuclear motion. There are also multiple
polar residues which may alter the electronic structure of the chromophore, which would in
turn shape the potential energy surface of the branching space. The covalently bound lysine
residue is removed in panel B for clarity.

the native organism H. salinarum and can thus be isolated in workable concentrations from
a few liters of cell culture. The isolation procedure is well established in the literature[30]
and protocols written in our lab. The mutant proteins, however, should be expressed in E.
coli and isolated via immobilized metal affinity chromatography followed by size exclusion
chromatography. Plasmids containing the mutated bacteriorhodopsin gene can be custom
ordered from GenScript or other gene synthesis companies and transformed into competent
E. coli cells. After over inducing the gene expression, the cells are homogenized. This mix-
ture is pushed through a nickel column. The expressed protein is His-tagged, meaning it has
six to twelve histidine residues at the C-terminus that adhere strongly to the nickel and can
be eluted separately from the rest of the mixture. The protein can be further separated from
cellular debris and concentrated using size exclusion chromatography. Future studies should
isolate the wild-type protein as a control and several mutated proteins for the experiment.

This general procedure is well established for expression and isolation of many different pro-

teins, but it is especially difficult for E. coli to express transmembrane proteins. Surprisingly,
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this procedure was only fully optimized in 2014 for bacteriorhodopsin. Interested persons
should consult the Ph.D. thesis in Ref. [31] and read the detailed procedures for this partic-
ular isolation. Other studies have further incorporated bacteriorhodopsin proteins into lipid
nanodiscs for ultrafast measurements|[15]. This procedure should be consulted as necessary

if the signal-to-noise in our ultrafast measurements remains an issue.

6.4 Extension of Double-sided Feynman Pathway Analysis
Method

The analysis method described in Chapter 3 and implemented in Chapter 4 was used to
isolate the energy transfer time constants in two-dimensional spectra. In this section, I will
describe how the method can in principle be extended to study other dynamics such as
subsensemble energy transfer and spectral diffusion.

The analysis method extracts the ensemble-averaged rate constants for energy transfer.
It would be useful to extend this capability to isolate different time constant distributions
across the ensemble. This can in principle be achieved because 2D spectroscopy resolves
the excitation axis. Figure 6.4 shows kinetic maps for each of the eight FMO samples
studied in Chapter 4, adapted from Ref. [32]. Each map was generated by first convolving
the 2D spectrum with a 70 cm™! radius Gaussian window in the w1-ws domain. This step
blurs adjacent points in the spectrum and effectively averages out slower bath dynamics, as
described using circular windows in Chapter 3. The time traces of each point on and below
the diagonal were then normalized. Each below diagonal trace was then subtracted from the
diagonal trace corresponding to the same excitation energy and then fit to a monoexponential
decay. The time constant was plotted onto the original cross peak point, and its saturation
was weighted by the goodness of the R-squared fit such that only good fits are saturated.
The three markers are plotted to indicate the peak positions of excitons 1, 2, and 4 for each

FMO sample.
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Figure 6.4: Kinetic maps for the wild-type, singly mutated, and doubly mutated FMO spec-
tra under reducing and oxidizing conditions. The 2D spectra are convolved with a 70 cm”
Gaussian window, and each point is normalized and subtracted from its corresponding upper
diagonal trace and fit to a monoexponential decay. The time constant, representing the sub-
tracted stimulated emission signals, is plotted on the corresponding cross peak feature. The
saturation is weighted by the goodness of fit to the subtracted time constant. Shown as gray
contours are the corresponding 2D spectra at to=2000 fs. The spectra show inhomogeneity
in time constants across spectral features. Figure adapted from Ref. [32] with permission.
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As before, the spectral averaging, trace normalization, and subtraction steps remove
dynamical contributions to the signal that are unrelated to energy transfer. As such, the
time constants plotted on the kinetic map can be used to calculate energy transfer time
constants. The values vary across each below diagonal peak, indicating inhomogeneous
energy transfer times within the ensemble. The energy transfer times for each peak can in
principle be calculated using the same steps shown previously, by numerically simulating the
energy transfer and using the constants that best fit the subtracted signal. But care must
be taken to ensure that the fitting is carried out properly. For example, there is ambiguity
along the detection axis of the kinetic map features because each cross peak trace for a
given excitation energy is subtracted from the same diagonal point. Perhaps it would be
better to subtract points from the same region of each diagonal and cross peak lineshape.
But this assumes that energy transfer occurs between the same regions within two different
lineshapes, which is not rigorously true. Perhaps one should average across the detection axis
of each lineshape and simply calculate the energy transfer for each excitation energy. This
procedure trades the resolution capabilities of 2D spectroscopy but involves less assumptions,
and it still allows one to look at statistical distributions of time constants. These steps are
unclear and should be developed carefully. Further, sensitivity analyses should be developed
to show that steps such as the Gaussian convolution are done without introducing arbitrary
errors into the analysis. For example, one could calculate the distribution of energy transfer
time constants for several different Gaussian windows. If the distribution is significantly
dependent on the window size, then the method should be altered to correct this error.

The time evolution in a 2D spectrum results from the sum of all dynamical subensembles
initiated by the laser pulses, including electronic and vibrational motion. We extract the
electronic dynamics by first averaging over a region to remove the nuclear dynamics. With
the energy transfer dynamics in hand, it may be possible to subsequently obtain information

about dynamics such as spectral diffusion. This could be accomplished by mapping out the
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nuclear Feynman pathways in more detail than presented in Chapters 3 and 4 and using
them along with the known electronic dynamics to simulate the diagonal trace kinetics.
Nuclear time constants can be fit to best reproduce the kinetics of segmented regions within
a diagonal lineshape. In doing so, we can extract the motion of individual components of
the ensemble as they diffuse through the lineshape. These measurements can be compared
alongside other metrics like the centerline slope (see above) to glean deeper information

about the system-bath dynamics.

6.5 Modeling Vibronic Structure in Pigment-Protein Complexes

The work in this thesis shows that the vibronic structure of FMO plays a central role in
regulating energy transfer. In photosynthetic proteins with large numbers of spectrally
overlapping pigments, the vibronic structure can difficult to attain. One avenue is beatmap
patterns for different waiting time frequencies. Beatmaps allow us to compare the relative
strengths of waiting time coherences in different regions of the spectrum. The patterns
result from couplings on the ground and excited states and reflect a complex combination of
double-sided Feynman pathways that generate a particular beating signal.

We generated beatmaps from room temperature data of light harvesting complex 1 (LH1)
from purple bacteria. A population analysis from this data has previously been published[33].
Beatmaps were generated from both rephasing and nonrephasing spectra, each of which has
positive and negative waiting time frequencies. Thus, for every frequency, we have four
spectral patterns we can use to deduce the underlying vibrational, electronic, or vibronic
structure. Several of these maps have cross peak beating patterns that are offset from
the diagonal at a frequency different than the beating frequency. Take, for example, the
beating patterns at 563 cm™! in Figure 6.5. The lines adjacent to the diagonal indicate the
563 cm! offset. The positive-valued nonrephasing beat map has a prominent feature offset

by approximately 300 cm™ above the diagonal. This discrepancy between frequencies is
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the 563 cm! oscillation is plotted for the nonrephasing and rephasing spectra. The relative
displacement of the patterns with respect to the frequency of the beat is evidence for a
complex vibronic structure, as described in the text. We are building a model that aims to

Detection Frequency (cm™)

w,=+563 cm™

Excitation Frequency (cm™)

reproduce these beating patterns with a vibronic Hamiltonian.

150

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.7

0.6

0.5

0.4

0.3

0.2

0.1



indicative of vibronic coupling in the first excited state manifold[34].

We developed a toy model to elucidate how vibronic couplings could give rise to these odd
beating spectra. The model inputs a Hamiltonian containing excitonic energies, vibrational
frequencies, and vibronic coupling strengths. The model diagonalizes the Hamiltonian to
the vibronic basis and runs through all combinations of Feynman pathways that have a
waiting time coherence. The beatmaps of selected frequencies can be plotted according
to 1) type of Feynman pathway (stimulated emission, excited state absorption, or ground
state bleach), 2) rephasing or nonrephasing spectrum, and 3) positive or negative-valued
waiting time frequency. By varying the couplings to reproduce known beatmaps, we can
explain the microscopic origins of the observed coherence signals. An undergraduate student,
Malachi Elue, has began using the model to account for beating patterns at several different
frequencies. For example, the general patterns of two beatmaps shown in Figure 6.6 can
be reproduced using a two exciton system with a nearly resonant vibrational mode at 550
cm™! with a Huang-Rhys factor of 0.25. The -299 ¢cm™! rephasing beatmap and relative
beating amplitudes are reproduced by stimulated emission Feynman pathways (top). The
coherence here is between the two vibronically coupled states. Using the same Hamiltonian,
the general square-like beating pattern for the +563 cm™ rephasing map is reproduced with
ground state bleach pathways (bottom). While these data are preliminary, they show the
vibronic toy model can be used to deduce the precise vibronic structure that may give rise
to the observed beating maps.

Several developments should be made so that the toy model can more rigorously extract
the vibronic structure of LH1 and other dense arrays of pigments. First, regression and con-
straints should be added to reproduce all four beat maps for a given waiting time frequency
(that is, the rephasing and nonrephasing spectra at positive and negative beating frequen-
cies). For the algorithm, the vibrational frequencies and vibronic coupling strengths could

be varied, and the values that best fit to the four beatmaps should be selected. Second, this
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Figure 6.6: A vibronic model is used to reproduce general patterns in beatmaps of LHI1.
This Hamiltonian uses a two excited state exciton system with a nearly resonant 550 cm™!

vibrational mode. The vibronic coupling strength scales with the Huang-Rhys factor, which
in this Hamiltonian is 0.25.
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Figure 6.7: Energy levels produced from a system with vibronic coupling to multiple vibra-
tional modes. Shown first is A) the exciton basis, where vibrational modes are resonant with
excitonic energy gaps. When allowed to couple, a B) vibronic basis is formed. Two sets of
vibronic states are shown in pink. The coherences that generate the beating patterns in Fig.
6.5 could arise from any vibronic state or between the two sets, shown as the double-sided
arrow. C) Depending on the energies of the vibrational modes that couple with the excitons,
the eigenstates may form different ’bands’ in the excited state, giving rise to a new design
principle for vibronic steering, described in the text.
model could be integrated with existing stick model calculations to further constrain the
electronic energies. The solved Hamiltonian should simultaneously fit the stick spectra and
beating maps to obtain accurate coupling parameters. These constraints are necessary to
avoid cherry picked solutions and to prevent overfitting the data with too many parameters.
At this point, preliminary evidence in the literature suggests that there are multiple
vibrational modes involved in the excited state vibronic structure of these complexes[34, 35].
This phenomenon is depicted in Figure 6.7. The figure shows three excitonic states who
each have two vibrational modes added to the Hamiltonian, represented by solid and dashed
black lines. The excited vibrational modes can resonantly couple with the v=0 mode of

the other excitons, producing a complex basis of vibronic states, shown in pink. Depending

on the energies involved and their coupling strengths, this may result in an eigenbasis with
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energetic groupings of different states, shown to the right. This example illustrates a potential
design principle for photosynthetic energy transfer: ground state access to different vibronic
manifolds. At room temperature, there exists a larger distribution of vibrational modes
occupied by the ground state density matrix. The initially occupied mode may have different
overlap with these vibronic ‘bands,” which may result in different energy transfer dynamics.
Thus, the vibronic structure may be crafted to produce a specified branching ratio based on
the accessible ground state spectrum. This effect is accessible with our room temperature
spectra and may have been obscured in previous 77 K measurements. At this point, this
design principle is mostly speculative, as there is only weak evidence for these multi-mode
states in LH1 and other complexes. Future studies should validate the possibility of this
vibronic structure with the (appropriately constrained) model and link these results with

the energy transfer dynamics of the complex.
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CHAPTER 7
CONCLUDING REMARKS: VIBRONIC COUPLING AND
EVOLUTION

In summary, I have shown how vibronic states are used for efficient, tunable energy transport
in photosynthetic proteins and the role that vibronic coupling plays in conserving coherence
in energy transfer. In Chapter 3, I formulated a new analysis method for two-dimensional
spectroscopic signals that maps out the dynamical responses of the system using double-
sided Feynman pathways. The method leverages symmetries between diagonal and cross
peak pathways to isolate signals related to energy transfer, which can be fit to using re-
gression methods. The method works between two limiting cases, when biexciton coupling
is weak and when the coupling runs to infinity. In Chapter 4, I used the method to study
differences in energy transfer rates between wild-type and cysteine deficient samples of the
Fenna-Matthews-Olson complex under oxidizing and reducing conditions. The time con-
stants revealed that energy is steered through a direct, efficient energy transfer pathway
in reducing conditions, but is steered through an indirect pathway in oxidizing conditions,
where it is more likely to be quenched. Redfield modeling showed that the mechanism re-
sponsible for this effect is redox-dependent tuning of the vibronic coupling between excitonic
states. Vibronic resonance is maintained in reducing conditions to promote efficient energy
transfer and detuned in oxidizing conditions to direct excitations through the quenching
pathway. In Chapter 5, I linked this phenomenon with coherent beating signatures observed
in FMO. There are many long-lived coherences only present in reducing conditions that are
located in cross peak regions associated with downhill energy transfer. These beats were as-
signed to excited state vibrations that maintain coherence through the energy transfer. This
mechanism has many implications for the nature of vibronically-mediated energy transfer.
In particular, vibronic energy transfer is a coherent process, and the phase evolution would

be maintained regardless of the excitation source. In Chapter 6, I proposed several future
160



directions that spawn from these studies, including the role of the redox environment in
other photosynthetic complexes, nonadiabatic couplings in rhodopsin proteins, extensions of
the Feynman analysis method, and a model that can be used to solve the vibronic struc-
ture in more convoluted spectra. It is my hope that the work presented here can provide a
launchpad for vibronic studies in more complex environments.

In recent years, several experimental studies along with those described here have emerged
confirming the importance of resonant vibrations and vibronic states in photosynthetic en-
ergy transfer[1, 2]. Additionally, theoretical models have shown how explicitly including reso-
nant vibrations is necessary for directing and enhancing energy transfer in many systems|[3, 4].
The mechanism of vibronic energy transfer prompts many microscopic questions that should
be investigated in more theoretical detail. For example, the vibronic energy transfer spawns
two particles: an exciton and a vibron. It would be worthwhile to understand how they
interact and how their dynamics intersect with energy transfer properties. It would also be
important to investigate which bath motions cause the energy transfer to be coherent and
how bath environments between sites could become correlated. As the field shifts toward a
more vibronic picture of photosynthesis, many of the theories that exploded from the initial
observation of long-lived coherences[5, 6, 7, 8, 9, 10, 11], which assumed purely electronic
coherences, could be recast into this new vibronic framework.

This work is the first to show that biology can actively modulate quantum couplings
to protect itself from environmental damage. From the perspective of evolution, nature is
agnostic to whether a new adaptation is quantum or classical. It simply uses the capabilities
acquired by natural selection to better fit into its environmental niche. That quantum
parameters are within reach of these simple bacteria prompts many questions regarding the
use of quantum mechanics in other organisms. The vibronic tuning mechanism discovered
here is straightforward to achieve. The cysteine residues simply tune the exciton energy gap

to fall in and out of resonance with an intrinsic bacteriochlorophyll vibration. The simplicity
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of this process coupled with the fact that green sulfur bacteria is a relatively rudimentary
photosynthetic organism suggests that the mechanism could exist in other photosynthetic
complexes. It is possible that tuning of vibronic and other types of quantum couplings
is common across the evolutionary landscape and paired with many different functions in

biology.
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