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ABSTRACT

As chemists, we often aim to solve each new problem with a unique molecule. Biology
takes the opposite approach. Photosynthetic organisms have evolved to survive in diverse
habitats by densely packing many of the same pigment molecules to spatially delocalize ex-
citations and support vibronic coherence between pigments. Pigment-pigment and pigment-
environment interactions tune chromophore absorption to capture broad wavelengths of light.
We seek to understand the design principles that govern the ultrafast dynamics of light har-
vesting on a femtosecond (10_15 s) timescale and apply these design principles to develop
molecular artificial light harvesting systems. In this thesis, I present two-dimensional elec-
tronic spectra on living cells of the anoxygenic purple bacterium Rhodobacter sphaeroides,
the fused antenna/reaction center photosystems from the oxygenic cyanobacterium Syne-
chocystsis sp. PCC 6803 in their native membrane environment, and DNA-dye constructs
that are candidates for artificial light harvesting applications. In Rhodobacter sphaeroides,
we collected the first fully absorptive two-dimensional electronic spectra of a living cell, re-
vealing a sub-100 fs intracomplex relaxation in light harvesting complex 1. We present a
synthetic system of coupled cyanine dyes that supports vibronic coherence, a photosynthetic
design principle implicated in efficient exciton energy transfer in photosynthetic organisms,
by tethering the dyes to a DNA scaffold. It is the first report of using DNA to engineer
vibronic coherence. We use singlet-singlet annihilation to track inter-complex energy trans-
fer between isoenergetic complexes in intact thylakoids prepared from wild-type and mutant
cyanobacterial cells. We observe diffusion-limited trapping behavior between red Chl pools
on neighboring Photosystem I monomers in these Synechocystis sp. PCC 6803 membrane
fragments. We also present the first two-dimensional electronic spectra of living cyanobac-
teria. This represents a major advance in in vivo ultrafast spectroscopy, opening the door
to studying regulatory and response mechanisms in these more complex oxygenic phototro-
phes. Future planned experiments include the investigation of the effects of light quantity and

xiil



quality on the organization of the photosynthetic machinery in cyanobacteria, experiments
to elucidate the molecular mechanics and quantum dynamics of photoprotective quenching
in green algae, and engineering efficient energy transfer aided by vibronic coherence in a

synthetic dye-DNA assembly.
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CHAPTER 1
INTRODUCTION TO PHOTOSYNTHETIC DESIGN
PRINCIPLES FOR ULTRAFAST PROCESSES

1.1 Photosynthetic Design Principles for Energy Transfer

Over the past 2.5 billion years, photosynthetic organisms have evolved to harvest solar
excitations with near unity quantum efficiency. These organisms use a set of highly conserved
design principles to maximize photosynthetic efficiency and minimize loss. Photosynthetic
organisms contain reaction centers (RC), where trapping of solar excitations occurs and
photochemistry is initiated, and antenna complexes, whose role is to capture solar radiation
and transfer it to the reaction center. Efficient energy transfer through networks of antenna
complexes to the reaction center is essential. Photosynthetic organisms have a myriad of
strategies for optimizing this transfer process that involve both classical and quantum energy
transfer processes.

All photosynthetic organisms use an energetic funnel to harvest solar energy and trans-
fer excitations to the reaction center. This entire process occurs on a tens of picoseconds
timescale, orders of magnitude shorter than the nanosecond lifetime of the pigment fluo-
rescence. Photosynthetic organisms use densely packed chromophores in pigment-protein
complexes containing many molecules of the same pigment to create this energetic gradient.
Chromophore absorption is tuned through pigment-pigment interactions and interactions
between the pigments and the surrounding protein scaffold. These design principles are con-
served across anoxygenic phototrophs, cyanobacteria, algae, and green plants, though the
gradient of the funnel can vary. The depth of the energetic funnel and how spatially sep-
arated the highest energy absorbers are from the trap influence how strongly the organism
relies on classical or quantum transport methods (Figure 1.1).

Photosynthetic design principles can inform approaches to synthetic light harvesting.

1
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Figure 1.1: Photosynthetic energy transfer is a balance between incoherent hopping and
wavelike (quantum) transport. (Top) In purple bacteria, there is a steep energetic and spa-
tial funnel towards the reaction center. Pigments closer to the reaction center absorb at
lower energies. Incoherent hopping could suffice in this energetic landscape with quantum
transport aiding the transfer process. (Bottom) The energetic landscape in higher plants is
much more rugged. While the reaction center offers an energetic trap, the pigments with the
highest transition energies are not the most distal from the reaction center. Quantum coher-
ent transport is likely much more important to traverse this energetic landscape effectively.

Adapted with permission from [1]
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This thesis will focus on light-harvesting and energy transfer in the purple bacterium Rhodobac-
ter sphaeroides (Rba. sphaeroides) and the cyanobacterium Synechocystis sp. PCC 6803 and
how photosynthetic design principles can be used in DNA-based bio-mimetic light-harvesting

devices.

1.1.1 Light Harvesting in Purple Bacteria

Purple bacteria such as Rba. sphaeroides are capable of anoxygenic photosynthetic or
chemotrophic growth making them excellent model organisms for studying photosynthetic
energy transfer. [2] The antenna complexes in Rba. sphaeroides are completely spectrally
resolved from each other which makes following energy transfer pathways in this organism
much more straightforward than following energy transfer pathways in cyanobacteria, algae,
or green plants. In these oxygenic phototrophs, the absorption of the photosynthetic antenna
and reaction center complexes are nearly completely overlapping. [3]

Rba. sphaeroides contains a peripheral light-harvesting antenna, Light-Harvesting Com-
plex 2 (LH2), and a core antenna, Light-Harvesting Complex 1 (LH1). LHI1, along with
a small protein complex PufX, surrounds the RC. Energy is absorbed by LH2, transferred
to LH1 and then onto the RC. LH2 contains two rings of bacteriochlorophyll a (BChl a).
The B800 ring is comprised of 9 weakly coupled (~200m_1) BChl a pigments. It is named
for its characteristic absorption at 800 nm. The B850 ring contains 18 strongly coupled
(~300 Cm_l) BChl a pigments. The strong coupling between the pigments red shifts their
absorption to 850 nm. [7] LH1 exists in vivo predominately as an S-shaped dimer, with
each monomer containing 28 strongly coupled (~300 cm’l) BChl a pigments. The strong
coupling in LH1 shift its absorption to 875 nm and, as such, its monomeric rings of BChl a
are named B875. [8] Each B875 ring of BChl a surrounds the bacterial RC. The special pair
of BChl @ in the RC absorb at 870 nm; therefore transfer from B875 to the RC is slightly

energetically unfavorable (65 cm™! uphill). [8, 9] Energy transfers from B800 to B850 within
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Figure 1.2: Energy transfer rates between light-harvesting complexes in the purple bacteria
Rba. sphaeroides. Inter-complex transfer rates were determined by Dahlberg, et al. [4]
Crystal structures for LH2 (PDB ID: 1KZU [5]) and the LH1-RC-PufX dimer (PDB ID:
4V9IG [6]) are shown above the cartoons corresponding to each light-harvesting complex.



LH2 in 700 fs. Inter-complex B850 transfer occurs within a few picoseconds, as does transfer

from B850 to B875. The uphill transfer from B875 to the RC takes tens of picoseconds. [4]

1.1.2  Light Harvesting in Cyanobacteria

Cyanobacterial photosynthesis, unlike purple bacterial photosynthesis, is oxygenic. Absorbed
excitations are transferred to the RC where charge separation and primary photochemistry
occur. Oxygen gas is produced as a byproduct of water oxidation. [10] Cyanobacteria,
algae, and plants all contain the core fused antenna/reaction center complexes, Photosystem
[ (PSI) and Photosystem II (PSII), and peripheral light-harvesting complexes. PSI and
PSII are transmembrane complexes embedded in intracellular stacks of membranes known
as thylakoids. The similarities in light-harvesting design principles between cyanobacteria
and higher photosynthetic organisms (plants and algae) make cyanobacteria a good model
system for oxygenic photosynthesis.

In plants and algae, peripheral light-harvesting antenna are also embedded in the thy-
lakoid membrane. Cyanobacteria do not have these additional transmembrane light-harvesting
complexes, but they use an extra-membrane antenna called the phycobilisome (PBS) to fun-
nel excitations to PSI and PSII. [11] The PBS is a spatial and energetic funnel that transports
harvested excitations to the RCs. The PBS is comprised of 6-8 rods fanned around a core
containing 2-5 cylinders of 1-2 hexamers of the phycobiliprotein allophycocyanin (APC). The
makeup of the rod is species-dependent, but the most distal phycobiliproteins absorb the
highest energy photons and the proximal rod phycobiliproteins absorb lower energy photons.
The proximal phycobiliproteins in the rods are commonly phycocyanin (PC), absorbing at
620 nm. The APC core is the lowest energy site, a trap within the PBS, absorbing at 670
nm. [12]

The PBS can couple to both PSI and PSII. Excitations are transferred from the APC core

of the PBS to the photosystems within 100-200 ps. [15, 16] The crystal structures of PSI and
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Figure 1.3: Cartoon of the peripheral and core light-harvesting complexes in the cyanobac-
teria Synechocystis sp. PCC 6803. The phycobilisomes contain phycobiliproteins phycoery-
thrin (purple) and phycocyanin (blue) in their rods. The phycobilisome core is composed
of the phycobiliprotein allophycocyanin (green). The phycobilisomes are on the cytoplasmic
side of the thylakoid membrane. They can associate with the fused antenna/reaction center
complexes PSI and PSII. Crystal structures for the PSII dimer (PDB ID: 3WU2 [13]) and
the PSI trimer (PDB ID: 1JB0 [14]) are shown beneath their cartoon representations.



PSII are shown in Figure 1.3. PSI exists in vivo in dynamic equilibrium between monomers
and trimers, though it is believed that the trimeric form dominates. [17] Each PSI monomer
contain 96 Chl molecules. PSII exists as a dimer with each monomer containing 35 Chl
molecules. [12, 18] PSII contains the oxygen-evolving complex, the site of water oxidation and
molecular oxygen evolution. [11] The PSI:PSII ratio is dependent on illumination intensity
during cell growth, but ranges between 2:1 and 10:1. [11] PST is the dominant Chl source in

cyanobacteria.

1.2 Theories of Photosynthetic Energy Transfer

Photosynthetic light-harvesting has an extremely high efficiency demand. Excitations must
be transported over nanometer length scales with high fidelity. Energy transfer in photo-
synthesis can be described by three distinct theories of energy transfer: Forster Theory,
Redfield Theory, and Quantum Coherent Transport. [19] Which of the three theories ap-
plies to a given energy transfer event depends on the inter-pigment coupling. When the
inter-pigment coupling is weak, Forster Theory is applicable. When the inter-pigment cou-
pling is strong, Redfield Theory is applicable. In the intermediate regime, the system must
be treated quantum mechanically as the coherent evolution of the system affects transfer

dynamics.

1.2.1 Forster Resonance Energy Transfer

Forster Resonance Energy Transfer (FRET) describes photosynthetic energy transfer when
weak coupling between pigments whose dipole-dipole interactions give way to excitation
hopping between chromophores. FRET is distance dependent, with energy transfer efficiency
rapidly diminishing with increasing distance. The first order FRET rate constant, based on

the dipole-dipole approximation is given by:



fo

r

) (1.1)

kr(r) = 7p(

In Equation 1.1, 7p is the fluorescence lifetime of the donor molecule, Ry is the distance
at which energy transfer between the two pigments is 50% efficient, and r is the distance
between the donor and acceptor pigments. R, the Forster radius, is a function of the
spectral overlap between the donor and acceptor pigments and dependent on the relative
orientation between donor and acceptor transition dipoles. [18]

6 8.79x 1079Jx2

RS = = (1.2)

J in Equation 1.2 is the spectral overlap integral and k2 is a measure of the relative
orientation between donor and acceptor transition dipoles. [11]

FRET theory can be used to calculate photosynthetic energy transfer rates when inter-
chromophore coupling is weak. However, in photosynthetic pigment-protein complexes the
pigment concentration is extremely high. This dense packing of chromophores leads to the
breakdown of the point dipole approximation used in FRET. Close proximity also causes

strong interactions in many cases, requiring additional theories of energy transfer. [3]

1.2.2  Redfield Theory

Redfield theory of energy transfer applies when the coupling between pigments is signifi-
cantly stronger than the coupling between the pigments and the surrounding protein scaf-
fold. Strong inter-pigment interactions leads to excitons, delocalized excited states. When
inter-chromophore coupling is large, we can no longer think of excitations as localized on
specific pigments, but as superpositions of excitations at different, but coupled, molecular
sites. [3, 19] When applying Redfield theory, we work in the exciton basis, rather than the

"site basis.



1.2.3  Quantum Coherent Energy Transfer

Considering photosynthetic energy transfer in the framework of Forster Theory or Redfield
Theory neglects the quantum mechanical nature of the excitation. The excitations are wave-
functions that can sample many pathways simultaneously as long as its phase is preserved.
The process through which memory of its initial phase is lost is known as dephasing. By
measuring the interaction of the excitation with the system, we observe the excitation in a
single state as we have collapsed the wavefunction. Collapse of the wavefunction (complete
dephasing of the initial coherence) is also possible prior to the measurement through inter-
actions with bath phonons. In the intermediate coupling regime, when coupling between
pigments is on the same order as the coupling between the pigments and the surrounding
protein, quantum coherence is necessary to explain energy transfer dynamics. [19]
Coherence can be broken up into two distinct categories, both of which occur during
photosynthetic energy transfer processes. State coherences can be observed in a static mea-
surement, as they are a superposition of individual states. Considering excitonic states
instead of individual pigments is an example of a state coherence. A process coherence, in
the context of photosynthetic energy transfer, characterizes the balance between the sys-
tem’s unitary and dissipative evolution. Unitary evolution is determined by inter-pigment
coupling and dissipative evolution is determined by the system-bath coupling. When the
system is excited with coherent light, coherent dynamics reflect how long the system can
maintain a state coherence. [19] In our two-dimensional electronic spectroscopy experiments,
as discussed in 1.3 and 2.1.1, process coherences are manifested as oscillatory dynamics in the
waiting time. While sunlight is incoherent light, the property of process coherence is a funda-
mental design principle of photosynthetic complexes. Quantum coherences become relevant
to photosynthetic energy transfer because the coherences drive energy transfer pathways and

dynamics. [20]



1.3 Theory of Two-Dimensional Electronic Spectroscopy

In order to interrogate photosynthetic design principles, we turn to ultrafast optical spec-
troscopies. The focus of this thesis includes experiments using two-dimensional electronic
spectroscopy and pump-probe (transient absorption) spectroscopy, both third order nonlin-
ear spectroscopies. I will present a brief theoretical description of these optical techniques
to provide a foundation for understanding the experimental work presented in this thesis.

For more details on the theoretical framework of optical spectroscopy see [21] and [22].

1.5.1 Light-Matter Interactions

Molecular spectroscopies use light-matter interactions to interrogate molecular properties
and behavior. We do not measure the molecular system directly, but rather its influence
on the light with which it interacts. We use a semi-classical approach to light-matter inter-
actions when describing optical spectroscopies, treating the light as a classical, oscillating
electromagnetic wave and the electronic and vibrational states of the molecular system quan-
tum mechanically. The interaction between the incident electric field and the dipoles of the

molecule can be mathematically defined as

W(t) = —pE(t) (1.3)

In Equation 1.3, E(t) is the classical electric field and f is the molecular dipole operator.
The complete Hamiltonian of the system can be written in terms of ﬁo, the Hamiltonian of

the molecule in the absence of an incident electric field, and W (t):

H=Hy+W(t) (1.4)

The time evolution of the wavefunction, |U) follows the time-dependent Schrdodinger

equation,
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0 .
i W) = H|Y) (1.5)

In the absence of an incident field, the solution of the overall Hamiltonian is

0) =" cpe Ent/ M) (1.6)

n

With the arrival of the laser pulse, the time evolution can be incorporated into Equation
1.6 using Equation 1.5. The coefficients, c¢,, become time-dependent as the incident field

couples the molecular eigenstates. The time-evolution of these coefficients is given by

0 ) : .
= 2 Y enlt)e” =B M1 (8)|n) (L.7)

n
Equation 1.7 is a set of coupled differential equations that describes the time evolution of
the wavefunction after interaction with the incident laser pulse of duration ¢. For a two-level

system made of a ground state and an excited state equation, 1.7 can be tractably separated

into two coupled equations:

5c1(t) = +%Cg<t>e‘”gef<e|ﬂ|g>E<t> (1.8)
%q(t) = +%Ce<t>e+%6f<g|me>E(t) (1.9)

In Equations 1.8 and 1.9, wge = (Ee — Eg)/h and (g|ji|e) is the transition dipole mo-
ment, fieq. After interaction with an impulsive laser pulse, we see that the system is in a
superposition between the ground state, |g), and the excited state, |e). The time evolution

of the wavefunction of the system after this interaction is

(1)) = coe™ Fat/|g) + iy e et/ P)e) (1.10)

The second term in Equation 1.10 encompasses the complex phase of this wavepacket.

11



This complex phase is determined by the phase of the incident laser pulse that created
the coherent superposition between the ground and excited states. If all of the molecules
in an ensemble have their phases synchronized with the laser pulse and the same time
evolution, then a nonequilibrium charge distribution known as a macroscopic polarization
(P (1)) has been generated by the coherently driven dipoles. The oscillating macroscopic
polarization emits a field that can be detected experimentally and is mathematically governed

by Maxwell’s Equations.

= (cge ™0 Mg| — icee Pt M (el )(cge™ P! P g) + icee™ Pl M) (L1D)

= cgce(glile) sin(wget) + c§<g|ﬂ|g> + c2{eliile)

The final two terms in the final line of Equation 1.11 are time independent as they
represent permanent dipoles and therefore do not contribute to the emitted field. The first
term in the final line of Equation 1.11 describes the emitted field and is dependent on the
transition dipole between the ground and excited states.

For a single light interaction interrogating a two-state system, the formalism described
above is tractable; however, for multilevel systems in real experiments the system of coupled
equations (Equations 1.8 and 1.9) is unmanageable mathematically. To handle multilevel

systems, we use the density matrix formalism.

1.3.2  Density Matriz Formalism

The density matrix is another way to describe the wavefunction and is especially useful for

time-dependent scenarios. The density matrix is defined as

p(t) = [9(0) (¥ (t)] (1.12)



For a statistical average of all the states in an ensemble, we can write

p= Zps|¢s><¢s| (1.13)

where pg is the statistical probability that the system is in a given quantum state, |is).
The diagonal elements of the density matrix are referred to as populations and they are the
probability of occupying a given quantum state with energy E,,. The off-diagonal elements
of the density matrix describe the evolution of coherent superpositions between two quantum
states of energies E,, and F),. The off-diagonal elements are referred to as coherences. The

time-evolution of the density matrix is described by the Liouville-Von Neumann equation

dp  —i
— =—|H 1.14
5 = 7 11/ (1.14)

which results from combining the time-dependent Schrodinger equation with the defini-
tion of the density matrix. The expectation value of any observable can be calculated using

the density matrix. We can then easily write the macroscopic polarization, the expectation

value of the dipole operator, from Equation 1.11 using the density matrix formalism.

P(t) = Trlpp(t)] = (i) (1.15)

The density matrix formalism will help us understand the signals detected in our 2DES

experiments.

1.83.3 Third-order Nonlinear Spectroscopy

The incident electric fields in optical spectroscopy experiments are sufficiently weak, such
that perturbation theory can be used to describe the optical response. 2DES is a third-order
nonlinear spectroscopy in which three incident electric fields generate a macroscopic polar-

ization. This is the third order polarization (the fourth term in the perturbative expansion

13



of the macroscopic polarization). The third order polarization is

P(3>(t):/oo dts /OO dts /OO At E3(t — t3) Ea(t — t3 — to) E1(t — t3 — to — t1)RB) (1.16)
0 0 0

the three time terms in equation 1.16 correspond to the time delays between the three
pulses in the two-dimensional electronic spectroscopy experiment. Pulse 1 generates a coher-
ence between the ground state and an excited state. The coherence evolves phase in a specific
direction during the time interval 7, referred to as the coherence time (¢1 in equation 1.16).
The arrival of pulse 2 ends the phase evolution by establishing a population between two
excited or ground states or a coherence between two excited states. The newly established
population or coherence evolves over the waiting time, T (¢5 in equation 1.16). During the
waiting time, energy transfer between excited states can occur. Pulse 3 initiates another co-
herence between a ground and an excited states or two excited states, which, again, evolves
phase in a specific direction this time over the time interval t, the detection time (¢3 in
equation 1.16). [23, 24] The signal generated is a function of the three time delays, 7, T,
and t, and is detected by heterodyning with an attenuated fourth pulse, the local oscillator
(L.O.). [21, 25]

The third-order response function, RB) in equation 1.16, written in terms of the three

time delays in our 2DES experiment is

RO (7, T,t) o« —ilfu(t + T + 7)[a(T + 7, [a(7), [2(0), poo]]) (1.17)

where pgg is the first diagonal element of the density matrix. The response function is
only not equal to zero when all three time delays are greater than or equal to zero. This
ensures that there is only a material response after interaction with the three laser pulses.

While equation 1.17 gives the mathematical structure of the third-order response, it is more

14



tractable to account for the experimental signals using a diagrammatic representation of the
third-order response.

Double-sided Feynman diagrams are graphical representations of the Liouville space path-
ways encompassed within the third-order response. Double-sided Feynman pathways for six
types of 2DES signals for a three state system are shown in Figure 1.4. In these Feynman
diagrams, arrows pointing toward the diagram are absorption events while those pointing
away are emission events. Each arrow represents one of the four light matter interactions in
a third-order spectroscopic experiment (interactions with three laser pulses and one gener-
ated from the oscillating macroscopic third-order polarization). Time moves upward in these
diagrams. The sign convention is chosen such that signal emission is a negative wavevec-
tor (—kgg). Negative wavevectors are represented by left-pointing arrows while positive
wavevectors are represented by right-pointing arrows. The final state of the system must be
a population. All signals that obey these rules will be emitted for a given pulse sequence,
but signals are only collected in a single, phase-matched direction based on the experimental
geometry. The phase-matching condition is determined by the sum of the wavevectors and
is given by kg;q = —k1 + k2 + k3 for our experiments.

The phase evolved during the detection time, t, can either have the same or opposite
sign to that evolved during 7. When the system evolves phase with the same sign during the
intervals 7 and t, the signal generated is a nonrephasing free induction decay. When there is
a reversal in the direction (sign) of phase evolution between the intervals 7 and t, a rephasing
photon echo signal is generated. [21, 26] Figure 1.5 depicts the phase evolution and signal
emission for rephasing and nonrephasing signals. Figure 1.4 shows Feynman pathways for
the third-order rephasing and nonrephasing stimulated emission, ground state bleach, and
excited state absorption signals. Collection of both the rephasing and nonrephasing signals
is important as their summation gives the fully absorptive 2DES spectrum. In the rephasing

or nonrephasing 2DES spectra, there are unresolved absorptive and dispersive contributions
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Figure 1.4: Double-sided Feynman pathways for rephasing photon echo signals (top row)
and nonrephasing free induction decay signals (bottom row). Three types of signals are
generated corresponding to ground state bleach (left), stimulated emission (center), and
excited state absorption (right) pathways. The inverse time ordering of pulses 1 and 2 in
rephasing and nonrephasing pathways enables the photon echo and free induction decay
signals to be emitted in the same phase-matched direction.
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Figure 1.5: For nonrephasing signals (blue), phase is acquired in the same direction during
the coherence time (7) and the detection time (t). For rephasing signals (red), the phase ac-
quired in the coherence time (7) is reversed during the detection time (t). The relative phase
evolution during the coherence time impacts the nature of the signal generated. Nonrephas-
ing pathways generate a free induction decay and rephasing pathways generate a photon
echo. Figure adapted from Reference [26].

to the signal, giving the spectrum artificial elongation in a specific direction. This distortion,
known as a phase twist, obscures spectral information such as the evolution of spectral line
shapes and dynamic peak shifts, which can inform on the underlying electronic structure. [21]
The 2DES rephasing and nonrephasing signals are not generated in the same phase-matched
direction; however, if the order of the first two pulses in the 2DES sequence are switched,
the two signals will be emitted in the same phase-matched direction, kg, = —k1 + ko + k3,
enabling a single experimental geometry during collection. [27]

If we expand the commutators in equation 1.17, we can explicitly write down the third-

order response function for the rephasing ground state bleach signal (Figure 1.4, top left):
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R = py(pgg)[e o™ oeT) () (€™ osT ~LoaT) (ueg) [ et~ oet] (g ) (1.18)

where pg is the probability of initially occupying the ground states, weq is the frequency
of the energy gap between the ground and excited states (weg = Ee — Fg/h), and T'eg = Tge

is damping constant. Equation 1.18 can be simplified to:

R — pg |/1/g€ ’4eiw3g (T*t)*].—‘eg (T‘i’t)*Fgg(T) (119>

In this rephasing pathway, and all rephasing pathways, the phase acquired during the
coherence time is e7™egT . The reversal of this phase in the during the detection time, e~ Wegt
generates a photon echo signal. In nonrephasing pathways, the phase evolution during the

~wegT and the phase evolution in the detection time, e~ ®est have the

coherence time, e
same sign which results in emission of a free induction decay signal (Figure 1.5).

The pathways depicted in Figure 1.4 are static pathways. That is, there are no dynamics
occurring during the waiting time. There are additional pathways that meet the phase
matching conditions, which represent population transfer or coherent dynamics. Examples
of these types of pathways are depicted as double-sided Feynman diagrams in Figure 1.6.

A 2DES spectrum presents the signal as a function of two frequencies, the excitation and
detection frequencies, and one time, T. The resultant plot is a correlation map between the
excitation and detection frequencies. The excitation axis is generated by taking a Fourier
transform over the coherence time and the detection axis is generated by spectrally resolving
the emitted signal using a grating. A 2D correlation map is produced for every waiting
time delay, T. Diagonal features in the 2DES spectrum are related, but not equal to, linear

absorption features, as they arise from nonlinear signals that scale as ,u4 rather than pQ. Off

diagonal features, or cross peaks, arise at 7' = 0 as a result of coupling between excitonic
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Figure 1.6: (Top) A rephasing stimulated emission pathway showing energy transfer between
non-degenerate states a and b. Energy transfer, depicted by a vertical arrow, from a to b
occurs during the waiting time. The corresponding waiting time dynamics show an expo-
nential decay of the 2D signal corresponding to the excited state population of a. (Bottom)
A rephasing excited state absorption pathway showing coherent dynamics between nonde-
generate excited states. Waiting time oscillations occur when a superposition of two excited
(or ground) states occurs during to the waiting time. The coherent dynamics dephase due
to interactions with the bath. Dephasing timescale can point to the physical origin of the
coherent states.



states. At later waiting times, these features report on energy transfer between nondegen-
erate states. As denoted in Figure 1.4, ground state bleach (GSB) and stimulated emission
(SE) signals are positive in 2DES experiments due to stronger signals from emission/bleach,
while excited state absorption signals (ESA) are negative due to absorption of incident fields.

The lineshapes of 2DES spectral features report on the degree of correlation between
excitation and detection frequencies and the rate at which these correlations are lost. Linear
spectra cannot determine the broadening mechanism of spectral lineshapes. In the inhomo-
geneous limit, the timescale of fluctuation is slow compared to the inverse linewidth. This
leads to diagonal elongation of the 2D lineshape, a distinct distribution of chromophores
has been captured, and there is a high degree of correlation (or memory) between excitation
and detection frequencies. As waiting time progresses, this memory of the initial excita-
tion is lost because the collection of states exchange, or spectrally diffuse, on these longer
timescales. [21, 28] After spectral diffusion, elongation is lost and round, homogeneously

broadened lineshapes result. [21]
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CHAPTER 2
EXPERIMENTAL METHODS AND INSTRUMENTATION

2.1 Spectroscopic Methods

We use a Ti:Sapph 80 MHz oscillator (Coherent Micra) (FWHM = 80 nm, At = 802
nm, ~350 mW output power) to seed a regenerative amplifier (Coherent Legend Elite).
The regenerative amplifier is pumped by a Coherent Evolution (A cptrq = 532 nm, ~20 W
output power). The oscillator output is down-selected in the regenerative amplifier using
chirped pulse amplification. During chirped pulse amplification, the output of the oscillator
is stretched temporally, amplified, and re-compressed, resulting in 5 kHz output with output
power of 2.0 - 2.6 W. The regenerative amplifier output spectrum is centered at 800 nm with
37 nm of bandwidth. The output pulses from the regenerative amplifier are the starting
point for the pulses used in our ultrafast experiments. The output of the regenerative ampli-
fier is spectrally broadened via filamentation (described in more detail in section 2.2.2. The
spectrally broadband pulses are then sent to a spatial light modulator (SLM) based Multi-
photon Intrapulse Phase Scan (MIIPS) compressor (Biophotonics, Inc.). After the MIIPS,
the beam can be diverted to the setup for two-dimensional electronic spectroscopy (2DES)

experiments or the setup for transient absorption (pump-probe) spectroscopy experiments.

2.1.1 GRadient-Assisted Photon Echo Spectroscopy (GRAPES)

All of the 2DES experiments in this thesis were collected using GRadient Assisted Photon
Echo Spectroscopy (GRAPES). GRAPES differs from conventional 2DES spectrometers in
that it focuses the ultrafast pulses to lines, rather than points, at the sample. The wavevector
of pulse 1 is then geometrically tilted with respect to pulses 2 and 3. The resultant angle
between pulses 1 and 2 is ~1.2 degrees. The spatial separation of pulses 1 and 2 along the

vertical height of beams encodes the coherence time delay [1]. This geometry enables the
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collection of an entire 2D spectrum at a single waiting time to be collected on each laser
shot. Though GRAPES can function as a single-shot spectrometer, we average many of these
single-shot spectra during our acquisition to increase the single-to-noise of the measurement.

In order to create the four pulses needed for a GRAPES experiments (three pulses to
generate the third-order signal and another to use as a reference or local oscillator, L.O.),
we first divide the output of the MIIPS into two equal pulses using a 50:50 beam splitter.
The pulse that is transmitted through the beam splitter will become pulse 3 and the L.O.
and the pulse that is reflected off the beam splitter will become pulses 1 and 2. The 1/2
beam is sent to a retroreflector on a linear delay stage. Movement of this stage lengthens or
shortens the 1/2 beam path relative to the path of pulse 3, therefore controlling the waiting
time (temporal separation between pulses 2 and 3). In order to maintain the same temporal
profile of all beams, a 1 mm thick piece of compensating glass (UV fused silica) is placed
in the 1/2 beam path after the delay line. Beam 1/2 and beam 3/L.O. are then sent to
a pair of 60:40 beam splitters with silver mirrors behind them. The portions of the pulses
reflected off the beam splitters become pulses 1 and the L.O.. The transmitted fractions
of the beams (60 percent of the incident pulse) reflect off the silver mirrors placed behind
the beam splitters and then pass back through the beam splitters creating pulses 2 and 3.
Higher order reflections off the silver mirror-beam splitter pairs are blocked using a spatial
filter. For more details of the design of these beam splitter silver mirror pairs and the wedged
beam splitters they replaced see section 2.2.4. At this point the L.O. is attenuated on an as
needed basis using a neutral density filter wheel to maximize the heterodyned signal while
avoiding saturating the detector in the spectrometer.

All four beams reflect of the GRAPFE optic which creates the distorted BoxCARS ge-
ometry used in the experiment and sets the phase matching condition. Figure 2.1 shows a
photograph of the GRAPE optic. Beams 2 and 3 travel parallel to each other while beam

1 and the L.O. are vertically separated from beams 2 and 3 at the GRAPE optic. Beam
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Figure 2.1: This photograph of the GRAPE optic creates the distorted BoxCARS geometry
used in GRAPES. Beams 2 and 3 travel parallel to each other and reflect off the center
rectangular optic. Beam 1 reflects off the bottom silver mirror which steers the beam upwards
such that it spatially overlaps with beams 2 and 3 at the sample. Beam 4 is steered downward
by the upper optic which is a piece of UV fused silica. The angle of this piece of glass steers
the reflected portion of beam 4 such that is overlaps with the other 3 beams at the sample.
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1 is steered upward by the GRAPE optic and the L.O. is steered downward such that all
four beams spatially overlap at the sample. The L.O. reflects off of a piece of UV fused
silica on the GRAPE optic while the other three beams reflect off of silver mirrors. The
Fresnel reflection off the piece of UV fused silica serves to attenuate the L.O. both so that
it does not interfere with the desired 2DES pulse sequence and to ensure an intensity that
is manageable by the detector in the spectrometer. After the GRAPE optic, all four beams
travel to a cylindrical mirror (Lattice Optics, f= 250 mm) which focuses the beams in the
horizontal dimension while collimating them in the vertical dimension. This results in beams
that are 1 cm tall by 100 um wide at the sample. We align the beams to overlap spatially
at their focal point and set the crossing point between beams 1 and 2 to be near the middle
of the beam height.

The sample flow cell is mounted on a micrometer stage and positioned at the crossing
point of the beams. The flow cell tubing is attached to a peristaltic pump which is set
to its maximum speed during the experiment. Flowing helps diminish scatter and prevents
photobleaching. The sample cell is mounted at an angle that is not aligned with the direction
of flow. The phase matching condition of the distorted BoxCARS geometry used in GRAPES
prescribes that the generated third-order signal will co-propagate with the L.O. As such, the
L.O. is aligned through a spatial filter after the sample set to block beams 1, 2 and 3 and
scattered light before being focused through the slit of the spectrometer (Andor Shamrock
303i) coupled to a SCMOS camera. The data presented in this thesis was either collected
using a Phantom Miro M310 CMOS array camera or an Andor Neo 5.5 sCMOS 2D array
camera. The reasoning behind switching from the Miro to the Neo is described in detail in
section 2.2.7. The detection wavelength is resolved by the grating in the spectrometer and
is mapped onto the horizontal axis of the detector. The coherence time is mapped onto the
vertical axis of the detector.

Data acquisition speed is set by down-selecting the TTL signal from the regenerative

28



To spectrometer and camera

A spatial
filter , focusing
signal + L.O. ] optic
focusing
optic sample flow
v cylindrical cell
mirror
spatial —— i GRAPE
filter optic
ND
wheel beam 3/L.0
.O.
_beam splitter compensating beam 1/2
silver mirror pairs glass

Figure 2.2: The beam path for the GRAPE spectrometer. For simplicity, only the beam 1
(light green) and L.O. (dark green) paths are represented.
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amplifier using a divide-by circuit. This down-selected signal is synced to an optical chopper
that blocks beam 1/2 before it is split. The chopper is run at half the speed of the camera
such that every other collected frame contains the the signal. The other frames contain only
heterodyned scatter from beam 3 and the L.O.. The divide-by circuit can be set to any
integer and the chosen collection speed depends on the limits of the optical chopper and the
camera. The output of the regenerative amplifier is 5 kHz, if the divide-by circuit is set to
divide this TTL signal by 625, the camera will run at 8 Hz and the chopper will run at 4
Hz. This acquisition speed corresponds to averaging 625 laser shots of heterodyned signal

for every signal-containing frame collected.

2.1.2  Pump-Probe Spectroscopy

Ultrafast pump-probe, or transient absorption, spectroscopy is another third-order nonlinear
spectroscopy. Pump-probe differs from 2DES in that the first two light-matter interactions
come from a single pump pulse and therefore 7, the coherence time, is always equal to zero
and the excitation energy cannot be spectral resolved. After the MIIPS, the pulse is sent to a
separate, movable breadboard that contains the pump-probe spectrometer. The pulse is split
using a 90:10 wedged beam splitter. The weaker reflected portion becomes the probe and the
stronger transmitted portion is the pump. The pump is sent to a motorized delay stage that
controls the relative timing between the pump and probe pulses. After the beam splitter, the
probe passes through compensating glass so that pulse compression is maintained between
the pump and the probe. The pump beam is sent through an optical chopper running
at 2.5 kHz. The pump beam has the repetition rate of the output from the regenerative
amplifier, 5 kHz. Both beams are focused at the sample position, and the pump is blocked
after the sample using a partially closed iris. The probe and the signal co-propagate and are
focused onto the slit of the spectrometer (Andor Shamrock 303i) coupled to a line scan CCD

camera (Teledyne Dalsa). The probe and the pump-probe signal are spectrally resolved on
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the camera. The probe is then subtracted from the heterodyned pump-probe signal. Strong
interference between scattered pump and probe beams and weaker interference between the
scattered pump beam and the signal are contained to time delays near T = 0 because all
wavelengths in the spectrum constructively interfere at this time delay. These scatter signals
can be removed through windowing (apodization) in the waiting frequency domain. If the
waiting time step size is not fine enough relative to the optical period to enable windowing,
the detected signal plus scatter near T = 0 cannot be trusted and must be omitted. This
is admissible when long time dynamics are of interest. Significant scatter from the pump is
strongly present at negative waiting times and can be removed by averaging the collected
intensity at negative waiting times and subtracting this from the collected signal plus scatter
at positive waiting times. For this subtraction to be valid, enough negative time points should

be collected to produce a representative average.

2.2 Technical Advances to GRAPES Instrumentation

2.2.1 Collecting Rephasing and Nonrephasing Third-Order Signals in a

Single Phase-Matched Geometry

For details of how GRAPES has been adapted to collect both rephasing and nonrephasing

signals without instrumental realignment see Section 3.3. [2]

2.2.2  Improving White Light Generation

A large technical advance in GRAPES was improving white light generation, or spectral
broadening of the output pulse of the regenerative amplifier. Previously, the GRAPES
instrumentation could only be used for samples that absorbed from 775 nm to 880 nm [2-5]
because there was not much broadening of the fundamental regenerative amplifier output
(800 nm). First, I will briefly discuss the technical background for white light filamentation
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and then I will show how I have improved the spectrum accessible with GRAPES.
Supercontinuum generation from ultrafast laser pulses is enabled by nonlinearity in the

index of refraction of the material through which the pulses pass. In our supercontinuum

generation setup, we use argon gas held above atmospheric pressure and lab air as the

nonlinear media. The refractive index of a medium with Kerr nonlinearity is given by

n =ng+ nol(t) (2.1)

where n( is the nonpertubed index of refraction and ng is the nonlinear refractive index
which is dependent on the third-order linear susceptibility of the medium, x3), and I (t) is
the intensity of the laser pulses [6, 7]. The ng term in equation 2.1 results in a significant
self-phase modulation of the laser field. The nonlinear phase acquired as a result of this

self-phase modulation over a distance L is

w

() = “nal(t)L (2.2)

where w is the frequency of the laser light. The self-phase modulation is dependent on
the intensity of the laser pulse as it passes through the nonlinear medium and the resultant

frequency shift due to the self-phase modulation is

Aw(t) = EnQL_ (2.3)

The maximum frequency shift attainable is limited by the peak intensity of the pulse and
the pulse duration:
w Iy

Aw = —ngL— (2.4)
& T

In the improvement of our supercontinuum generation setup for use with GRAPES, we

focused on minimizing pulse duration and using a medium with a high third-order nonlinear
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Figure 2.3: The compressed output pulse from the regenerative amplifier is focused in a tube
of argon held at 15 psi. Self-phase modulation occurs in the argon resulting in a spectral
frequency shift. The pulse is re-compressed using a negative GVD mirror (chirped mirror)
before being focused in an open ended pipe (filled with lab air). The FWHM of the resultant
spectrum spanned from 785 nm to 845 nm.

susceptibility as no is proportional to this material property.

The original GRAPES supercontinuum generation setup is drawn in Figure 2.3. In this
design, the output from the regenerative amplifier was focused into a pipe filled with Argon
gas held at 15 psi. Self-phase modulation occurs at the focus within the pipe because the peak
laser intensity is extremely high and the output of the regenerative amplifier is compressed
to ~37 fs. After exiting the pipe, the pulse is recompressed temporally using three bounces
off a single negative group velocity delay (GVD). The pulse is then focused again, this time
in an open tube of air.

The spectrum after the focus in argon and the focus in air is shown in Figure 2.4. The
majority of spectral intensity is around 800 nm, the fundamental laser wavelength. The
spectrum also exhibits modulations on the blue side. We attribute the modulation to the
coating on the negative GVD mirror (Layertec, -65 fs> 700-950 nm) which is not meant for
wavelengths blue of 700 nm. This spectrum was used for the experiments in Rba. sphaeroides
cells described in Chapter 3. [2]

In order to improve the accessed frequency shift according to equation 2.3, we replaced
the focus in air with a second focus in argon gas at 15 psi. Argon has a higher third-

order nonlinear susceptibility than air and therefore its Kerr-nonlinearity-induced intensity-
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Figure 2.4: The laser spectrum after supercontinuum generation using one focus in argon at

15 psi and one focus in air. This laser spectrum limited experiments to samples that absorb
near 800 nm.
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dependent additive to the refractive index is greater. [6] In addition, we used a pair of negative
group delay dispersion (GDD) mirrors (Layertec, -40fs> 510-920 nm) to more adequately
compensate for the temporal broadening incurred on the first pass through the argon tube.
Adequate compression enables a larger frequency shift due to the self-phase modulation on
the second focus in the argon tube. Additionally, we limited the spectral broadening on the
first pass to ensure successful temporal compression of the pulse prior to the second pass.
Figure 2.5 shows the spectrum after the first pass through the argon tube. The output
spectrum from the regenerative amplifier is centered at 800 nm with a FWHM of 28 nm.
The first focus through argon produces slight broadening of the original spectrum. After four
bounces on each negative GDD mirror in the pair (for a total of eight bounces), the pulse
is well-compressed and the second focus in argon results in significant spectral broadening
(Figure 2.6). Figure 2.7 depicts the revised optical setup for broader-band supercontinuum
generation.

The double pass in argon not only shows more broadening about the fundamental (800
nm), it also has significantly more intensity on the blue tail of the spectrum. With the
large amount of light that remains near the fundamental it is difficult to observe this blue
tail without saturating the spectrometer with the light near 800 nm. In order to dump the
fundamental, we use a shortpass filter with a cutoff of 750 nm (Thorlabs). Light red of
750 nm is reflected by the filter and the bluer wavelengths are transmitted through it. It
is important to note that the wavelengths needed for ultrafast experiments should not be
reflected off dielectric filters as the coatings prohibit proper pulse compression. In the re-
design of this setup, we ensured that all filters were used to reflect unwanted wavelengths. In
order to compensate for dispersion incurred on the second focus through the argon tube, we
used six bounces off another pair (three on each mirror in the pair) of negative GDD mirrors
(Layertec, -40fs? 510-920 nm). Using these negative GDD mirrors before compressing the

pulse with the MIIPS, decreases the phase shift for which the SLM needs to correct. We
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Figure 2.5: The laser spectrum after the first pass in argon gas in the newly designed
broadband supercontinuum setup. Minimizing the spectral broadening on the first pass
limits the temporal dispersion and enables us to correct for it using several bounces off a
pair of negative GDD mirrors before re-focusing into the Argon tube for the second pass.
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Figure 2.6: The laser spectrum after the second pass in argon gas. An adequately compressed
pulse before the second pass allows a large frequency shift and broadening of the fundamental
laser light. While most of the intensity of the broadened pulse still remains near 800 nm, there
is a significant blue tail to the spectrum which we can use to perform GRAPES experiments
on samples that absorb between 600 and 720 nm.
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Figure 2.7: The compressed output pulse from the regenerative amplifier is focused in a
tube of argon held at 15 psi. Self-phase modulation occurs in the argon resulting in a
spectral frequency shift. The pulse is re-compressed using a 8 bounces off a pair of negative
GDD mirror (chirped mirrors) before being focused back through the same argon pipe. The
FWHM of the resultant spectrum spanned from 725 nm to 875 nm with a long tail on the
blue side of the spectrum.

align the grating within the MIIPS (Newport, 900 grooves/mm, blazed for 550 nm) to cut
off more of the red side of the spectrum, based on the goals of the experiment. Figure 2.8
shows the laser spectrum after the MIIPS. This is the spectrum used for experiments on

samples that absorb between 600 nm and 720 nm.

2.2.8 Polarization in the GRAPES Optical Setup

In order to maximize the efficiency of the grating in the MIIPS and the grating in the spec-
trometer for detecting the ultimate GRAPES signal, the laser pulses dispersing off of these
grating should have a polarization that is perpendicular to the grooves of the grating. This
corresponds to an electric field vector parallel to the plane of incidence of the grating and
we refer to this polarization as p-polarization. This polarization will always have higher
efficiency off the grating than the perpendicular s-polarization. The output from the re-
generative amplifier is p-polarized. In previous iterations of GRAPES, the polarization of
the regenerative amplifier output was flipped using an off-axis periscope before the beam

was aligned into the MIIPS. We changed this periscope to be on-axis in order to maintain
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Figure 2.8: The broadband spectrum of the laser light used in GRAPES experiments with
the re-designed supercontinuum generation setup. Wavelengths red of 750 nm have been
reflected by a shortpass filter and light red of 720 nm has been cut off using the alignment
of the grating in the MIIPS.
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p-polarization and maximize the efficiency of the grating in the MIIPS, which disperses the
beam onto the SLM. As a result of our improved supercontinuum generation setup (see
Section 2.2.2), a new beam splitter was needed to split the output from the MIIPS into
beams 1/2 and 3/L.0. that had broadband compatibility. The beam splitter implemented
(Layertec) only acts as a true 50:50 beam splitter when the incident beam is s-polarized.
As such, after the MIIPS we used an off-axis periscope to rotate the polarization of the
beam. Before dividing beam 1/2 and 3/L.O. into the four beams used in the GRAPES pulse
sequence, we used another off-axis periscope to rotate the polarization back to p-polarized.
This maximizes the detected signal by ensuring it has the polarization that gives the highest

efficiency for the grating in the spectrometer.

2.2.4 Adapting GRAPES for Broadband Visible Light

When GRAPES was used for applications in the near-IR (775 nm to 880 nm), wedged beam
splitters were used in place of the silver mirror-beam splitter pairs discussed in Section 2.1.1.
This pair of wedged optics split beam 1/2 and beam 3/L.0. into the four beams used in
the GRAPES pulse sequence. These wedged beam splitters (30 arc minimum) were coated
to be 100 percent reflective for wavelengths from 730 nm to 880 nm (TLM2-800 Coating,
CVI Laser Optics) on one side and 40 percent reflective on the other (PRI for 800 nm,
CVI Laser Optics). As shown in Figure 2.9, beams 1 and 3 are reflections off the partially
reflective front surface and beam 2 and the L.O. are reflections off the fully reflective back
surface. Therefore, beam 2 and the L.O. traveled a round trip through the thickness of the
wedge while beams 1 and 3 did not. The resulting disparity in temporal pulse compression
had to be overcome using compensating glass. The alignment onto each of the wedges was
set such that beams 2 and 3 were parallel to each other. If the two wedges were cut at
the exact same angle by the manufacturer, this alignment would correspond to a perfectly

distorted BoxCARS geometry. That is, the vertical separation between beams 1 and 2 and
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Figure 2.9: A pair of wedged beam splitters were used to to split beam 1/2 and beam 3/L.0O.
into four distinct beams. The alignment onto the wedge pair was set such that beams 2 and
3 would be parallel to each other as they were focused at the sample position. The front
surface of the wedge is 40 percent reflective and the back surface is 100 percent reflective for
730 nm to 880 nm light.

the vertical separation between beam 3 and the L.O. were the same (Figure 2.10). But the
wedges were not cut at the same angle during manufacturing. Since beams 1 and 2 share
an optic and beam 3 and the L.O. share an optic, the wedged beam splitters did not allow
for independent steering of all four beams. It was impossible to achieve a perfect distorted
BoxCARS geometry using the wedged beam splitters.

In order to adapt GRAPES for samples that absorb in the visible range, the pair of wedged
beam splitters needed to be exchanged for something compatible with wavelengths blue of
730 nm. While designing the updated beam splitter setup, we also strived for independent
control over all four beams, such that we could align to a perfectly distorted BoxCARS
geometry. We used beam splitter-silver mirror pairs to split beam 1/2 and beam 3/L.0O.
into four independently controllable beams. Photographs of the new beam splitter-silver

mirror pairs and the old wedged beam splitter setup are provided in Figures 2.11 and Figure
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Figure 2.10: (Left) A cartoon of the relative beam positions at the GRAPE optic for a perfect
distorted BoxCARS geometry. The vertical spacing between beams 1 and 2 and beam 3 and
the L.O. are the same. (Right) A cartoon of the relative beam positions at the GRAPE optic
for an imperfect distorted BoxCARS geometry. The vertical separation between beams 1
and 2 is smaller than the vertical separation between beam 3 and the L.O..

2.9, respectively. Beam 1 and the L.O. are reflections off of broadband 40:60 beam splitters
(Chroma, 400-900 nm) which have been oriented in their mounts such that the partially
reflective surface is the back surface. Silver mirrors are placed immediately behind the beam
splitters. The light transmitted through the beam splitter is then reflected off the silver
mirror back through the beam splitter (beams 2 and 3) resulting in four beams of roughly
equal intensity. Additionally, all four beams have made one round trip through the 1 mm
beam splitter making this design self-compensating. A schematic of the beam splitter-silver
mirror pairs is shown in Figure 2.11. This setup can be used for experiments that span the

entire visible and NIR ranges (400 nm to 900 nm).

2.2.5 Using Near-Rotating Frame Detection to Eliminate Scatter

In our design of the new beam splitter-silver mirror pairs described in Section 2.2.4, the ability
to independently control the alignment of each of the four beams was extremely important.

By using four separate optics for beams 1, 2, 3 and the L.O., we would be able to achieve
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Figure 2.11: In the updated GRAPES setup for broadband (visible and NIR) experiments,
beam splitter-silver mirror pairs are used to split beam 1/2 and beam 3/L.0O. into four distinct
beams. Because four separate optics are used to make each of the four beams needed for
the experiment, each beam can be steered independently. The silver mirrors are used to set
beams 2 and 3 parallel to each other. The beam splitters are adjusted to set the relative
positions of beam 1 and the L.O.. This setup can be aligned to make a perfect distorted
BoxCARS geometry or an imperfect distorted BoxCARS geometry.
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a perfect distorted BoxCARS geometry by steering beam 1 and the L.O. such that their
vertical displacements from beam 2 and 3, respectively, were the same. The perfect distorted
BoxCARS geometry enables detection of the GRAPES signal in the rotating frame. [8] A
signal is detected in the rotating frame when the relative phase between the pulses in the
experiment change for every coherence time delay. [9] Rotating frame detection is intrinsic to
nuclear magnetic resonance (NMR)) spectroscopy, as the radio frequency pulses used in these
experiments are given an arbitrary phase by the spectrometer. [10] In GRAPES, the phase
evolved between the signal and beams 1 and 2 is not constant across the spatial height of
the signal. Due to this non-uniformity in the phase, we do not detect the absolute frequency
of the signal in wr (Wegeitation)- Instead, we detect the envelope of the emitted signal with
its fundamental frequency shifted to zero in the w; domain. [11] Figure 2.12 shows that the
experimental GRAPES signal of the laser dye IR144 shows up very close to zero frequency
in the w; domain.

As we started to use the broadband capabilities of GRAPES to measure living cyanobac-
teria, a highly scattering sample, the signal was partially obscured by prominent scatter
that showed up at zero frequency in the rotating frame. This scatter will show up exactly
on the diagonal in the final 2D spectrum if the signal is detected at precisely zero frequency
in the rotating frame. If the signal is detected slightly displaced from zero frequency in the
rotating frame, the scatter will show up offset from, but parallel to, the diagonal in the final
2D spectrum (Figure 2.13). [11]

In order to push this diagonal scatter away from the detected signal, the beam splitter-
silver mirror pairs are used to make the vertical displacement between beam 3 and the L.O.
greater than the vertical displacement between beams 1 and 2. This alignment (imperfect
distorted BoxCARS in Figure 2.10) creates a gradient between the L.O. and the signal
along their vertical dimension (7). The vertical interferogram between the signal and the

L.O. pushes the signal from zero frequency in the rotating frame (Figure 2.14). We have
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Figure 2.12: (A) GRAPES signal of the laser dye IR144 in the 7-t domain at T = 265
fs. Fourier transformation about w; of the scatter subtracted acquired signal. The signal
appears ~2.1 ps after the L.O.. (B) A cut through the dashed line in (A) shows the 2DES
signal versus the coherence time. (C) Rotating frame detection. Fourier transform of a cut
through the GRAPES signal shows that the signal is detected near zero frequency in w;.
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Figure 2.13: Scatter parallel to the diagonal interferes with weak signals from highly scat-
tering S. leopoliensis cells when this signal is detected very close to zero frequency in the
rotating frame.
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now made this imperfect BoxCARS alignments the standard alignment for GRAPES. This
ensures that, for highly scattering samples, the signal is not obscured by diagonal scatter.
In this imperfect distorted BoxCARS alignment, the signal and the L.O. are no longer co-
propagating. As such, the spatial filter used to block beams 1, 2, and 3 but allow the signal
and the L.O. to pass through needed to be modified. Figure 2.15 shows the newly designed
spatial filter. Using two separate pieces of aluminum with a single slot in each makes this
filter extremely modular. The separation between the L.O. and the signal is controlled by

how far the signal is pushed away from zero frequency in the rotating frame.

2.2.6 Using Spatial Masks to Reduce Scattered Light at the Spectrometer

In an effort to further reduce the scattered light getting to the detector while measuring
highly scattering samples, such as living cyanobacteria, we use additional spatial filters. We
use a spatial filter immediately following the sample cell to reduce the scatter from beams
1 and 2 that makes it to the detector. As seen in Figure 2.15, with a highly scattering live
cell sample there is still a large amount of scattered light that passes through the filter. We
have made the slot in the filter as narrow as it can be without clipping the signal and the

L.O..

2.2.7 Using Slower Acquisition Speed to Increase Signal-to-Noise

GRAPES was originally designed as a single-shot spectrometer. [1, 8] Later, it was modi-
fied to be able to filter in the wp domain and became Ultrafast Video Acquisition (UVA)
GRAPES. [12, 13] UVA GRAPES enabled acquisition of 8192 complete 2DES spectra in 3.5
seconds. Using a high-speed CMOS camera (Phantom Miro M310), the acquisition speed in
GRAPES was only limited by the 5 kHz repetition rate of the regenerative amplifier. [12]
Acquiring spectra with UVA GRAPES required less long-term laser and sample stability be-

cause the measurement time was so short. However, for extremely weak signals, the number
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Figure 2.14: (A) A subtracted camera image for a single waiting time. The vertical gradient
between the signal and the L.O. gives rise to a checkerboard pattern of the heterodyned signal
on the camera. (B) A 7 versus t plot after taking a Fourier transform over the detection
axis from (A). (C) A cut through the dashed line in (B) shows the 2DES signal versus
coherence time. Oscillations on top of the signal result from the vertical gradient between
the signal and the L.O.. (D) Rotating frame detection. Fourier transform of a cut through
the GRAPES signal (C) shows that the signal is not detected near zero frequency in this
alignment of the optical setup (imperfect distorted BoxCARS.)
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Figure 2.15: (A) In an imperfect distorted BoxCARS geometry, the signal and the L.O.
do no co-propagate. Separate spatial filters are used to allow the L.O (bottom) and the
signal (top) to be separated from scatter and beams 1, 2, and 3. (B) For highly scattering
cyanobacterial cells, a second spatial filter that blocks beams 1 and 2 and scatter was added
immediately behind the sample cell as a method to reduce the number of scattered photons
that make it to the detector. (C) Signal, L.O., beam 3, and scatter caught on an index card
immediately after the spatial filter in (C). This photograph is intended to illustrate just how
highly scattering these cyanobacterial cells are.
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of laser shots averaged to produce a single spectrum was limited by the minimum acquisi-
tion speed on the camera. The slowest possible frame rate on the Phantom Miro is 50 Hz,
corresponding to averaging 100 laser shots to produce a single 2DES spectra. Running at
a b0 Hz frame rate, data acquisition took around 8 minutes with 3 to 4 additional minutes
after the data was collected to save the frames to a cine flash drive. The cine flash could
hold 4 data runs before the data needed to be transferred to a hard drive and cleared from
the cine flash. [3, 4] In order to average more laser shots to produce a single 2D spectrum,
we opted for a new camera that could run at slower frame rates. The Andor Neo 5.5 sCMOS
camera has a maximum frame rate of 30 Hz for the entire 2560 by 2160 sCMOS array de-
tector. We can therefore average more laser shots for each 2DES spectrum collected. Now,
our acquisition speed is limited by the optical chopper we use to block beam 1/2 for scatter
subtraction. The optical chopper can only run reliably at 4 Hz. This rate for the optical
chopper corresponds to running the camera at 8 Hz as every other frame contains signal
plus L.O. plus scatter from all beams while the others contain only L.O. and beam 3 scatter.
A frame rate of 8 Hz corresponds to averaging 625 laser shots to produce a single 2DES
spectrum.

The Neo also offers additional advantages over the Miro. The pixel size on the Neo
detector is 6.5 pm compared to a 20 um pixel on the Miro. The angle of beam 1 relative
to beam 2 defines the coherence time gradient along the vertical axis of the detector. For
the Miro, the optical geometry corresponded to 0.9 fs/pixel. Due to the smaller pixels on
the Neo detector, we can achieve 0.29 fs/pixel, enabling us to sample the coherence time
much more finely. In order to improve signal-to-noise, keep measurement times reasonable,
and save computing power, we have opted to bin in both dimensions on the Neo detector,
making it an effective 1080 by 1280 detector with 13 pum square pixels. The binning results
in a coherence time gradient along the vertical dimension of the detector of 0.58 fs/pixel.

This resolution in coherence time is still better than what we was achievable with the Miro.
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Unlike the Miro, the Neo is capable of writing the data to disk in real time. The data is
saved to 1 TB solid state hard drive and no time is wasted saving or transferring data. The
data is transferred from the acquisition computer to other hard drives for long-term storage

and processing over a 1 GB/s wireless network.

2.3 Sample Preparation of Cyanobacterial Membrane Fragments

and Living Cells

2.8.1 Cllturing Synechocystis and Synechoccocus Cells

This thesis contains data from living Synechoccocus leopoliensis cells and Synechocystis sp.
PCC 6803 thylakoid membranes. Both cyanobacterial cultures were grown in BG-11 media.
A 50 X solution of BG-11 media was purchased (Sigma-Aldrich) and diluted accordingly
with DI water to use for cyanobacterial cell growth. The diluted BG-11 was autoclaved
in flasks with stir bars and foam stoppers. After autoclaving, media was left to cool in a
sterile hood under UV lights. Cells were transferred to the media in the sterile hood to limit
contamination risks. The culture flasks were placed on stir plates under the room lights
(fluorescent) to grow (Figure 2.16B). Stir plates were set to maintain a medium to high level
of agitation. For culturing Synechocystis sp. PCC 6803 cells, IM TES/KOH solution should
be added to the autoclaved media to a final concentration of 10 mM. Mutant cell strains,
PSI-only and PSII-only, require the addition of glucose to the media to a final concentration
of 5 mM. The PSII-only strain must be grown in the dark. These cultures were wrapped
completely in aluminum foil to limit light exposure. [14] Cell media was refreshed once every
month. Existing cell cultures were centrifuged for 10 minutes at 5,000 rpm (Sorvall RC-
5B centrifuge, Sorvall SLA-3000 Super-Lite rotor). The supernatant was discarded and the
pellets were re-suspended in the fresh media. Linear absorption spectra for living cultures

of S. leopoliensis and Synechocystis sp. PCC 6803 are presented in Figure 2.16A.
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Figure 2.16: (A) Linear absorption spectra of S. leopoliensis and Synechocystis sp. PCC 6803
cells. Spectra presented here are of cell cultures that have been pelleted and re-suspended
in a small volume of water/glycerol mixture for use in 2DES experiments. (B) Spectrum of
fluorescent lights that were used to grow the cyanobacteria in (A) photosynthetically.

2.3.2  Protocol for Preparing Cyanobacterial Membrane Fragments

The procedure for preparation of intact thylakoid membranes from cyanobacteria was pro-
vided and executed by our collaborators in Prof. Neil Hunter’s group at the University of
Sheffield, Dr. Andrew Hitchcock and Dr. Craig MacGregor-Chatwin. Drs. Hitchcock and
MacGregor-Chatwin grew wild-type (WT), PSI-only, and PSII-only Synechocystis sp. PCC
6803 cells and prepared the intact thylakoid membranes. They sent us the membranes on
dry ice for use in 2DES and pump-probe experiments. The entire isolation process should
be done under low light. Cell fragments should be kept on ice or in the fridge as much as
possible to maintain the integrity of the samples. Cells are pelleted using centrifugation. The
supernatant is discarded and the pellet is resuspended in a small volume of FLAG buffer
(recipe found in Table 2.3.2). The re-suspended cells are homogenized using a bead homog-
enizer (Benchmark Scientific BeadBugTM Microtube Homogenizer). The re-suspended cells

are mixed with an equal volume of 0.1 mm glass beads. The bead homogenizer is run for 8
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x 55 s at maximum speed with 1 minute on ice in between each iteration of homogenization.
After the cells are homogenized, the beads are removed using a slow spin at 4,000 rpm for
2 minutes. The cell debris can be pipetted off. The beads are washed with a small volume
of FLAG buffer and spun again at 4,000 rpm. The supernatant is combined with the rest
of the cell lysate to ensure maximal recover of the sample. Thylakoid membranes can be
separated from dissociated phycobilisomes using ultracentrifugation (20 minutes at 23,000
rpm). The blue supernatant containing the phycobilisomes can be discarded (they do not
remain intact once dissociated from the membrane in this protocol). The pellet contains
large cell debris and intact thylakoids. A slow spin can separate these components. The
pellet from the ultracentrifugation step is resuspended in FLAG buffer and spun slowly to
pellet cell debris. The supernatant contains intact thylakoids. If needed, the membranes
can be further purified using a 1-2 sucrose gradient. Prepared thylakoid membranes were
diluted with DI water to an optical density of 0.6 to 0.8 in 1 mm for 2DES and pump-probe

experiments.

Table 2.1: FLAG Buffer Recipe

Component Concentration
Sodium phosphate 25 mM, pH 74
Magnesium chloride 10 mM
Sodium chloride 50 mM
Glycerol 10% w/v
EDTA-free protease inhibitor (Roche) | 1 tablet/50 mL FLAG buffer

2.3.8 Lwe Cell Preparation for Ultrafast Measurements

2DES spectra of living cyanobacterial cells were successfully collected for S. leopoliensis cells.
Cell samples of S. leopoliensis for 2DES experiments were prepared by centrifuging ~ 300
ml of actively growing cells at 5,000 rpm for 10 mins. The supernatant was discarded and
the pelleted cells were resuspended in 1 mL of DI water. Then 1 ml of glycerol was added

to the cells. After pipeting up and down many times to ensure mixing, the cell sample was
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Figure 2.17: (Left) Culture flask containing S. leopoliensis cells. (Middle) Micrograph of S.
leopoliensis cells. (Right) Sample vial of S. leopoliensis cells used for 2DES experiments.

characterized by UV-vis spectroscopy (Figure 2.16). The sample was further diluted with
a solution of 50:50 water/glycerol to a final optical density of 0.5 to 0.6 above the scatter
baseline in 1 mm. Figure 2.17 shows an S. leopoliensis culture flask, a micrograph of the

cells, and the sample vial with the final prepared sample used for 2DES experiments.
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CHAPTER 3
BROAD MANIFOLD OF EXCITONIC STATES IN
LIGHT-HARVESTING COMPLEX 1 PROMOTES EFFICIENT
UNIDIRECTIONAL ENERGY TRANSFER IN VIVO

[Adapted with permission from Reference [1]]

In photosynthetic organisms, the pigment-protein complexes that comprise the light-
harvesting antenna exhibit complex electronic structures and ultrafast dynamics due to
the coupling among the chromophores. Here, we present absorptive two-dimensional (2D)
electronic spectra from living cultures of the purple bacterium, Rhodobacter sphaeroides,
acquired using GRadient Assisted Photon Echo Spectroscopy (GRAPES). Diagonal slices
through the 2D lineshape of the LH1 stimulated emission/ground state bleach feature reveal
that a higher energy state within the B875 manifold of LH1 is populated at early waiting
times. The waiting time evolution of diagonal, horizontal, and vertical slices through the
2D lineshape show a sub-100 fs intra-complex relaxation through which the higher energy
population relaxes into a lower energy state in the B875 manifold. The 855 nm absorption of
the higher energy excitonic state occupied at early waiting times optimizes spectral overlap
between the LH1 B875 band and the B850 band of LH2. Access to an energetically broad
distribution of excitonic states within B875 offers a mechanism for efficient energy transfer
from LH2 to LH1 during photosynthesis while limiting back transfer. Two-dimensional line-
shapes reveal a rapid decay in the ground-state bleach/stimulated emission of B875. This
signal, identified as a decrease in dipole strength of a strong transition in LH1 on the red
side of the B875 band, is assigned to the rapid localization of an initially delocalized exciton

state, a dephasing process that frustrates back transfer from LH1 to LH2.
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3.1 Background on Ultrafast Spectroscopies of Living Cells

Photosynthetic light harvesting machinery has evolved highly efficient energy transfer pro-
cesses to power an organism’s metabolism using solar photons [2-4]. Light-harvesting com-
plexes funnel excitations to the reaction center where charge separation is initiated; the
dynamics of this photosynthetic excitonic energy transfer occur on the femtosecond to pi-
cosecond timescale [5]. Two-dimensional electronic spectroscopy (2DES) probes this energy
transfer process using a sequence of ultrafast laser pulses. [6-10] 2DES correlates excitations
at specific frequencies to the ground state bleach, stimulated emission, and excited state
absorption signals they generate with femtosecond time resolution. The position, lineshape,
and dynamics of 2DES spectral features are determined by the underlying electronic and
vibrational structure of the system. [11-14]

Recent advances in GRadient Assisted Photon Echo Spectroscopy (GRAPES) have en-
abled 2DES spectra of highly scattering samples, including intact cells. [15, 16] However, to
date, only measurement of the rephasing photon echo signal was feasible without alteration
of the experimental geometry, [17] precluding direct acquisition of fully absorptive 2DES
spectra, which offer the highest degree of spectral resolution. In complex systems, analy-
sis of the fully absorptive 2DES spectra is critical to properly quantify and assign spectral
dynamics and determine homogeneous and inhomogeneous contributions from a diverse en-
semble. [18] Here, we present absorptive 2D spectra of the photosynthetic antenna complexes,
light-harvesting complex 1 (LH1) and light-harvesting complex 2 (LH2), in living cells of the
purple bacterium Rhodobacter (Rba.) sphaeroides. We observe ultrafast relaxation of an
inhomogeneous distribution of chromophores on a sub-100 fs timescale in wild type (WT)
cells, LH2-only cells, and LH1-only cells. In LH1-only cells, we also observe ultrafast intra-
complex energy relaxation within a manifold of higher lying excitonic states. Acquisition of
these spectra requires an experimental advance in GRAPES methodology that enables the

simultaneous acquisition of both the rephasing photon echo and nonrephasing free induction
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decay signals.

3.2 Ultrafast Energy Transfer Dynamics in Rhodobacter

sphaeroides

In WT Rba. sphaeroides, LH1, the core pigment-protein antenna complex, forms a dimeric
complex around the reaction center while LH2 is a peripheral pigment-protein antenna com-
plex. [19] LH2 transfers energy to LH1 on a 5-7 ps timescale. [20, 21] LH1 then transfers the
excitation to the reaction center special pair on a 35 ps timescale. [22] LH2 contains B800
and B850 rings of bacteriochlorophyll a (BChl a). [23] The B850 ring consists of 18 strongly
coupled BChl a molecules (~300 cm™1), while the 9 BChl a in B800 are weakly coupled
(~20 cm_l). [22] Each LH1 dimer contains an S-shaped arrangement of strongly coupled
(~300 cm™1) BChl @ molecules denoted as B875. [24, 25]

3.3 Recovering Absorptive Lineshapes using GRadient Assisted

Photon Echo Spectroscopy (GRAPES)

2DES is a third-order nonlinear optical spectroscopy that provides information similar to
transient absorption but with spectral resolution in both the excitation and detection axes.
In a 2DES experiment, three incident electric fields generate an oscillating polarization which
gives rise to a nonlinear signal in a unique phase-matched direction. The signal is heterodyne
detected through interference with a reference pulse. A 2D scan of the time between pulses
1 and 2 (coherence time, 7) and the time between pulses 2 and 3 (waiting time, T) generates
a 2D spectrum that correlates excitation energy with detection energy for each T. [27]
Interactions with pulses 1 and 3 generate oscillating polarizations that acquire phase
with either the same or opposite sign, corresponding to nonrephasing and rephasing signals,

respectively. These signals are generated in distinct phase-matched directions. The rephasing
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Figure 3.1: Excitation spectrum in gray and absorption spectra of LH2-only cells (blue-
green), LH1-only cells (red), and wild-type (WT) cells (black). The crystal structures of
LH2 (PDB ID: INKZ) [26] and LH1-RC dimer (PDB ID: 4V9G) [24] are shown in colors

corresponding to their linear absorption traces.
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or nonrephasing spectra separately contain phase-twisted lineshapes with both absorptive
and dispersive components (Figure 3.7). Absorptive spectra are obtained by summing the
nonrephasing and rephasing signals. Often, the time order of the first two pulses in a 2DES
sequence is switched to enable detection of both the rephasing and nonrephasing signals in
a single phase-matched direction. [28] However, changing the pulse time-ordering requires
two sequential measurements to calculate the fully absorptive 2DES spectra. Laser drift
and sample degradation during the measurement may alter the conditions under which the
rephasing or the nonrephasing signals are collected; thus, summation may not preserve the
true dynamics or lineshape.

GRAPES spectra are acquired by focusing the pulses to lines, rather than points, and
geometrically tilting the wavevector of pulse 1 relative to pulse 2, thereby spatially encoding
the range of coherence time delays (Figure 3.2). [29, 30] As a result, all coherence times
are encoded in each laser shot. Consequently, we collect a complete 2D spectrum with each
laser shot, meaning we only need to scan over T, the time between pulses 2 and 3. The
technical details of the GRAPES instrument are described in Section 3.7. In short, the
temporal tilt imparted on pulse 1 relative to pulse 2 spatially encodes both positive and
negative coherence times for each T; however, this tilt results in a gradient of waiting times
for negative coherence times in a single laser shot, which restricts the acquisition of both the
rephasing and nonrephasing signals.

Here, by integrating over 100 laser shots in each signal frame, we rapidly acquire (25 Hz)
a series of GRAPES spectra while continuously scanning the waiting time delay stage (stage
speed 25 fs/s) which yields 1 fs waiting time steps. We make use of our fine waiting time
sampling to reconstruct a uniform waiting time for negative coherence times. By selecting
signals generated from different frames (Figure 3.2, top), we can linearly interpolate the
signals to reconstruct negative coherence time data with a uniform waiting time (Figure 3.2,

bottom). This interpolation rectifies the temporal gradient between pulses 1 and 3, which
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Figure 3.2: (Top) The pulse sequence used in GRAPES that generates both third-order
nonlinear rephasing photon echo and nonrephasing free induction decay (FID) signals in the
same phase-matched direction. (Bottom) The finely sampled time delay between pulses 1
and 3, generates, for the purpose of analysis, a dataset that permits nonrephasing signal at
a constant waiting time (T) to be reconstructed from the raw data.
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previously prohibited the measurement of nonrephasing signals from GRAPES without also
changing the experimental geometry or acquisition sequence. The interpolation is simplified
by GRAPES data being acquired in the rotating frame, which eliminates fast oscillatory
behavior. [29] In this way, we collect both the rephasing photon echo and the nonrephasing

free induction decay signals in a single dataset.

3.4 Absorptive 2DES Spectra of Living Rba. sphaeroides cells

We use the absorptive 2D spectra to probe ultrafast events in living Rba. sphaeroides cells,
using WT, LH2-only, and LH1-only strains (Figure 3.3). The growth and isolation protocols
are detailed in the SI. The 2DES data from the three cell types were phased to pump-probe
spectra of membrane fragments (Figure 3.7). [17, 31] Both the WT and LH2-only spectra
show diagonal excited state absorption (negative) and stimulated emission and ground state
bleach (positive) features at 850 nm and 800 nm, corresponding to the B850 and B800 bands
of LH2, respectively. Waiting time traces showing the dynamics of B850, B800, and energy
transfer from B800 to B850 (Figure 3.8) agree with prior measurements of LH2. [32] The
spectra of LH1-only and WT cells show a diagonal peak around 870 nm corresponding to
the B875 chromophores in LH1. [31] The diagonal features in Figure 3.3 all exhibit diagonal
elongation at early waiting times, indicating inhomogeneous broadening of the B800, B850,
and B875 bands. This elongation disappears by 100 fs, reflecting relaxation within each
spectral band. The degree of inhomogeneity in the 2DES absorptive spectra is quantified
using nodal line slope (NLS) analysis, which measures the tilt of the slope between the

positive and negative features (Figure 3.4). [11, 33, 34]
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Figure 3.3: Fully absorptive 2DES spectra for WT cells (left), LH2-only cells (center), and
LH1-only cells (right); T = 0 fs (top), 50 fs (middle), and 100 fs (bottom). Spectral diffusion
from the elongated, inhomogeneous lineshape to a round homogeneous lineshape can be
seen as a function of T. The relaxation of the diagonal elongation of the spectral features
indicates a loss of correlation between pump and probe energies as the system has had
time to relax. The axis labels excitation and detection wavelength refer to the wavelengths
resulting from a Fourier transform over the coherence time (7) and the direct detection of
the rephasing wavelength ()\;), respectively. Axes are plotted as linear in frequency, but
labeled by wavelength for ready comparison with linear spectra.
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Figure 3.4: Nodal line slope analysis of fully absorptive 2DES spectra for LH1-only (left) and
LH2-only (right) cells. The black points show the slope of the nodal line between the positive
and negative diagonal spectral features at 850 nm (LH2-only) and 870 nm (LH1-only) as a
function of waiting time. The red curves are single exponential fits to the NLS decays.

3.5 Nodal Line Slope Analysis

In the inhomogeneous limit, the timescale of fluctuation is slow compared to the inverse
linewidth, leading to diagonally elongated lineshapes and a positive valued NLS at early
times when the distribution of chromophores generating a single spectral feature can be
captured. As a function of waiting time, the NLS relaxes towards zero as spectral diffusion
results in a collection of states which exchange on the timescale of the measurement. [11, 35]
After the system has relaxed, round, homogeneously broadened lineshapes result. [11] For
LH1- and LH2-only cells spectra, NLS as a function of waiting time (Figure 3.4) indicates
that ultrafast lineshape relaxation occurs with time constants of 59 + 12 fs and 117 £ 22
fs, respectively. The overlap of B850 and B875 features in the W'T cell spectra make it
challenging to fit the NLS in these spectra; however, qualitatively the nodal line relaxation
is consistent with that seen in the LH2- and LH1-only cells (Figure 3.3).

Comparison of the LH1 and LH2 features in the whole cell linear absorption spectra

(Figure 3.1) reveals that the spectral signature of LH1’s B875 ring is much broader than
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that of LH2’s B850 ring. The NLS (Figure 3.4) at T = 0 fs in the LHl-only cells 2D
spectrum (NLS = ~0.7) is significantly steeper than that in the LH2-only cells spectrum
(NLS = ~0.3), indicating that the B875 states in LH1 are more inhomogeneously broadened
than the B850 states in LH2. The greater degree of inhomogeneity in LH1 compared to
LH2 reflects not only an increased number of excitonic states, but also the greater degree of

delocalization in LH1 which has been previously reported. [36]

3.6 Two-Dimensional Lineshape Analysis of LH1-only Cells

Spectra

Previous 2DES studies of Rba. sphaeroides in vivo only presented the rephasing spec-
tra. [15, 16] Here, we present 2D absorptive spectra, which eliminate phase-twist in the
lineshapes.10 Access to the 2D absorptive lineshapes of light harvesting complexes in vivo
makes characterization of finer spectral features, even at early waiting times, possible. Fit-
ting every point in the LH1-only cells spectra to an independent monoexponential function,
Aexp(—=T/7) + B, with no constraints on amplitude or lifetime, shows that the decay life-
times within B875 are non-uniform. The lifetimes from the monoexponential fits show that
the red edge of B875, in both excitation and detection wavelengths, decays faster than the
rest of the feature (Figure 3.5B). When implementing a 1D analysis by taking slices through
features in the 2D spectra (Figure 3.5C-E), similar to the projection along the detection
wavelength axis that would be obtained from a pump-probe experiment, this rapid decay
on the red edge of B875 would not be as easily identified. The trends over waiting time
in Figure 3.5C-E could look like a loss of intensity on the red edge of B875 or a dynamic
blue shift in the central wavelength of the ground state bleach/stimulated emission feature.
The observed trend in the dynamics presented in Figure 3.5B gives a clearer picture of the
dynamics. The 2D analysis demonstrates a loss on the red edge of B875 which is consistent

with ultrafast exciton localization resulting in a decrease in the transition dipole strength on
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the red side of the B875 band. This localization is similar to what has been reported for the
B850 band of LH2. [37] We do not observe an analogous spectral pattern of decay times in
the B850 feature of the LH2-only cells, though we see an ultrafast decay in the amplitude of
the B850 feature (Figure 3.6), consistent with B850 being more homogeneous than B875 and
previous reports on exciton localization in LH2. [15, 37] The exciton localization on the red
edge of B875 in LH1 would limit back transfer to LH2, but exactly how this rapid relaxation
would impact transfer from LH1 to the reaction center and the role of the local environment
in this process are the subjects of ongoing research. The collapse of the B875 transition
dipole was previously observed in 2DES rephasing spectra of LH1 membranes [31] and in
3PEPS spectra of isolated LH1 [38]; however, without absorptive lineshapes it is difficult to
interpret shifting spectral features.

The spectrum of decay times in Figure 3.5B also shows the rapid decay of a higher energy
B875 population at excitation wavelength = 850 nm, detection wavelength = 870 nm. The
diagonal slices through B875 (Figure 3.5C) reveal a bimodal distribution consisting of a lower
energy population at excitation wavelength = 865 nm, detection wavelength = 880 nm and
a higher energy population at excitation wavelength = 850 nm, detection wavelength = 870
nm. The higher energy population relaxes within 100 fs, as seen by the loss of the high energy
distribution in the diagonal slices and the growth of intensity at excitation wavelength =
850 nm in the horizontal slices through detection wavelength = 880 nm (Figure 3.5E). This
redistribution reflects an ultrafast intra-complex relaxation with a time constant < 50 fs.

Relaxation within the LH1 manifold occurs on the same timescale as spectral diffusion, as
indicated by NLS analysis (Figure 3.4). We suggest that the occupation of higher lying B875
states at early times heavily contributes to the inhomogeneity measured using NLS. Previous
work on LH1 using transient absorption spectroscopy showed a dynamic red shift of the B875
spectral feature on the 130-150 fs timescale, though these measurements were limited by an

instrument response function of 150 fs. [39] This dynamic red shift was more pronounced
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Figure 3.5: (A) T = 10 fs spectrum of LH1-only cells. Black dashed lines indicate the
locations of diagonal, vertical, and horizontal slices represented in C-E, respectively. (B)
The decay time at each point in the LHI1-only cells spectra from a monoexponential fit
(Aexp(—T/71) + B) at each point in the 2D spectrum. The color saturation is based on
the root-mean-squared-error for the fit at each point. The gray contour depicts the 2DES
spectrum at T = 10 fs. The (C) diagonal, (D) vertical, and (E) horizontal slices through the
B&75 stimulated emission/ground state bleach feature as a function of waiting time.
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upon blue side excitation of B875 [39] and was attributed to downhill ultrafast excitonic
relaxation in complementary Redfield theory calculations. [40] Our 2DES spectra indicate
that, while the average absolute maximum of the stimulated emission/ground state bleach
feature shifts slightly to a lower energy (red shifts), the population originally occupying the
higher energy excitonic states within B875 selectively relaxes into a lower energy state at
880 nm. In a transient absorption measurement such as those reported by Monshouwer et
al. [39], this intra-complex relaxation would look like a dynamic red shift of the spectral
feature. In our 2D spectra, we see this relaxation as the movement of the blue side of the
B875 feature from its diagonal position at T = 0 fs to a lower diagonal position by T = 100
fs (Figure 3.3, right). Energy distributed through the broad manifold of LH1 states [31] is
rapidly funneled into the lowest energy state, as exciton relaxation occurs.

Access to higher energy states within B875 offers an advantage for Rba. sphaeroides
during light harvesting. The efficiency of this process depends on how well excitation energy
can hop between LH2 complexes and then to LH1 and on to the reaction center for charge
separation. The higher lying excitonic states observed in LH1 help to maximize spectral
overlap with LH2, allowing for optimal energy transfer between the two antennae, while
relaxation within LH1 from the higher lying states to the lower energy states minimizes
back transfer into LH2. The spectral overlap that permits rapid transfer into the complex
disappears as the higher-energy states relax, frustrating back transfer. The W'T spectral
dynamics are dominated by contributions from LH2 because the LH2 signal is stronger given
our excitation spectrum and the high LH2:LH1 ratio in the WT strain (Figure 3.1). Due to
the separation of timescales between intra- and inter-complex dynamics [41], we attribute

the ultrafast dynamics observed in the LH1-only cells to the native behavior of this complex.
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Figure 3.6: (A) The vertical slices through the B850 stimulated emission/ground state bleach
feature in the LH2-only cells spectra. (B) The horizontal slice through the B850 stimulated
emission/ground state bleach feature in the LH2-only cells spectra. (C) The decay time of
a global fit of the LH2-only cells spectra to a single exponential (fit = Aexp(—7/7)+ B) at
each point in the 2D spectrum. Contrary to what we saw in the global fit the LH1-only cells
data (Figure 3.5B), there is no loss of transition dipole strength on the red edge of B850 in
the LH2-only cells data.
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3.7 Experimental Methods

3.7.1 Growth and Isolation Protocols

The genomic deletions for the LH1-only and LH2-only cells were performed as described in
Ref. [9]. LH1-only cells have the genotype ApuciBA/ApufLMX and, thus, lack LH2, the
PufX membrane protein, and the reaction center. In WT cells, LH1 forms a dimeric complex
around the RC which is facilitated by the PufX protein. In LH1-only cells, LH1 adopts a
monomeric form. LH2-only cells have the genotype ApuciBA/A2BA and lack the entire
LH1-RC-PufX complex. Wild-type and mutant cell strains were grown in the dark semi-
aerobically at 30 °C. For 2DES measurements, cell cultures were centrifuged (Eppendorf
5810 R) at 4,000 rpm and the pellet was resuspended in a 50:50 (v:v%) mixture of glycerol
and water. A 200 pm path length quartz flow cell (Starna Cells Inc.) was used during
measurements. Living cultures were continually replenished from a 5 mL reservoir. For
pump-probe spectroscopy measurements, membrane fragments of the LH1-only, LH2-only,
and WT cells were used. Membranes were fragmented by disrupting them with a French
press at 14,000 psi. After the disruption, the cells were centrifuged at 12,000 rpm (JA
30.STT) for 20 minutes in order to separate larger debris. The fragments were diluted to an
optical density of ~0.3 in the 200 pum pathlength flow cell using the absorption of B850 (for
LH2-only and WT fragments) or B875 (for LH1-only fragments).

3.7.2  GRadient Assisted Photon Echo Spectroscopy (GRAPES)

Ezxperimental Details

The supercontinuum pulse used in these experiments was generated using the output of
a b kHz Coherent Legend Elite USP regenerative amplifier seeded by a Coherent Micra
Ti:Sapph oscillator focused into 2.25 m of argon gas held 4 psi above atmospheric pressure.
The white-light resulting from filamentation in argon was then shaped and compressed to
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15 fs FWHM, centered at 815 nm with 150 nm of bandwidth using a multiphoton intrapulse
interference phase scan compressor (Biophotonics Solutions, Inc.). After compression, the
pulse was divided into the four pulses needed to acquire the 2DES heterodyne signal. Pulses
1-3 were attenuated to 17.6 ;J /cm? (7.2x 1013 photons/cm?) at the sample, and pulse 4, the
L.O., was attenuated by an additional two orders of magnitude and set to arrive 3 ps before
the other pulses. The pulses were focused to a vertical line (~6 mm by ~60 pm) at the
sample and the GRAPES apparatus spatially encoded all coherence times between pulses 1
and 2 by tilting pulse 1 1.56° with respect to pulse 2. This led to a 7 spacing of 0.91 fs/pixel
(pixel size is 0.01 mm). A high-speed CMOS camera (Phantom Miro M, Vision Research)
running at 50 Hz as a detector enabled collection of an entire 2DES spectrum with every
laser shot every few seconds. A chopper is used so the camera collects signal + L.O. every
second frame and otherwise collects L.O. and pulse 3 scatter (used for subtraction in data
processing). Signal is thus collected at 25 Hz. High-speed collection permits extremely fine
sampling of the waiting time domain, every 1 fs. The fine waiting time domain sampling
allows for a significant reduction in contamination from scattered light. [29, 30] Live cells
were flowed continuously through a 200 pum thick sample cell during measurement. For
further details on the GRAPES instrument and methods for scatter removal during analysis,

see Ref. [15].

3.8 Supplementary Figures

As a function of waiting time, the intensity of the 850 nm diagonal feature decays on a 100 fs
timescale, which has been attributed to the relaxation to the lower lying B850 excited states
and exciton migration around the LH2 B850 ring. [38, 42-44] The B800 feature decays on a
~T700 fs timescale, transferring energy to the B850 ring (Figure 3.8). The energy transfer from
B800 to B850 results in the growth of an excited state absorption feature and a stimulated

emission/ground state bleach feature that mirror the diagonal B850 features, but are centered
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Figure 3.7: The phase of the 2DES signal is recovered according to the projection slice
theorem, [17] which states that the projection of the real valued 2DES data across excita-
tion wavelength should match the pump probe spectrum at the same waiting time. The
nonrephasing (top left) and rephasing (top right) 2DES data are phased separately to the
pump-probe data (bottom) by applying a constant, linear, and quadratic phase across both
excitation and detection frequency domains. The sum of phased rephasing and nonrephasing
data results in the absorptive lineshapes shown in Figure 3.3. The spectral lineshapes are
artificially elongated in the diagonal or antidiagonal directions for rephasing and nonrephas-
ing spectra, respectively. The rephasing and nonrephasing spectra alone are phase-twisted
as a result of improper separation of absorptive and dispersive spectral components.
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and exciton hopping around the LH2 B850 ring. The slower decay is likely due to some
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noexponential decay of the B800 ring on the 700 fs timescale has been definitively assigned
to energy transfer from B800 to B850. (Right) The growth of the cross peak associated with
energy transfer from B800 to B850. The locations in the 2D spectra corresponding to the
above waiting time traces are identified by their A, (excitation wavelength) and A\; (detection
wavelength) coordinates.

on excitation wavelength (A7) = 800 nm (Figure 3.3).

3.9 Conclusion

Our fully absorptive 2DES spectra of living Rba. sphaeroides cells reveal ultrafast exciton
relaxation through a manifold of higher lying excited states in LH1. The intra-complex
relaxation in our spectra is supported by previous reports of a dynamic red shift in LHI.
This ultrafast relaxation and the rapid localization within LH1 indicate that the electronic
structure of LH1 is effectively tuned for unidirectional energy transfer from LH2 to LHI.
The ability to resolve ultrafast spectral dynamics within a broad manifold of excitonic states
will enable the study of more complex energy transfer pathways in higher photosynthetic

organismes.
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CHAPTER 4
DNA SCAFFOLD SUPPORTS LONG-LIVED VIBRONIC
COHERENCE IN AN INDODICARBOCYANINE (CY5)
DIMER

Vibronic coupling between pigment molecules is believed prolong coherences in photosyn-
thetic pigment-protein complexes. Reproducing long-lived coherences using vibronically cou-
pled chromophores in synthetic DNA constructs presents a biomimetic route to efficient ar-
tificial light harvesting. Here, we present two-dimensional (2D) electronic spectra of one
monomeric Cy5 construct and two dimeric Cy5 constructs (0 bp and 1 bp between dyes)
on a DNA scaffold and perform beating frequency analysis to interpret observed coherences.
Power spectra of quantum beating signals of the dimers reveal high frequency oscillations
that correspond to coherences between vibronic exciton states. Beating frequency maps con-
firm that these oscillations, 1270 cm ™! and 1545 cm ™1 for the 0 bp dimer and 1100 cm ™! for
the 1 bp dimer, are coherences between vibronic exciton states. We use a vibronic exciton
model to determine the excitonic coupling between the dyes in the dimers and calculate the
linear absorption spectra of the dye-DNA constructs. Energy spacing between the states
calculated by the model corresponds to the beating frequencies observed in the 2D spectra.
These coherences persist on the timescale of hundreds of femtoseconds and establish DNA

as an attractive scaffold for synthetic light harvesting applications.

4.1 Background on Vibronic Coherence in Biological and

Synthetic Systems

Prolonged quantum coherences of vibronic (mixed electronic and vibrational) origin have
been observed in pigment-protein complexes from multiple photosynthetic organisms [1-8],

suggesting that these long-lived coherences may be a universal design principle for effective
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photosynthesis. Vibronic coupling, coupling between an underdamped vibrational mode and
the electronic excited state, is believed to be responsible not only for this longer coherence
lifetime [1, 9-11], but also for the high fidelity energy transfer seen in natural light har-
vesting systems [9, 11]. The mechanisms through which molecular systems sustain vibronic
coherences could offer synthetic strategies for light harvesting.

In photosynthetic pigment-protein complexes, the decay, or dephasing, of quantum co-
herences is dependent on the coupling between the chromophores and on the surrounding
protein scaffold. [12] This chromophore-protein relationship is also integral to exciton energy
transfer. [13] When designing biomimetic molecular systems with light harvesting abilities,
developing long-range molecular architecture that can mimic the role of the protein in native
systems is of utmost importance. Molecular systems may exhibit steady-state spectroscopic
signatures of mixing between vibrational and electronic states, but quantum superposition
between these states may dephase within 10s of femtoseconds. Dephasing on this timescale
would not promote energy transfer occurring on the hundreds of femtosecond to picosecond
timescale. In previous studies on vibronic coherences in molecular systems, prolonged vi-
bronic coherences were only observed when strict order was imposed on the chromophores,
either through molecular design [14] or an external scaffold [15]. These studies point to the
importance of macroscopic structure in sustaining coherences.

From a synthetic standpoint, DNA is an attractive scaffold for biomimetic light har-
vesting. Unlike the complex folding mechanisms exhibited by proteins, DNA assembly is
predictable and programmable. Organic dyes constrained by DNA scaffolds in multiple ge-
ometries have been used to create controllable energy transfer pathways [16-20] but designing
vibronic coherence into these structures has not yet been explored. To excite quantum super-
positions of states with the potential for slow dephasing, exciton delocalization (observable
in spectroscopic signatures) is required. A recent study [21] reported that the absorption

spectra of organic dyes at single digit base pair separations along a DNA scaffold show
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marked differences compared with the spectra of the constituent monomer due to exciton
delocalization, indicating that the multiple-dye constructs are molecular aggregates [22].
Aggregate constructs in different geometries have been shown to support long-lived vibronic
coherence. [14, 23] Conversely, covalent dimers of organic dyes in which there is no analog
to the protein scaffold have only been able to support vibronic coherences on timescales
much faster than the timescale of energy transfer for light harvesting. [10] If a DNA scaffold
can sustain vibronic coherence, DNA-dye constructs may provide a path to highly efficient
artificial light harvesting.

To investigate if DNA scaffolds can prolong vibronic coherence, we use ultrafast two-
dimensional electronic spectroscopy (2DES). 2DES can elucidate energy transfer pathways
and dynamics and couplings between chromophores [2, 8, 24-27]. The femtosecond resolu-
tion of this technique enables the visualization of excited superpositions of quantum states as
time-dependent spectral oscillations. These quantum coherences can arise from any pair of
non-degenerate electronic, vibrational, or vibronic states, and pinpointing the precise physi-
cal origin of the coherence is non-trivial [28-30]. Careful design of molecular constructs and
knowledge of their electronic, vibrational, and vibronic structure can facilitate identification
of the origin of observed spectral oscillations.

In the current study, we use three DNA-dye constructs to determine whether DNA can
support long-lived coherence between the vibronic states of indodicarbocyanine (Cy5) dimers.
We explore the role of excitonic coupling between the dyes in supporting coherence by varying
their relative spacing along the DNA scaffold. We use 2DES to examine how quantum beating
signals (vibrational and vibronic coherences) change with excitonic coupling strength and
how long they persist before dephasing. We pair our ultrafast spectroscopic studies with a

vibronic exciton model to better assign the origin of the observed coherences.
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4.2 Design of DNA-Dye Consructs and their Linear Spectral

Signatures

Our DNA-dye constructs were designed such that the only difference between our monomer
control sample and two dimer samples is the excitonic coupling strength between the dyes
(Figure 4.2). The organic cyanine5 (Cyb) dye is used for all constructs; therefore, the
vibrational and electronic states are universal. By varying the excitonic coupling strength
between the dyes, the mixing between the electronic and vibrational states changes and
gives rise to different vibronic states and different degrees of vibronic exciton delocalization.
Unlike proteins in photosynthetic pigment-protein complexes which hold chromophores in
a fixed spatial configuration non-covalently, the coupled Cy5 dyes were covalently attached
to the DNA scaffold through a double phosphate attachment. This attachment chemistry,
achieved during DNA synthesis, promotes dye localization and greater certainty of absolute
dye position. [17, 31]. The monomer construct consists of a Cy5 dye replacing a single
adenine in the middle of an 18 base pair double-stranded DNA (dsDNA) segment. The
dimeric constructs consist of the same dsDNA segment but with two base pairs replaced
with Cy5 dyes on opposite backbones of the double helix. The 1 bp dimer has the Cy5 dyes
attached to each backbone chain at a vertical separation of one base pair. The 0 bp dimer has
the Cyb dyes attached to each backbone chain replacing a complete pair of nucleotides. This
zero base pair separation represents the closest dye proximity, and therefore the strongest
excitonic coupling, for the chosen attachment chemistry. A molecular representation of the
Cy5 dyes attached to the DNA scaffold for the 0 bp construct is shown in Figure 4.1.

All Cyb dyes are flanked by either an adenine of thymine on one side and by a guanine
or cytosine on the other. Hydrogen bonding strength of the flanking base pairs affects the
nature of the molecular dimer formed (relative weighting of H- and J-like components) [21].
Keeping the DNA sequence as conserved as possible across the constructs mitigates the

influence of the flanking base pairs on our results. The role of the DNA sequence in vibronic

85



Figure 4.1: A molecular representation of the 0 bp dimeric construct. The DNA scaffold is
shown in cyan and the two Cy5 dyes are shown in blue.
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coherence is another interesting area to explore but is outside the scope of this work.

The UV /vis absorption spectra for the monomer, 1 bp dimer, and 0 bp dimer constructs
are presented in Figure 4.2 (red curves) and provide insight into the vibronic structures. As
expected for molecular aggregates, the spectra of the dimeric constructs show large deviations
from the monomeric spectral signature. The linear absorption spectrum for the Cy5 monomer
construct exhibits a prominent absorption feature around 15,300 cm ™!, which we will refer
to as the 0-0 transition. The higher energy absorption band, around 16,500 cm ™!, which
will be referred to as the 0-1 transition, is a vibronic sub-band typical of cyanine dyes [32].
The higher energy vibronic sub-band arises due to an active 1200 cm™! vibrational mode
on the electronic excited state which has been previously assigned to a C-C stretch of the
polymethine backbone of the Cy5 dye. [32]

The 1 bp dimer absorption spectrum shows little shift in the 0-0 peak maximum compared
with the monomer spectrum, though the lineshape is considerably broadened and there is a
significant enhancement in the oscillator strength of the 0-1 feature. The 0-1 feature is also
slightly blue shifted in the 1 bp dimer spectrum, with a central frequency near 16,700 cm ™1,
The 0 bp dimer absorption spectrum shows further deviation from the monomer spectral
signature. The maximum absorption of the 0-0 transition feature is red shifted considerably
compared to the monomer and 1 bp dimer spectra. Additionally, the 0-0 feature in the 0 bp
dimer spectrum is bi-modal with a slightly more intense peak centered around 15,000 cm ™!
and a slightly less intense peak around 15,500 cm ™!, The 0-1 feature in the 0-bp dimer
spectrum is more blue shifted and more intense than that in the 1 bp dimer spectrum.

This red shift of the 0-0 transition in the 0 bp dimer spectrum and coincident blue
shift and intensity enhancement in 0-1 absorption has been reported previously in homo-
and hetero-dimers of cyanine dyes [10, 17, 33, 34]. Neither H- nor J-like coupling can fully
explain these spectral changes as a function of dye separation. H-type coupling occurs when

the transition dipoles of the dyes are oriented parallel to each other while J-type coupling
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Figure 4.2: The dsDNA sequence of the three constructs studied. In both the cartoon
representations of the constructs and the sequences Cy5 positions are denoted with stars.
To the right of each sequence is a comparison of the modeled linear absorption spectra (black
dashed) calculated using the vibronic exciton model and the experimental linear absorption
spectra (red) for monomer (top), 1bp dimer (middle), and Obp dimer (bottom). The gray
lines show the modeled oscillator strength of vibronic states calculated by diagonalizing the
vibronic exciton Hamiltonian.
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occurs when the transition dipoles of the dyes are oriented head-to-tail. [35] The splitting
seen in the 0-0 peak of the 0 bp dimer spectrum is due to Davydov splitting, a mixing of H-
and J-like optical properties. Similar to H- and J-like spectral signatures, Davydov splitting
is another optical manifestation of exciton delocalization. [36] We observe increased Davydov
splitting when the dyes are held in closest proximity, indicative of significant delocalization
between the dyes. The higher energy feature in the 0 bp dimer 0-0 transition is due to H-like
coupling between the dyes and the lower energy 0-0 feature is due to J-like coupling. These
steady-state spectral deviations from the monomeric spectral signature are a result of strong

excitonic interactions between vibronic states.

4.3 Vibronic Exciton Model

Vibronic-exciton theory can explain the Davydov splitting of the 0-0 feature and the en-
hanced intensity of the 0-1 feature seen in the linear absorption spectra of the 1 bp and 0
bp dimers. [22, 37] Calculating the vibronic states in our DNA-dye constructs will enable
interpretation of the physical origin of any observed spectral oscillations in our upcoming
2DES experiments. If observed spectral oscillations do not match the energetic gap between

vibronic states, they are more likely of vibrational origin.

4.3.1 Theoretical Details of the Vibronic Fxciton Model

We use the theoretical framework set forth by K'uhn, Renger, and May [22, 37, 38] and
previously applied to a Cy3 dimers on a DNA scaffold [21] to reproduce the linear absorption
spectra of the Cy5 monomer, 1bp Cy5 dimer, and 0 bp Cy5 dimer. Based on the Born-
Oppenheimer approximation, the electronic and vibrational contributions to the vibronic
wavefunctions are separable. We define a local vibronic basis which consists of monomer
A in an electronic excited state and monomer B in the electronic ground state with an

additional harmonic oscillator vibrational basis defined for the electronic ground state for
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each relevant vibrational mode. The diagonal elements of the Hamiltonian matrix are given

by,

B4 = (e, jl(gp. k| Hle, j)lgp. k) (4.1)

where the superscript A denotes that monomer A is in the electronic excited state (e), j
is the vibrational level in the electronic excited state of monomer A, and k is the vibrational
level of monomer B in its electronic ground state (g). The off-diagonal elements of the

Hamiltonian are given by,

V;J kl — <€Aaj|<gBak|H|6Bal>|gA>i> (42)

where ¢ and j are the vibrational levels of monomer A in its ground (g) and excited
(e) states, respectively and k and [ are the vibrational levels of monomer B in its ground
(g) and excites (e) states, respectively. If one vibrational quantum for a single vibrational
mode is considered for each monomer on both the ground and excited electronic states, the

Hamiltonian is

Egy 0 0 0 Vioto VioGo Voot VioG
0 Eél 0 0 Voo 10 Vlo 10 Voo 11 Vlo 11
0 0o Efy 0 Vil Vit Vil vl
|0 0 o By Vel vithy Vil viak (43)
Vs 00 Vlo 00 Voo o Vi 01 Eo,o 0 0 0
Vigdo Vigde VBL VEL o BB 0 0
Vitdo Voo Vaion Vi 0 0 BEfy 0
Vordo Vitdo Voih VB4 0O 0 0 Bf |

Vibronic exciton theory, as applied in this case, will be equivalent to multimode theory of

Franck-Condon progressions for the case of the monomer. [37] Vibronic exciton theory will
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yield different Franck-Condon progression for the dimers due to Coulomb interactions. The
theory requires accounting for vibrationally excited states on the monomer in its electronic
ground state though the population of these states are negligible at room temperature. [37]
Thus in equation 3, columns two, four, six, and eight of the Hamiltonian matrix carry no
oscillator strength.

This theoretical framework can be easily extended to incorporate more than one vi-
brational mode each having multiple accessible vibrational quanta. In the present work,
to reproduce the linear absorption spectra, two vibrational modes were used with two vi-
brational quanta considered for the higher frequency mode and three vibrational quanta
considered for the lower frequency mode. The number of vibrational quanta were chosen to
ensure coverage of the bandwidth of absorption for these constructs. Equation 4.8 was used
to simulate the absorption spectra for the monomer, 1 bp dimer, and 0 bp dimer constructs.

The resulting Hamiltonian was a 288 x 288 matrix. The energies of the vibronic states are

E;}k = Lo+ (J + k) * hvyp, + (m+n) * hvy, (4.4)

where Ej is the 0-0 tranistion energy, h is Planck’s constant, and v, and Vyihy) A€
the frequencies of the two vibrational modes incorporated into the model. The off-diagonal

Hamiltonian matrix elements are given by,

VAR = Jlga.ilea. ) g, Klep, 1)e™ (4.5)

where J is the electronic coupling strength and ¢ is a phase factor carrying information on
the relative orientation between the transition dipoles within a dimer. The Franck-Condon
factors are incorporated into these off-diagonal elements and are defined in terms of the

Huang-Rhys factors, S, as
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The Huang-Rhys factor is a dimensionless parameter related to the mean square dis-
placement of a displaced harmonic oscillator. Physically, it represents the coupling strength
between the electronic states and the nuclear degrees of freedom.

Numerical diagonalization of the Hamiltonian allows us to write the one-exciton wave-
functions, 1, where there are k eigenvalues. The oscillator strengths of the vibronic tran-

sitions are given by,

Oy, = |(Willvo) (4.7)

where g is the dipole operator. The linear absorbance spectrum is reproduced by weight-
ing each transition energy by its calculated oscillator strength and applying a Gaussian

linewidth to the transition:

L B2
AZI%WWO Xp(—%) (4.8)

In Equation 4.8, A is an amplitude factor and v is the Gaussian linewidth.

4.3.2  Clalculation of Linear Absorption Spectra for DNA-Dye Constructs

Using Vibronic Exciton Model

Spectra were calculated by optimizing the fit produced by the model to the experimental
linear absorption spectra. Figure 4.2 (dashed black) shows the resultant calculated linear
absorption spectra. The 0-0 transition energy, the frequencies of the two incorporated vi-
brational modes and their corresponding Huang-Ryhs factors are parameters that should

be shared across the monomer and dimer constructs and as such were applied to all three
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constructs. One of the included vibrational modes (1270 cm™!) was held as a fixed variable
during our modeling. This frequency was chosen based on the energy gap between the 0-0
and 0-1 features in the monomer construct as seen in the linear absorption spectra. The
frequency of the second vibrational mode, the Huang-Rhys factors for both modes and the
0-0 transition energy were minimized by our fitting procedure. This global minimization
assures values that simultaneously best reproduce the absorption spectra for all three con-
structs. The electronic coupling strength, J, and orientational factor, ¢, were set to zero for
the monomer but were optimized independently for each of the dimers.

Each vibronic state carrying oscillator strength for a given construct was fit with the
same Gaussian linewidth. While the linewidths of these states are likely different from
each other, using a single linewidth prevents our optimization algorithm from using widely
varying linewidths to produce slightly better fits to the experimental absorption data, which
can result in unphysical linewidth values. It is physical to have different linewidths for
each of the three samples because increased delocalization leads to line narrowing due to
environmental interactions [39]. All parameters were optimized simultaneously for all three
constructs to produce the best overall fit to three experimental linear absorption spectra.
Table 4.3.2 contains the values of all the parameters calculated using the vibronic exciton

model.

The calculated stick spectra (gray lines in Figure 4.2) show the energies of the mixed
electronic-vibrational states in the dye-DNA constructs. The vibronic states calculated for
the constructs result from mixing between their electronic and vibrational energy levels.
We calculate multiple vibronic states under the 0-0 transition features for both dimeric
constructs, indicating that the model captures the splitting of the 0-0 feature as a result of

the coupling between the dyes in the 0 bp dimer spectrum.
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Eo_o (em™Y) E, (em™) E,, (em™!) S Sy J(em™1) 4 (em™1) A )

Monomer 15401 1270 397 0.447 0.251 0 350 0.046 N/A
1 bp Dimer 15401 1270 397 0.447 0.251 356 357 0.068 0.58
0 bp Dimer 15401 1270 397 0.447 0.251 611 301 0.064 0.62

Table 4.1: Fit Parameters from Vibronic Exciton Model

Parameters calculated from the vibronic exciton model used to reproduce the linear absorp-
tion spectra (Figure 1) for the monomer and dimer samples. Ey_q (0-0 transition energy),
E, (energy of second vibrational mode), S1 (Huang-Rhys factor for first vibrational mode),
Sy (Huang-Rhys factor for second vibrational mode) were minimized in order to find the best
values to fit the experimental data for all three constructs simultaneously. E, (energy of
first vibrational mode) was held fixed at 1270 cm~ L. All other parameters, .J (electronic cou-
pling), v (Gaussian linewidth), A (amplitude factor), and ¢ (phase factor) were minimized
for each sample.

4.4 'Two-Dimensional Electronic Spectroscopy of DNA-dye

Constructs

We use 2DES to interrogate whether the DNA scaffold can support coherent superposition
between the vibronic states calculated by the vibronic exciton model. 2DES is a four wave
mixing technique that probes frequency-frequency correlations as a function time and in
doing so can report on electronic coupling between chromophores, energy transfer pathways,
and ultrafast coherent dynamics (see Experimental Methods). [25, 40, 41] An absorptive 2D
spectra for each of the three DNA-dye constructs at T = 250 fs is presented in Figure 4.3.
The spectra for all three constructs show a prominent positive diagonal feature near 15,000
cm ™1 and above and below diagonal cross peaks (both positive) corresponding to coupling
between the 0-0 (~15,000 ecm™1) and 0-1 (~16,600 cm ™) transitions. Positive features in
our 2DES spectra correspond to ground state bleach (GSB) or stimulated emission (SE)
signals. An upper diagonal feature near 16,700 cm ™1 from the 0-1 transition appears in the
spectra for the dimeric constructs but is absent in the monomer spectra. The 0-1 transition
carries less oscillator strength than the 0-0 and is excited and detected by significantly less
intense light (Figure 4.10) which explains the absence of an upper diagonal feature in the
monomer spectra.
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Figure 4.3: (A) Absorptive 2DES spectra of monomer (left), 1 bp dimer (center), and 0 bp
dimer (right) constructs at a waiting time of 250 fs. The black dashed lines indicate the ap-
proximate spectral location of the 0-0 transition in detection frequency and 0-1 transition in
excitation frequency. All points contained within the dashed red box are used to generate the
power spectra in Figure 4. (B) 2DES signal as a function of waiting time (T) from the below
diagonal cross peak location at the intersection of the dashed lines in A. Monoexponential
fits to the time traces are shown in red.
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The 0 bp dimer spectrum has an intense negative feature slightly above the diagonal at

excitation frequency 14,900 cm™!, detection frequency 15,500 cm ™!

, corresponding to an
excited state absorption (ESA) signal. There is likely an ESA signal at this above diagonal
location in the monomer and 1 bp dimer spectra, but due to cancellation with stronger
positive signals, it is obscured. With increasing excitonic coupling strength in the 0 bp
dimer, the ESA pathway at this spectral location dominates because the change in electronic
coupling alters the oscillator strength of different transitions.

The dynamics of the below diagonal cross peak provides insight into the nature of the
coupling and energy transfer between the higher and lower energy states in the three con-
structs. We fit the growth of the below diagonal cross peak signal to monoexponential decays
(Figure 4.3B). In all three constructs, the below diagonal cross peak grows in on a sub-100
fs timescale (Tmonomer = 95 fs, 11y, = 40 fs, 7, = 26 fs). The fast time constants as-
sociated with these signals suggest an ultrafast delocalization of an initially more localized
excitation. The correlation between delocalization dynamics and excitonic coupling strength
follows from the degree of Davydov splitting in the linear absorption spectra. That is, we
see the fastest delocalization (growth of the below diagonal cross peak) in the 0 bp dimer
spectra which shows the most Davydov splitting.

The location of the below diagonal cross peak for all three constructs appears at a lower
detection frequency (< 15,000 cmfl) than would be expected based on the linear absorption.
We attribute the location of this feature to our laser spectrum (which is much more intense
at redder wavelengths, see Figure 4.10) and relaxation to a Stokes-shifted fluorescence state.
Previous 2DES experiments on cyanine dimers show this below diagonal cross peak in a
similarly red-shifted spectral location. [10]

In addition to the population dynamics contained in the time traces in Figure 4.3B, the
time traces all show significant oscillations. We use the oscillations to report on coherence

evolution during the waiting time and assign observed frequencies to physical mechanisms.

96



Differences in observed coherent oscillations at this spectral location may contribute to the
increasingly fast growth of the cross peak as a function of excitonic coupling between the

dyes.

4.5 Beating Frequency Analysis of DNA-Dye Constructs

The coherences in our 2D spectra are either superpositions between vibrational levels or
vibronic exciton states. Our constructs do not possess any purely electronic coherences since
the electronic excited states are all non-trivially mixed with vibrational modes. Fourier
transforming over the waiting time tells us the frequencies and intensities of the oscilla-
tions. In photosynthetic systems, conservation of vibronic coherences is optimized when the
vibrational quantum mixed with the electronic excited state is resonant with the splitting
between electronic energies. [1] This resonance criterion complicates the distinction between
vibrational and vibronic coherences as there can be intense quantum beating signals from vi-
brational wavepackets on the ground electronic state. These oscillations may be widespread
in the 2D spectrum. [10] By breaking down our absorptive 2DES spectra into their rephasing
and nonrephasing components, we can more easily distinguish between ground state vibra-
tional and vibronic beating signals. [30, 41-43] Rephasing and nonrephasing 2D spectra are
shown in Figure 4.11. The nonrephasing spectra for all three constructs contain a strong
ESA feature (negative) at the below diagonal cross peak location. Because the nonrephasing
signal is dominated by ESA, it is most likely that observed coherences are on the excited
state, though they may be vibrational or vibronic in origin. Previous calculations performed
for a molecular biscyanine dimer [10] determined that nonrephasing pathways predominantly
support ground state coherences on or near the diagonal for a similar construct, indicating
that nonrephasing coherences at cross peak locations likely involve vibronic exciton (excited)
states.

Figure 4.5A shows the below diagonal cross peak dynamics of the rephasing and non-
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Figure 4.4: Rephasing (top row) and nonrephasing (bottom) row 2DES spectra for the
monomer (left), 1 bp dimer (center), and 0 bp dimer (right) constructs. All three constructs
show strong excited state absorption (negative) signal at the below diagonal cross peak
location.
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Figure 4.5: (A) Rephasing (black) and nonrephasing (gray) waiting time dynamics for the
monomer (left), 1 bp dimer (center), and 0 bp dimer (right) at the below diagonal cross peak
location. Red curves are bi-exponential fits to the dynamics. (B) The residual oscillations as
a function of waiting time after subtracted the bi-exponential fits from the rephasing (black)
and nonrephasing (gray) signals. Rephasing and nonrephasing signals have been normalized
independently.

rephasing signals for the three constructs. Figure 4.5B shows the residual beating as a
function of waiting time after subtraction of bi-exponential fits. Bi-exponential fits were
used to ensure complete removal of population dynamics before beating frequency analy-
sis. Nonrephasing power spectra (Figure 4.6) of observed beating are generated by Fourier
transforming over the waiting time at each point in the 2D spectrum corresponding to the
feature and the below diagonal cross peak and summing the results. The power spectra were
generated by summing the nonrephasing signal across the region denoted by the dashed red
box in Figure 4.3. Summing over this region, as opposed to looking at the Fourier transform
of the signal at a single point in the spectrum, increases the signal-to-noise of the power
spectrum.

Comparing the nonrephasing power spectra for the three constructs provides insight into
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how increasing excitonic coupling modulates the frequency of observed coherences. The
power spectra in Figure 4 show the frequency and power of spectral beating. All three

1 and £550 cm L. In the monomer

constructs show beating signals at £165 cm 1, £330 cm ™
nonrephasing signal, these are the only detectable beating signals. We can determine that
they arise from ground or excited states vibrational coherences because they do not match
the energy gap between the 0-0 and 0-1 vibronic exciton states (~1270 Cmfl). The presence
of positive and negative beating signals at the same three frequencies in the 1 bp dimer
and 0 bp dimer indicate that the excitonic coupling between the dyes does not disrupt
the underlying vibrational structure of the monomeric Cy5. We had made this assumption
when executing the vibronic exciton model by using the same Huang-Rhys factors for all
three constructs. Our 2D data now confirms this assumption was valid.

Zooming in on a region of the power spectra (Figure 4.6, lower panel), we see that both
of the dimeric constructs have high frequency quantum beating signals that are not observed
in the monomer. The 1 bp dimer has oscillations at +940 and 1100 cm™'. The 0 bp
dimer has oscillations at -990 ecm™1, 880 cm™!, 1270 ecm ™1, and 1545 cm ™!, These higher
frequency beating signals are either coherent superpositions between vibronic exciton states
or vibrational coherences that are enhanced relative to the monomer due to resonance with
vibronic transitions. Placing these beating signals in the greater context of the 2D spectrum
can point to the most likely origin of the observed coherences. We generate 2D frequency
beating maps by taking the Fourier transform over the residual waiting time traces after
subtraction of bi-exponential fits at every point in the 2D spectrum. A single beating map is
generated for each waiting frequency. The nonrephasing 1270 cm ™! and 1545 cm™! beating
maps for the 0 bp dimer and the 1100 cm ™! beating map for the 1 bp dimer are shown in
Figure 4.7.

The localization of beating power for these frequencies at the below diagonal cross peak,

with little intensity on the diagonal, indicates that these quantum beats are coherences
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Figure 4.6: (Top) Integrated power spectra of the quantum beating signals at the below
diagonal cross peak region generated by Fourier transforming over the residual beating of
the nonrephasing signals for the monomer (left), 1 bp dimer (center), and 0 bp dimer (right)
constructs. (Bottom) Enlarged view of gray shaded region (0 to 2000 cm™1) from Top.
Prominent beating frequencies are labeled for clarity.
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Figure 4.7: The beating frequency maps from the 0 bp dimer nonrephasing 2D data for 1270
cm ™! (Left) and 1545 cm™! (Center). Beating frequency map for the 1 bp dimer for 1100
cm ™1 (Right). These beating signals are likely from coherences between vibronic states.

between the 0-0 and 0-1 vibronic states. The frequencies, 1270 em™! and 1545 cm ™1,
roughly match the separations between the vibronic states calculated by our vibronic exciton
model (Figure 4.2, bottom) for the 0 bp dimer. The 1100 cm~1 mode observed in the
nonrephasing power spectrum for the 1 bp dimer also matches the energy gap between
vibronic exciton states for that construct (Figure 4.2, middle). The spectral location and
frequency of these coherences support that these are superpositions between the 0-0 and
0-1 vibronic exciton states. Beating frequency maps for the 940 cm™! oscillation (Figure
4.11) shows that the beating signals are widespread throughout the 2D spectrum. The

1

mirrored beating at positive and negative frequency for the 940 cm™* oscillation suggests a

L mode

vibrational origin for this coherence. The beating frequency map for the -940 cm™
also show beating signals that are not predominantly localized to the below diagonal cross
peak location (Figure 4.11). For the 880 cm™! and -990 em ™! modes in the 0-bp dimer

power spectra, beating frequency maps show that the beating signals are not localized to the
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below diagonal cross peak region, therefore we attribute these oscillations to be vibrational
coherences (Figure 4.11). Beating frequency maps for all prominent beating modes observed
in Figure 4.6 are presented in the ESI (Figures 4.11-4.14).

Analyzing possible Feynman pathways supports the conclusion that there is vibronic co-
herence between the 0-0 and 0-1 states. Double-sided Feynman diagrams depicting possible

1 are presented in Figure 4.8. The three nonrephas-

pathways with oscillations of >1000 cm™
ing Feynman pathways corresponding to oscillatory ESA, SE, and GSB signals all contain
one light-matter interaction that induces a transition that is slightly red of our laser band-
width. The peak energy of this transition may be just outside our experimental bandwidth;
however, if the transition from the 0-1 vibronic state (represented as es in Figure 4.8) to a
higher-lying excited state f we see in the nonrephasing ESA pathway is broad and carries
a large transition dipole moment, it could be accessed with our laser spectrum. In addi-
tion, the vertical structure of the beating we see in the 1270 ecm ™! and 1545 cm ™! beating
frequency map for the 0 bp dimer at excitation frequency ~16,700 cm™! suggests that the
higher lying excited state f contains a vibrational progression through which we see relaxation
to a lower energy state. This vibrational structure can both explain the observed vertical
pattern of beating and would indicate that the eg to f transition is not necessarily out of
our bandwidth.

There are competing explanations as to the microscopic origins of observed coherences
in the presence of vibronic coupling. Jonas and co-workers [8] proposed that observed co-
herences are ground-state vibrational coherences that are enhanced due to vibronic coupling
and thus report on the electronic excited state. Mancal and co-workers [1] propose that
vibronic coupling induces beating on both the ground and excited states when the electronic
transition on one monomer is resonant with a vibrational mode on the excited state of the
other monomer. We believe that the latter more fully explains our observations as we see

beating localized to a region of the nonrephasing spectrum where ESA signal dominates.
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Figure 4.8: Double-sided Feynman diagrams depicting nonrephasing ESA (left), GSB (cen-
ter), and SE (right) pathways that beat during the waiting time at a frequency of resonant
with the separation of the 0-0 and 0-1 vibronic states (<1000 cm™1). The diagrams corre-
spond to pathways at the spectral location marked by the red “X” in the sketch of the 2D
spectrum (below diagonal cross peak). In the Feynman pathways, g denotes the electronic
ground state, eo denotes states under the 0-1 transition, and ey denotes states under the 0-0
transition. The state f represents a higher lying excited state and the apostrophes are used
to indicate a vibrational excitation (in this case on the electronic ground state, g’).
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4.6 DNA Scaffold Supports Long-Lived Vibronic Coherence at

Small Base Pair Separations

To assess whether using a DNA scaffold to hold the dyes in close proximity more successfully
replicates the vibronic coherences seen in photosynthetic pigment-protein complexes, we ex-
amined how long our observed coherences persist. By eliminating the first 100 fs of waiting
time dynamics and then remaking the beating frequency maps, we can conclude whether or
not our beating signals persist beyond 100 fs. Our observed coherence persists for hundreds
of femtoseconds. Figure 4.9 shows that 1270 em™! and 1545 cm ™! beating frequency maps
still show strong beating at the below diagonal cross peak position even if we omit the first
100 fs of waiting time from the Fourier transform. This finding indicates that DNA, like the
protein scaffold in photosynthetic pigment-protein complexes can support vibronic coher-
ence. Halpin et al [10] have previously reported on the effect of strong vibronic coupling on
coherence between vibronic excitons in a molecular biscyanine dimer in a combined experi-
mental and numerical study. In their work, the authors reported oscillations in the waiting
time of the nonrephasing ESA signal with a beat frequency consistent with the energy gap
between the two strongest absorbing excitons; however the chosen molecular construct in
those experiments could only sustain the vibronic coherence for 80 fs (1/e decay time). [10]
Our results indicate that the DNA scaffold can prolong this vibronic coherence relative to

covalent linkage between the dyes [10].

4.7 Conclusions

Strong excitonic coupling between closely spaced dyes on DNA induces exciton delocaliza-
tion. Increased Davydov splitting and redistribution of oscillator strength into higher energy
vibronic bands have been reported at separations under 2 base pairs in vibronically cou-

pled dyes. [21] Our 2DES beating frequency analysis shows that the large changes in linear
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Figure 4.9: Nonrephasing beating frequency maps for a beat frequencies of 1270 cm ™! and

1545 cm ™! for the Obp dimer and 1100 em™! for the 1 bp dimer. These beating frequencies
maps were created by Fourier transforming over 100-600 fs of waiting time. A total of 600
fs of positive waiting times were taken in our experiments. That the beating signatures still
remain after omission of the first 100 fs of signal, indicate that these coherences are long-lived
compared to a purely electronic coherence, persisting for >100 fs.

spectral signatures at small dye separations correspond to detectable coherences between
vibronic exciton states delocalized across the dyes. The stronger excitonic coupling between
the Cy5 dyes in the 0 bp dimer leads to more pronounced delocalization and stronger coher-
ences resonant with the energetic splitting between the vibronic exciton states of the 0-0 and
0-1 transitions. Like the vibronic coherences observed in photosynthetic pigment-protein
complexes [30, 41], our observed coherences in the DNA-dye constructs persist for hundreds
of femtoseconds. Our results indicate that organic dyes on a DNA scaffold offer an avenue
for building tunable excitonic networks that can support coherent phenomena, an important

design principle for building biomimetic light harvesting networks.
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4.8 Experimental Methods

4.8.1 Sample Preparation

DNA oligomers were purchased from Integrated DNA Technologies. Complementary unla-
beled or Cyb-labeled single strands were combined by thermal cycling to 90 °C and then

slowly cooling the sample to 4 °C over an hour. All samples were prepared in 1x TAE buffer.

4.8.2 UV /uis Absorption Spectroscopy

UV /vis spectra were acquired using a Shimadzu UV-1700 spectrometer. Spectra were mea-

sured using a 1 mm quartz cuvette (Starna).

4.8.8 GRadient Assisted Photon Echo Spectroscopy (GRAPES)

2DES is a four wave mixing technique that probes frequency-frequency correlations as a
function time and in doing so can report on electronic coupling between chromophores, energy
transfer pathways, and ultrafast coherent dynamics. [25, 40, 41] In a 2DES experiment,
three ultrafast laser pulses interact with the sample to generate a macroscopic oscillating
polarization which generates a signal in a defined, phase-matched direction. The first two
pulses are separated by coherence time, 7, and produce either a population or a coherence
between excited electronic states, vibronic states, or vibrational states. During the waiting
time (T), the time delay between the second and third pulses, the system undergoes a
combination of coherent oscillation and incoherent relaxation. The arrival of the third pulse
initiates the emission of the third-order signal which is a function of the detection time,
t. The emitted signal is captured and resolved by a spectrometer and sCMOS camera.
Fourier transforms over the coherence time and the detection time give a two-dimensional
frequency-frequency correlation map for every waiting time that contain positive signals from
stimulated emission (SE) and ground state bleach (GSB) pathways and negative signals from
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excited state absorption (ESA) pathways.

The pulses used in these 2DES experiments were produced by focusing the output of a 5
kHz Coherent Legend Elite USP regenerative amplifier seeded by a coherent Micra Ti:Sapph
oscillator through 2.25 m argon gas held 4 psi above atmospheric pressure. The broadened
output was recompressed via a pair of negative GVD mirrors (Layertec) and then refocused
through the argon tube. The resulting supercontinuum white light pulse was compressed
using another pair of negative GVD mirrors (Layertec) and a multiphoton intrapulse inter-
ference phase scan compressor (Biophotonics Solutions, Inc.). The compressed pulse was 15
fs FWHM, with a spectrum spanning 580-720 nm. The compressed pulse was divided into
two using a 50:50 beam splitter (Layertec), with one pulse sent to a retroflecting delay line
(Aerotech) to control the waiting time, T. Each pulse was directed to a 40 percent reflective
beam splitter (Chroma) in front of a silver mirror angled at ~1.5 degrees, replacing the
wedged glass beam splitters used in a previous iteration of GRAPES. The beam splitter-
silver mirror pairs create a set of four pulses in a modified BoxCARS geometry, which are
overlapped vertically using flat mirrors and focused to vertical lines (1 cm by 60 pm) with
a cylindrical mirror. The angle with which pulses 1 and 2 pass through the sample creates
a gradient of coherence times (7), which include negative and positive coherence times. For
details on using both negative and positive coherence times in GRAPES to obtain fully
absorptive spectra see [44].

The resulting third-order signal co-propagates with pulse 4 (local oscillator, L.O.) which
has been attenuated by two orders of magnitude before passing through the sample and
is set to arrive 2 ps before the other pulses. Both the sample and the L.O. are focused
through an imaging spectrometer (Andor Shamrock 303i) onto a 2D CMOS array (Andor
Neo 5.5) running at 20 Hz. Neighboring pixels were binned in both dimensions of the
detector such that a 2560 x 2160 array acts as 1280 x 1080 array with four times the pixel

area. After binning, the 7 spacing on the vertical dimension of the detector was 0.53 fs/pixel
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(original pixel size 6.5 pm). Acquired frames were streamed to a solid-state hard drive
via Labview (National Instruments) control software using a producer/consumer design. A
chopper is used such that the camera collects the heterodyned signal (signal plus L.O.)
every second frame. The chopped frames contain only L.O. and pulse 3 scatter which is
used for subtraction in the data processing. After chopping, signal acquisition speed is 10
Hz. Fast acquisition enables fine sampling of the waiting time, every 0.5 fs. The use of fine
waiting time sampling to remove contamination from scattered light has been described in
detail elsewhere [45, 46]. During the measurement, solutions of DNA-dye constructs were
contained within a 500 pm flow cell (Starna). The samples were not flowing during the
measurement but were flowed in and out of the sample cell using a peristaltic pump in

between each of the 16 independent runs to minimize photobleaching.

4.9 Supplementary Figures

109



— 15368  ---fit
=]
3 — data
S 16257
-9l |
5 |
2|
__ Monomer _

. 15454
=y L 16713
E 1
> |
O
8

O | ] g
3 | q
< 1 bp Dimerl

- 16878

=1 14989 L
LA ' 15521

c 1
Ol
o

O . g
8|
< pr Dimer |

D D D D

%) (%) S D
§ 5§ & 8

Frequency (cm™)

Figure 4.10: Experimental linear absorption spectra of the monomer (top), 1 bp dimer
(middle), 0 bp dimer (bottom) shown in red. The dashed black lines are Gaussian fits to
the experimental data. The monomer and 1 bp dimer spectra were fit to two Gaussians.
The 0 bp dimer spectrum as fit to three Gaussians. Marked peak positions indicate center
frequency of the fit Gaussians. Gaussians fits were used to obtain peak locations, not as a
physically meaningful fit to the experimental data. Shaded gray region is the laser spectrum
used for 2DES experiments. Cartoons to the right of each spectra are a depiction of the
corresponding construct.

110



1 bp Dimer, w_=-940 cm’

1 bp Dimer, w_ =940 cm’

[ S

>

517000

>

O

3 _

= 16000

v

L

S 0.08
= 15000

L

o]

= SRS S

By &
N N N 0.04
Excitation Frequency (cm™) '

—~ 0 bp Dimer, w,=880cm™ 0 bp Dimer, w_=-990 cm
17000 =

>

g Fre= 0
216000 =

2

L o

S 5

£ 15000

3 ~— ]

Q O Q Q Q Q
Q Q \) Q \) \)
Q Q Q Q Q
N N & e

Excitation Frequency (cm™)

Figure 4.11: Beating frequency maps for oscillatory frequencies attributed to vibrational
coherences in the 0 bp and 1 bp dimer constructs. Resolvable vibrational coherences are
observed in the dimeric constructs but not the monomeric construct due to resonance of
vibrational modes with vibronic transitions in the dimers.
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Figure 4.12: Beating frequency maps for the 4165 cm™! mode for the three studied con-

structs. We have attributed this beating signal to a vibrational coherence.
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Figure 4.13: Beating frequency maps for the 4330 cm™! mode for the three studied con-
structs. We have attributed this beating signal to a vibrational coherence.
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structs. We have attributed this beating signal to a vibrational coherence.
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CHAPTER 5
TWO-DIMENSIONAL ELECTRONIC SPECTROSCOPY OF
LIVING CYANOBACTERIA CELLS

Cyanobacteria use peripheral light-harvesting antenna, phycobilisomes, to harvest solar ex-
citations and funnel them to the cyanobacterial reaction centers where charge separation
occurs to initiate photochemistry. The phycobilisomes are extremely delicate complexes
that can freely associate and dissociate with either of the two photosystems (fused an-
tenna/reaction center complexes) that are embedded in the thylakoid membrane. As they
are not membrane-bound, upon cell lysis, the phycobilisomes remain soluble in the aqueous
fraction while the photosystems are membrane-bound. This makes it impossible to study en-
ergy transfer through the phycobilisome to the reaction centers unless the organism remains
intact. This is not the case for other photosynthetic organisms such as purple bacteria and
algae, in which all key photosynthetic machinery is embedded in a membrane. Studying the
complete pathway of energy transfer in cyanobacteria requires an ultrafast in vivo measure-
ment. GRadient-Assisted Photon Echo Spectroscopy (GRAPES) has in vivo capabilities and
we present the first two-dimensional electronic spectrum of a living cyanobacteria, acquired
using GRAPES. We see absorption features corresponding to the photosystems and several
components of the phycobilisomes. Future work includes improving the signal-to-noise of the
measurement and using in vivo GRAPES to track ultrafast dynamical changes to alterations

in environmental conditions in real time.

5.1 Energy Transfer Pathways in Cyanobacteria

The phycobilisome (PBS) is the primary light-harvesting antenna for cyanobacteria. [1-5]
The PBS has a rod-core structure that associates with the lumenal side of the thylakoid mem-

brane. The PBS rods are made up of the phycobiliprotein (PBP) phycocyanin and, in some
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species, phycoerythrin as well. The rods are attached to an allophycocyanin (APC) core. [3, 6]
The PBS represents a spatial and energetic funnel, a light-harvesting motif seen in many pho-
tosynthetic organisms. Each PBP contains bilins, tetrapyrrole pigments, that are covalently
linked to the surrounding protein. The rod pigments absorb the highest energy photons
and can transfer energy downhill to APC core, which absorbs at a slightly lower energy.
Phycoerythrin absorption is centered at 580 nm, phycocyanin absorption is centered around
630 nm, and the APC core absorbs around 650 nm. [4] Excitations captured by the PBS are
transferred from the APC core to the chlorophyll pigments in the fused antenna/reaction
center complexes, Photosystem I (PSI) and Photosystem IT (PSII), where trapping by the
reaction centers occurs. [7] A complete map of energy transfer dynamics through the PBS
to the photosystems is inaccessible by standard spectroscopic techniques. [4] Most time-
resolved spectroscopic measurements of light-harvesting and energy transfer dynamics must
be done on isolated complexes or intact thylakoid membranes. The PBS dissociates from the
thylakoid membrane upon cell lysis, preventing experiments that can measure the complete
pathways of energy transfer. We have applied our in vivo two-dimensional electronic spec-
troscopy in order to examine energy transfer dynamics and couplings in living cyanobacteria

cells.

5.2 Photoprotective Mechanisms in Cyanobacteria

One of the large motivators behind adapting our GRAPES setup for use with living cyanobac-
terial samples is accessing the changes in ultrafast energy transfer pathways as a result of
photoprotection. While our spectroscopic capabilities are not quite at the point of being
able to study these dynamics, in vivo GRAPES is uniquely positioned to examine real-
time response to changing environmental conditions. Oxygenic phototrophs use a variety
of photoprotective and photoacclimation mechanisms to quench excess excitations. Pho-

toprotection is the organism’s response to rapid fluctuations in irradiance. These defense
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mechanisms prevent the buildup of excited chlorophyll pigments. An excess of these sin-
glet excited chlorophyll that cannot be transferred to the reaction center can decay into
triplet chlorophyll. Triplet chlorophyll can react with triplet oxygen in the atmosphere to
produce singlet oxygen. Singlet oxygen is a dangerous oxidizer that can severely damage
the photosynthetic apparatus. Cyanobacteria have two major means of dealing with excess
excitations: state transitions and non-photochemical quenching. [8]

State transitions involve the redistribution of excitations between PSI and PSII. The
PBS is highly mobile and energy transfer from the PBS to each of the photosystems can be
regulated through changes in the affinity of the PBS to each PST and PSII. [9] State I refers to
preferential excitation of PSI and State 2 refers to preferential excitation of PSII. Increased
illumination causes a transition from State 2 to State 1. Historically, this transition has
been monitored using the fluorescence intensity from PSII. After the transition to State 1,
there is an increase in PSII fluorescence due to decreased photoquenching of PSII excitations
for photosynthesis. The existence of state transitions as the predominant photoprotective
mechanism in cyanobacteria has been well known for several decades; however, the specific
ultrafast energy pathways and quantum dynamics of the transitions between State 1 and
State 2 remain unknown.

Non-photochemical quenching (NPQ) was more recently discovered as a photoprotective
mechanism in cyanobacteria. [10] NPQ in cyanobacteria uses a pigment-protein complex
distinct from the photosynthetic light-harvesting machinery to quench excitations in the
phycobilisome. This specialized protein, orange carotenoid protein (OCP), binds a single
3’-hydroxyechinenone (hECN) carotenoid molecule. [5, 11-13] Upon exposure to blue-green
light, OCP is photactivated, undergoing conformational rearrangement from its inactive
orange form (OCP?) to its active red form (OCP®). The activated OCP® binds to the PBS
and induces ultrafast quenching. The molecular mechanics and quantum dynamics of this

quenching is unknown. It has been suggested that the carotenoid directly accepts excitations
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from the PBS or that the binding of OCP% to the PBS induces a conformational change in

the PBS resulting in quenching of excitations. [11]

5.3 Two-Dimensional Electronic Spectroscopy of Living S.

Leopoliensis cells

5.3.1 FExperimental Challenges

We have successfully acquired 2DES spectra on living Rba. sphaeroides. [14-17] The logi-
cal extension of our in vivo capabilities was to use 2DES to examine light harvesting and
energy transfer dynamics in more complex organisms. Evolutionarily, cyanobacteria present
the logical next step and contain the photosynthetic machinery that builds the foundation
for photosynthesis in green algae and higher plants. Successfully capturing energy transfer
dynamics in cyanobacteria has presented many experimental challenges and has required
significant adaptation of the GRAPES instrumentation (see Section 2.2). A close examina-
tion of how the live cell sample should be prepared to give the highest signal-to-noise is also
important.

Two marked differences between cyanobacteria and purple bacteria make cyanobacte-
ria a significantly more challenging sample for in vivo GRAPES. Cyanobacteria cells are
substantially larger than purple bacteria (Rba. sphaeroides) and they contain chlorophyll
instead of bacteriochlorophyll which absorbs higher energy light. This combination of size
and absorption energy makes the cyanobacteria cells a more highly scattering spectroscopic
sample than purple bacteria. This difference in optical scattering can be seen in the baseline
of the linear absorption spectra for each of the cell cultures (Figure 5.1). Generally, purple
bacteria are sub-micron in both dimensions (Rba. sphaeroides are ~800 nm by ~300 nm).
We have examined two different genus of widely studied cyanobacteria, Synechocystis and

Synechoccocus. Synechocystis are circularly shaped with a diameter of ~ 2.5 to 3.5 pm.
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Figure 5.1: A comparison of the scatter baseline of Rba. sphaeroides (purple) cells and
S. leopoliensis cells (green) in their linear absorption spectra. Both live cell samples were
prepared to a final O.D. of 0.3 to 0.4 above the scatter baseline in a 200 gm or 500 pm
sample cell for 2DES experiments.

Synechoccocus leopoliensis are rod shaped. They are 800 to 900 nm in the narrow dimension
and range from a 5 to 15 pum in length. The difference in morphology can be seen in the
micrographs presented in Figure 5.2. The morphological differences between Synechocystis
and Synechoccocus cells have permitted the collection of 2DES spectra for Synechoccocus,
only. Scattering intensity of thin rod-shaped particles is much less than spheres or disks, [18]
thus it is not surprising that we were unable to surpass the severe scatter from Synechocystis

cells and detect a 2DES signal.

5.3.2  Analysis of 2DES Data

We successfully collected a 2DES spectra from living S. leopoliensis cells (Figure 5.3). The
2DES spectra of S. leopoliensis cells show three diagonal features. The two higher energy
features are PBS features and range from 625 nm to 675 nm. Photosystems I and II give

rise to the lowest energy diagonal feature at 680 nm. As a function of waiting time, we see
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Figure 5.2: Optical micrographs of Synechoccocus and Synechocystis cyanobacteria cells.
The rod shape of Synechoccocus makes it easier to get a 2DES in vivo signal from these cells
due to lower scatter contributions.

relaxation to below diagonal features. The signal-to-noise of the acquired spectra make it
difficult to parse out specific energy transfer pathways in the data, but we do see resolvable
dynamics in the feature corresponding to the photosystems and the PBS features. Transfer
from the rod pigments of the PBS to the APC core occurs within 10 ps and trapping by
the APC takes 100 ps. [7, 19-21] Our 2DES spectra only report on 600 fs of waiting time
so we are unable to observe these kinetics in our data set. However, the diagonal feature
corresponding to the phycocyanin pigments in the rods of the PBS shows an ultrafast decay
and its corresponding below diagonal feature is much more prominent (Figure 5.4). These
sub-100 fs dynamics could be due to an ultrafast intra-complex relaxation or a solvation
event. Given the low signal-to-noise of the data it is difficult to discern more detailed
information.

The maximum of the feature corresponding to PSI and PSII falls slightly below the
diagonal (Aeze = 678nm, Age; = 691nm) even at T = 0 fs. This is not dissimilar to what has
been seen in other 2DES measurements on isolated PSI. [22] The appearance of this feature

below the diagonal is attributed to the laser spectrum having more intensity on the lower
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Figure 5.3: Early times in vivo 2DES spectra of S. leopoliensis cells. Upper diagonal features
correspond to PBS rods and core and the lowest energy below diagonal feature corresponds

to PSI and PSII.
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energy side. The timescale of our measurement is likely too short to see evidence of energy
transfer between the PBS core and the photosystems, but analysis of the PSI/PSII feature on
this timescale reveals excitation wavelength-dependent dynamics (Figure 5.5). Because this
data set was unable to be phased successfully, the dynamics close to T' = 0 fs are difficult to
interpret as non-resonant transient grating signals have not been eliminated through phase
correction. Still, if we ignore the very early time dynamics, we see a trend across different
excitation wavelengths for the same detection wavelength. The higher energy side of the
photosystem feature shows slower decay dynamics with almost no decay on the timescale
of our measurement. As we move across the feature to higher detection wavelengths (lower
detection energies), the signal decays more quickly. We believe the differences in dynamics
are attributed to coupling between the APC core and the photosystems. The timescale for
energy transfer bewteen the APC core and chlorophyll pigments in PSII is believed to be on

the order of 100-200 ps [9, 20] and, therefore, would not be resolvable in this data set.

5.4 Conclusions and Future Work

The 2DES spectra of living cells presented in this chapter represent a proof of principle that
GRAPES is capable of being adapted as an in vivo spectrometer for oxygenic phototrophs.
Because the PBS dissociates from the thylakoid membrane upon cell lysis, in vivo studies
are the only path to mapping native energy transfer pathways in these organisms. In vivo
GRAPES also enables measurement of the response of ultrafast energy transfer pathways and
dynamics to changing environmental conditions. Short-term photoprotective mechanisms are
enacted on the timescale of minutes and, therefore, also necessitate a live cell measurement.
The data presented here pave the way for further studies in high and low light conditions.
In order to study OCP, we will need to push our laser spectrum to bluer wavelengths, but
in vivo GRAPES represents the only current method that can access the mechanism of

OCP-induced quenching.
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Figure 5.4: The diagonal feature corresponding to the PBS rods (highest energy) shows an
initial ultrafast relaxation in the first 100 fs of the measurement (black trace). The below
diagonal feature at the same excitation wavelength but a detection wavelength equal to the
lower energy rod pigments does not show this initial ultrafast decay. This may be due to
an initial ultrafast equilibration to the lowest energy pigments in the rods in preparation
for energy transfer to the PBS core which happens on a timescale beyond the range of this

measurement.
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Figure 5.5: The feature corresponding to the cyanobacterial photosystems show excitation
wavelength-dependent dynamics. Slowest decays occur on the higher energy side of the
photosystem feature.
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CHAPTER 6
FLUENCE-DEPENDENT DYNAMICS OF PHOTOSYSTEM 1
IN NATIVE THYLAKOID MEMBRANES

Cyanobacteria use three primary complexes to accomplish light-harvesting and charge sepa-
ration. The phycobilisome is the peripheral light-harvesting antenna that associates with the
cytoplasmic side of the thylakoid membrane. The fused antenna/reaction center complexes
Photosystem I (PSI) and Photosystem II (PSII) are embedded in the thylakoid membrane.
Excitations are funneled from the most distal pigments of the phycobilisome through the
photosystems until trapping occurs by the reaction centers. While PSI is the dominant
source of chlorophyll in cyanobacteria, the pigments that make up PSI and PSII are only
mildly spectrally distinct. This frustrates the assignment of dynamics to specific complexes
in cyanobacterial cells or membranes prepared from wild-type cyanobacteria. In this study,
we employ intact thylakoid membranes prepared from Synechocystis sp. PCC 6803 cells
that do not contain PSII. These PSI-only membranes enable us to examine the long-range
connectivity of PSI monomers within the membrane. We use power-dependent transient
absorption spectroscopy to measure inter-complex dynamics between isoenergetic PSI com-
plexes. We observe clear power-dependent dynamics at the longest wavelength absorbing
pigments in PSI, known as the red Chl pool. We attribute these power-dependent dynamics

to inter-monomer hopping between red Chl pools before trapping by the reaction center.

6.1 Energy Transfer in Cyanobacterial Thylakoids

There are three major pieces of light-harvesting machinery in cyanobacteria. The phycobil-
isome (PBS) is a peripheral light harvesting antenna composed of several phycobiliproteins
that funnels excitations to the two fused antenna/reaction center complexes, Photosystem I

(PSI) and Photosystem II (PSII). PSI and PSII are embedded in the thylakoid membrane
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and contain the P700 and P680 reaction centers, respectively. Most of the chlorophyll in
cyanobacteria is from PSI. As such, PSI is responsible for most of the spectral signature seen
in wild-type thylakoids (Figure 6.1). PSI monomers contain more chlorophyll than PSII
monomers, 96 Chl in PSI compared to 35 Chl in PSII, and PSI:PSII ratios range from 2:1
to as high as 10:1. [1, 2]

Room-temperature fluorescence from PSI is extremely weak, as trapping by the P700 re-
action center occurs with a 20 ps lifetime in Synechocystis sp. PCC 6803. [3] Trapping in PSI
is four to five times more efficient than trapping in PSII, therefore photosynthetic efficiency
is conventionally measured by PSII fluorescence lifetime which contains a nanosecond decay
component. It is undecided whether energy transfer within PSI follows a trap-limited or a
diffusion-limited model or some intermediate mechanism. [4] In a trap-limited model, the
excited state lifetime is limited by the charge-separation rate at the reaction center. If the
trap is shallow, the exciton can escape the trap and return the Chl pool. A diffusion-limited
model presumes that the trap is extremely efficient and that the overall excited state lifetime
is dependent on the rate at which the exciton reaches the reaction center. In this framework,
once the exciton reaches the reaction center, charge separation occurs. PSI additionally con-
tains sets of strongly coupled Chl pigments which lie lower in energy than the P700 reaction
center. The precise transition energy of these Chl pools, named the red Chl, and the number
of low energy pools are species-specific. Red Chl pools are unique to cyanobacterial PSI
and are used to increase the absorption cross section of PSI but also compete with energy
transfer to P700. [5-8] Uphill energy transfer from the red Chl pool to P700 is on the order
of kT. [9]

The core of the PSII antennae contains CP47 and CP43 subunits and a water oxidation
catalytic center. The CP47 and CP43 subunits are most proximal to the P680 reaction center.
The P680 reaction center contains four Chl ¢ molecules, two pheophytin a molecules, and two

p-carotene molecules. [2, 10] Two-dimensional electronic spectroscopy (2DES) measurements
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Figure 6.1: (Left) Photographs of cyanobacterial cell cultures for wild-type, PSI-only, and
PSII-only Synechocystis sp. PCC 6803 cells. (Right) Linear absorption spectra of thylakoid
membranes prepared from wild-type (black), PSI-only (red), and PSII-only (blue) cells.
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of the PSII core complex from Thermosynechococcus vulcanus at 77 K reveal three diagonal
features at 670 nm, 677 nm, and 683 nm. Relaxation time constants for these three main
features are ~60 fs. [11] This rapid redistribution of energy to lower lying exciton states is
surprising as the pigments within the CP43 and CP47 subunits are only weakly coupled to
each other (~78 cm™! interchromophore coupling). [11, 12]

In the present study, we use singlet-singlet annihilation to study energy flow through PSI
and PSII in intact thylakoids prepared from wild-type and mutant Synechocystis sp. PCC
6803 cells. We use the annihilation rates to determine the hopping time between isoenergetic

complexes using a diffusion-limited.

6.2 Singlet-Singlet Annihilation to Map Energy Flow in

Photosynthetic Complexes

Singlet-singlet annihilation occurs due to a dipolar interaction between two excited pigments
or excitons. The dipolar interaction causes a non-radiative transition: one molecule relaxes to
the ground state and the other is promoted to a higher energy state before rapidly returning
to the first excited state. The end result is the annihilation of one of the original excitations.
This process results in faster decay dynamics than are observed under conditions with flower
excitation density (lower probability of annihilation). [4] The probability of an annihilation
event is not only dependent on the number excitations present in the system, but also on
the number of pigments or excitons forming a connected domain. The number of excitations
absorbed by a given domain is governed by Poisson statistics. [4] That is, a laser fluence
that corresponds to one excitation per domain will result in many doubly excited domains.
To operate in a regime with extremely low probability of annihilation, laser fluences must
correspond to many fewer than one excitation per domain.

The lifetime of an excitation in a photosynthetic antenna can be described by the following

equation,
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Texc = Ttrap T Tdel T Tmig (6.1)

where 7ezc is the total lifetime of an excitation in a photosynthetic antenna, 7¢yqp is
the trapping time, 74 is the transfer time between the antenna and the RC, and 7, is
the migration term. If trapping is trap-limited, then 7.4, dominates because this process
is much slower than the pigment-to-pigment hopping time. If trapping is diffusion-limited,
then 7;,;, dominates. The 74, term only becomes important if trapping is transfer-to-trap
limited. [13]

We use broadband femtosecond transient absorption spectroscopy to measure frequency-
resolved ultrafast signals as a function of excitation intensity. In doing so we can reconstruct
the energy flow through the fused antenna-reaction center complexes in intact thylakoid

membranes.

6.3 Intercomplex Energy Transfer in Cyanobacterial Thylakoids

In the present study, we use intact thylakoid membranes prepared from wild-type and PSI-
only Synechocystis sp. PCC 6803 cells. Thylakoids were prepared according to the procedure
described in Section 2.3.2. Figure 6.1 shows the linear absorption spectra of the wild-type
and mutant membrane fragments. The absorption of the Chl a Qy band in Synechocystis
sp. PCC 6803 is centered at 680 nm. The broad absorption feature seen at 680 nm contains
the absorption of both PSI and PSII. The PSII absorbance is blue-shifted relative to PSI
with an absorbance maximum at 670 nm (see PSII-only absorption spectra, blue curve in
Figure 6.1).

We conducted fluence-dependence studies of wild-type and PSI-only membranes using
transient absorption spectroscopy. We initially attempted to use singlet-singlet annihilation

to map intra- and inter-complex energy flow in these samples using 2DES, but we were

139



PSl-only, 0.88 Excitations Wild-type, 0.88 Excitations Amp.

_per PSImonomer _____perPSImonomer 1
7207
B
£ 700} {0 ]
< 0.5
m 4 4
C ’
Q '“
v 6801 1 T
&
=
0
660 ] I 1 i
2 4 6 8 10 2 4 6 8 10
Time (ps) Time (ps)

Figure 6.2: (Left) Transient absorption spectrum of PSl-only thylakoids at an excitation
power corresponding to 0.88 excitations per PSI monomer. (Right) Transient absorption
spectrum of WT thylakoids at the same excitation fluence.

unable to access laser fluences high enough to see annihilation in our GRAPES experimental
geometry. Both wild-type and PSI-only transient absorption spectra show a single prominent
stimulated emission/ground state bleach (SE/GSB) feature centered near 687 nm and a
much weaker excited state absorption (ESA) blue of 667 nm (Figure 6.2). The ESA feature
is hardly detectable in the WT spectrum likely due to cancellation of PSI ESA with PSII
GSB/SE features at those wavelengths.

We observe singlet-singlet annihilation in PSI-only and WT membranes. As we move to
higher excitation fluences we see faster decay dynamics. Interestingly, this power-dependent
behavior is localized to specific wavelengths. Figure 6.3 shows the power-dependent decay
dynamics in PSI-only membranes. While we observe fluence-dependent dynamics near 700
nm and in the red Chl pool (red of P700), we do not observe fluence-dependent dynamics
in the bulk Chl pool. The bulk Chl pool gives rise to the maximum in both the linear
absorption (Figure 6.1) and TA spectra (Figure 6.2). Excitations in the red Chl pool must
undergo uphill energy transfer to the P700 RC. Excitations in the bulk Chl have energetically

favorable transfer to the RC. The difference in direction of energy transfer from the red Chl
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to the RC and the bulk Chl to the RC may account for the annihilation we see in the red
Chl pool. With less favorable transfer to the trap, trapping of red Chl excitations could
be diffusion-limited, whereas excitations in the bulk Chl pool are trap limited, since the
energetic funnel to the trap is much more efficient.

Due to a higher energetic barrier to transfer to the trap, we observe a longer 7y for the
red Chl pool than the bulk Chl pool. This leads to inter-complex energy transfer between
red Chl pools on neighboring PSI monomers. PSI exists mainly as a trimer in vivo and the
hopping is likely to occur between red Chl pools on monomers within a trimer. [14] We apply
the diffusion-limited model as detailed in [13], in which it was applied to aggregates of an
isolated plant antenna. In this diffusion-limited model, the annihilation rate, g, is related to
the hopping time, 7, bewteen isoenergetic complexes. The equation for the annihilation

rate is

Yo+ = 05N f4(N)Thep (6.2)

where N is the number of connected PSI antenna complexes and f;(V) is a structural fac-
tor representing the packing arrangement. Though previous AFM studies on Synechocystis
membranes report a random packing arrangement of PSI complexes in the membrane [14], an
ordered lattice must be presumed for application of the diffusion-limited trapping model. [13]
AFM studies on the arrangement of PSI complexes in thylakoids from Thermosynechococcus
elongatus report hexagonal packing within the membrane. [14] We use f; = 0.6 which cor-
responds to a hexagonal lattice in our calculations for this reason. The measured TA signal
can then be related to the annihilation rate through the following relationship

1 1

log( s = o) = (ds/2)og(T) + 1og<§—2> (6.3)

where n(7T) is the population of excitations at waiting time 7" and dg is the fractal

141



1
a v
E E
%_ 08! £
[
£ osl E
ke
& o4l z
p) ©
£ £
s 0.2¢ 5 027
=z z
0 2000 4000 6000 8000 10000 OO 2000 4000 6000 8000 10000
Time (fs) Time (fs)
700 nm
—— 0.25 excitations per monomer ) 1
>
—— 0.5 excitations per monomer %’_ 08 [
— 0.88 excitations per monomer E 0.6
kel
—— 1.4 excitations per monomer ﬁ 04 t
E |
5 0.2
P

0 2000 4000 6000 8000 10000
Time (fs)

Figure 6.3: Kinetic traces at four excitation fluences from wavelengths corresponding to the
red Chl pool of PSI. Trends show faster decay kinetics with increasing excitation intensity
at all three wavelengths. The fast kinetics are indicative of singlet-singlet annihilation.
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Figure 6.4: Waiting time dynamics at 705 nm from the TA data presented following Equation
6.3. The TA amplitude is n(7"). The y-intercept of the linear fit (blue) to the data (gray)
gives the annihilation rate. We use this annihilation rate to compute the hopping time (Thop)
between isoenergetic complexes following Equation 6.2.

dimension. The fractal dimension accounts for restricted diffusion in the membrane to the
lattice of PSI complexes. [15]

The results of fitting our experimental data from the fluence corresponding to 0.88 exci-
tations per PSI monomer are shown in Figure 6.4. Application of the diffusion-limited model
to our TA data yields a hopping time (73,,) of 7.3 ps between red Chl pools. As seen in
Figure 6.4, the data fits well to a line in the log-log plot. The next steps would be to deter-
mine how many hops between red Chl pools occur before those excitations end up trapped
by the RC. Previous 2DES studies on isolated PSI trimers from Synechocystis sp. PCC 6803
indicate that trapping occurs in ~16 ps for excitations originating in the bulk Chl pool or
the red Chl pool. [8] These results would suggest that only 1-2 hops would occur between
monomers before trapping occurs. Further modeling is required to confirm this hypothesis.

The experiments run on WT membranes show nearly identical kinetic trends to the PSI-

only data (Figure 6.5). This is not completely surprising as PSI is the dominate source of Chl
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in this organism. In order to understand trapping and inter-complex connectivity in PSII,
we must run experiments on PSII-only membranes. This has proven to be a challenge as cells
lacking PSI are extremely challenging to grow. They cannot grow photosynthetically and
do not grow to high optical densities. This presents a challenge in gaining enough cell mass
to make a membrane preparation with sufficient concentration for an ultrafast experiment.

Efforts are ongoing to collect data on PSII-only samples.

6.4 Long Time Dynamics in Cyanobacterial Thylakoids

Preliminary fluence-dependent experiments on PSI-only and WT thylakoids indicated that
the most prominent fluence-dependent behavior occurred on a short timescale. While we did
not run a complete power-dependence study to look at long time dynamics, but we did collect
long time TA data at a single power, corresponding to 0.5 excitations per PSI monomer.
Long time PSl-only kinetics at 705 nm are shown in Figure 6.6. Data was collected from
-50 ps to 200 ps in 2 ps steps. Unlike the short time data presented in Section 6.2, in which
dynamics varied as a function of detection wavelength, the long time data show consistent
dynamics across the spectrum. Decay traces fit well (R2 > 0.98) to a monoexponential with
an offset. The decay constant from the fit consistently yields 7=~ 22 ps. This time constant
represents trapping by the RC in PSI and this process dominates all other decay pathways
on this timescale. This time constant is longer than the time constant reported in recent
2DES studies of isolated PSI trimers from Synechocystis sp. PCC 6803 [8], but is within the
range reported by other studies. [3, 16] Discrepancies can also arise due to our maintaining
the PSI complexes in their native thylakoid environment, rather than completely isolating

them in detergent.
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Figure 6.5: Kinetic traces at four excitation fluences from wavelengths corresponding to the
red Chl pool of PST in WT thylakoid membranes. Trends show faster decay kinetics with
increasing excitation intensity at all three wavelengths. The fast kinetics are indicative of
singlet-singlet annihilation. The dynamics in the W'T at these wavelengths precisely mirror
the data from PSI-only membranes presented in Figure 6.3.
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Figure 6.6: Long time dynamics in PSI-only thylakoids show consistent decay dynamics
across detection wavelength. The decay kinetics at 705 nm (black) were fit to a monoexpo-
nential with an offset (red). The decay constant was ~22 ps.

6.5 Conclusions and Future Work

We observe power-dependence dynamics at short waiting times (300 fs to 10 ps) in both
PSI-only and W'T thylakoids prepared from Synechocystis sp. PCC 6803 cells. These power-
dependent dynamics offer new insight into long-range connectivity of PSI monomers in the
membrane and, specifically, the connectivity of the red Chl pools between monomers. We
attribute the power-dependent dynamics observed in our TA studies to singlet-singlet anni-
hilation. On this timescale, we apply a diffusion-limited model of trapping to explain the
inter-complex transfer occurring between red Chl pools. Though it has been suggested that
on a longer (10s of picoseconds) timescale, dynamics in PSI are trap-limited, the diffusion-
limited model can explain the dynamics we observe at the red Chl pool. These observations
offer new insights into the role of the red Chl pool and the spatial distances excitations can
travel within or between PSI trimers before being trapped by the RC.

While the femtosecond transient absorption experiments described in this Chapter can
give insight into inter-complex hopping times, our analysis is confounded by the lack of
spectral resolution in excitation wavelength. Repeating these studies using 2DES, which has
spectral resolution in both excitation and detection wavelengths, would greatly strengthen

the conclusions we are able to draw about inter-complex hopping and connectivity in the
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thylakoid membrane. Similar studies using power-dependent 2DES experiments to map long
range membrane architecture in living Rhodobacter sphaeroides have been successful in deter-
mining the number of connected light-harvesting complexes that make up the photosynthetic

functional unit in that organism. [17]
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CHAPTER 7
FUTURE DIRECTIONS

Many exciting experiments remain now that we have extended in vivo GRAPES capabilities
to oxygenic phototrophes. Maintaining native membrane architecture and keeping the func-
tional photosynthetic units intact becomes increasingly important in these more complicated
systems. The first two proposed experiments in this Chapter explore ultrafast energy trans-
fer pathways in living oxygenic phototrophes (green algae and cyanobacteria) as a result of
changing light conditions. Photoprotective and adaptive strategies in these organisms are
extremely important to their evolutionary fitness and demand in wvivo studies to preserve
dynamics. The final proposed experiment offers an extension of the study of engineering
vibronic coherence into a molecular light harvesting construct presented in Chapter 4. This
proposed experiment will investigate the role of vibronic coupling and coherence on energy

transfer in a heterodimer of cyanine dyes on a DNA scaffold.

7.1 Photoprotective Quenching in LHCII of Green Algae

Photosynthetic organisms have evolved a set of photoprotective mechanisms to avoid pho-
todamage to their cellular machinery as a result of excess sunlight. Excess light can form
excited chlorophyll triplets that react with triplet oxygen in the atmosphere to form sin-
glet oxygen, which will cause severe oxidative damage to photosynthetic proteins. In plants
and green algae, short-term molecular adaptation mechanisms to safely dissipate excess ex-
citation energy as heat are known as non-photochemical quenching (NPQ) of chlorophyll
fluorescence. [1] Fast, reversible quenching that can be activated within seconds is called qE
(energy-dependent quenching). The qE feedback loop, which is triggered by low lumen pH
(~pH 5.8 and below) as a result of a buildup of excitation energy in the membrane, initiates

conformational changes in the core light-harvesting antenna (LHCII). These changes rear-
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Figure 7.1: (A) LHCII trimer viewed normal to the stromal side of the thylakoid membrane.
(B) An LHCII monomer. Each monomer contains five Chl a molecules (green), three Chl b
molecules (blue), and four carotenoids: two luteins (yellow), one neoxanthin (orange), and
one xanthophyll (purple). Crystal structure from [3] (PDB ID: IRWT).

range the pigments to optimize quenching excited chlorophylls and dissipating excess energy
through non-radiative processes. [2]

LHCII is a pigment protein complex that exists as a trimer in the thylakoid membrane. [1]
Figure 7.1A shows the crystal structure of trimeric LHCII. Each monomer of LHCII contains
five chlorophyll a (Chl a) molecules and 3 chlorophyll b (Chl b) molecules. Chl b is an
accessory light harvesting pigment which funnels energy into Chl a as part of a downhill
energy transfer cascade. [1] This transfer occurs with a rate constant kp,= 0.2 ps~' (a
transfer lifetime of 5 ps). Excitation energy transfer between Chl a and Chl b pigments in
LHCII can be described by Foérster resonance energy transfer (FRET). [4]

Each LHCII monomer also contains four carotenoids. Carotenoids are additional pig-

ment molecules that provide structural integrity to the antenna complex, absorb light in
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Figure 7.2: The linear absorption spectrum of C. reinhardtii cells. Spectral features are
attributed to chlorophyll and carotenoid transitions. Starter cultures for these cells were
sent to our group from Prof. Roberta Croce’s group at VU Amsterdam (Netherlands).

complementary regions of the spectrum to chlorophyll, and play a role in photoprotective
mechanisms. [3, 5| Figure 7.1B shows an LHCII monomer with the discussed Chl a (green)
and Chl b (blue) molecules and carotenoids. The carotenoid lutein is shown in yellow, neox-
anthin in orange, and xanthophyll shown in purple. Each carotenoid is 5 to 6 A from the
nearest Chl a molecule.

Carotenoid pigments have long conjugated, polyene chains. All-trans carotenoids have
Cyp, symmetry giving their ground state (Sp) and lowest excited state (S7) the same Ag—
symmetry. As a result, the Sy to S transition is symmetry forbidden (both states have
gerade symmetry) and the lowest optically allowed transition is Sy to Sa. [6] The Sy state,
unlike the Sy and S states, has ungerade symmetry (Bu4). The Sy to So transition is
strongly allowed and gives rise to the characteristic linear absorption feature of carotenoids
in the blue-green region of the spectrum. Figure 7.2 shows the linear absorption spectrum of
the green algae Chlamydamonas reinhardtii, and denotes the carotenoid Sy to So absorption
as well as the Chl a and Chl b spectral features.

Under normal light conditions, after an Sy to S9 absorption event, the carotenoid can

transfer energy into a Chl a or Chl b @y state or relax into the dark 57 state via internal
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conversion. So to S7 internal conversion occurs within a couple hundred femtoseconds.
Subsequent Sy to Sy relaxation occurs within 10 ps. [6] Compared to the ~2 ns in vivo lifetime
of singlet excited chlorophyll [4], the carotenoid S; state is short lived, making a carotenoid
a strong candidate as a quencher for chlorophyll fluorescence during photoprotection.

The carotenoid (Car) dark Sy state has been proposed to be a direct quencher of chloro-
phyll fluorescence during NPQ, but whether or not this direct energy transfer from the Chl
Qy state to the Car S7 state occurs is still under contention in the field. [1, 7-10] The
conformational rearrangement that occurs in LHCII to shift the organism from efficiently
harvesting incident excitations to efficiently quenching incident excitations can affect the
capacity for Chl @)y to Car S transfer by either spatially moving a carotenoid closer to
neighboring Chl molecules or altering the energy of the S state due to chemical modifica-
tion or local solvation changes. Transient absorption spectroscopy experiments [7] have been
able to indirectly measure Chl to Car energy transfer by selectively exciting chlorophyll and
probing the carotenoid S to .Sy, transition, where S), is a higher lying excited state of Bu
symmetry. [6] However, the lack of sufficient spectral resolution to identify which pigments
are involved (and the coupling between them) and temporal resolution to resolve dynamics
within 200 fs in these experiments have precluded direct observation of the transfer dynamics
through the dark S; state as a means of photoprotective quenching.

The proposed experiments involve the measurement of photoprotective control mecha-
nisms and dynamics in living green algae Chlamydamonas reinhardtii. Such measurements
have high experimental demands. Fast temporal resolution is needed to resolve femtosecond
energy transfer dynamics. Broad spectral coverage with high resolution is required in order
to resolve contributions from the chlorophyll and carotenoid pigments involved in excitation
transfer dynamics. Resolution of energies along excitation and detection axes is important in
order to directly observe energy transfer from Chl () to another pigment. Short acquisition

times are critical to collecting data which reflect qE dynamics, as after ~1 hr a cell will stop
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using qE as its quenching mechanism and implement a more long-term control strategy. The
ability to control the scatter present in in vivo samples is also necessary since these organisms
must stay intact to maintain their photoprotective mechanisms. In vivo GRAPES presents

a method for uncovering the quenching mechanism in LHCII.

7.2 Ultrafast Manifestations of State Transitions in Living

Cyanobacteria

Chapter 5 presents the first 2DES spectra of living cyanobacterial cells. This technical
advance opens up many questions that can only be answered through un vivo ultrafast mea-
surements. One question that has been previously inaccessible by conventional techniques is
the ultrafast dynamics of State 1 and State 2.

Cyanobacteria use bilin pigments in their phycobilisomes (PBS) and chlorophyll pigments
in their fused antenna/reaction center complexes, Photosystem I (PSI) and Photosystem (II),
to harvest solar excitations. Both the PBS and the photosystems can capture solar photons.
It has been reported that PBSs are mainly associated with PSII on the cytoplasmic side
of the thylakoid membrane, but they are extremely mobile and can freely dissociate from
the membrane and associate with either photosystem. [11] Excitations are funneled to the
reaction centers in PSI and PSII where photochemistry occurs to produce biomass. [12]
The quality (spectral composition) of the incident light determines the relative number of
excitations that make it to the P700 reaction center (RC) of PSI and the P680 reaction
center of PSII. Light quality can vary instantaneously as a function of cloud cover or other
weather conditions. The number of excitations that reach each RC is determined by the
association between PBSs and each of the photosystems. State I occurs upon illumination
with blue or far-red light and State 2 occurs upon illumination with orange-green light or
upon dark adaptation. [13] In State 1, PSI is preferentially excited and in State 2, PSII is

preferentially excited. State 1 and State 2 are differentiated experimentally using the PSII
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Figure 7.3: A comparison of the two proposed mechanisms for state transitions in cyanobac-
teria. (Top) State transitions occur through membrane reorganization. The PBS can shuttle
bewteen PSI and PSII depending on incident illumination quality. (Bottom) The PBS and
both photosystems form a megacomplex. Changes in incident illumination change the spec-
tral overlap between the PBS and the photosystems resulting in State 1 or State 2. In State
2, there is transfer from the PBS to PSI and spillover from PSII, which has been directly
excited, to PSI.

fluorescence quantum yield. State I is associated with high PSII fluorescence. In State 1,
the absorption cross-section of PSI and the PBS is reduced leading to no association between
these two complexes. It is also possible to bring the cells to a state intermediate between
states 1 and 2 using yellow-orange light. [13, 14]

Two models have been proposed to explain state transitions in cyanobacteria. The first
involves a reversible migration of the PBS between PSI and PSII. [15] The second, called
the ”spill-over” model, involves energy transfer between PSI and PSII and does not rely on
the PBS to explain the difference between State 1 and State 2. [16, 17] Figure 7.3 depicts
the mechanics of the photosynthetic complexes during these two scenarios to explain the
photophysical differences between states 1 and 2.

Currently, characterizations of dynamical differences between State 1 and State 2 are
determined using time-resolved fluorescence measurements. [12, 14, 16-18]. These measure-

ments are limited to a timescale of several picoseconds and do not offer spectral resolution

156



in excitation wavelength or pathway information. Our in vivo GRadient-Assisted Photon
Echo Spectroscopy (GRAPES) offers a path to determining the ultrafast dynamical differ-
ences in State 1 and State 2. We can use GRAPES to track energy migration from the
distal pigments of the PBS rods to each of the photosynthetic RCs. In doing so, we will
be able to track relative trapping by P700 and P680 in different light conditions. Due to
the spatial overlap of PSI and PSII features in the 2D spectrum (see Chapter 5), this could
present an experimental challenge. A strategy to mitigate the assignment of features in the
2D spectrum is to develop a 2-color iteration of the GRAPES setup. The interpretation
of experimental results on living cyanobacterial cells would be simplified if we could only
excite the distal phycocyanin and phycoerythrin pigments in the PBS rods, then detect at
the transition frequency of PSI and PSII. A 2-color experiment should be able differentiate
between the two proposed mechanisms of state transition mechanics. We can also expose
the cells to different light conditions during the measurement. We do not have to solely
rely on adaptation of the cells prior to the measurement and then run the measurement
in the dark or at cryogenic temperatures. We have developed a box in which we can put
the reservoir of cells that are continuously flowing through our measurement sample cell in
GRAPES that is equipped with LED lights. These LED lights can be set to many different
colors, giving us the flexibility to switch between several light conditions with ease (Figure
7.4). The relative trapping by P700 and P680 in State 1 and State 2 is of utmost interest
to the photosynthetic community and in vivo GRAPES is the only technique that offers a

path forward to determine the relative trapping ratio.

7.3 Vibronic Coherence and Ultrafast Energy Transfer in a
Dye-DNA Construct

In Chapter 4, we showed that a DNA scaffold can support long-lived vibronic coherence in a

indocarbocyanine (Cy5) homodimer. We did not, however, explore how vibronic coherence
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Figure 7.4: Strips of LED lights line a plastic box that is mounted on the laser table proximal
to the GRAPES setup. The reservoir for the flow cell used in a GRAPES measurement is
placed within the box. The LEDs can be set to any color. Blue, green, white, and red are
shown as examples. This setup presents a modular mechanism for invoking State 1 or State
2 in living cyanobacteria.

can be exploited to optimize energy transfer in a DNA-based synthetic system. Many of
the long-lived quantum coherences observed in photosynthetic pigment-protein complexes
have been assigned as vibronic coherences. [19-26] A vibronic coherence involves a quantum
superposition between an electronic excited state on one molecule and an underdamped
vibrational mode on another molecule. The coupling between the electronic excited state
and the vibrational mode is known as vibronic coupling. It has been suggested that vibronic
coupling in photosynthetic pigment-protein complexes is responsible for the efficient energy
transfer observed in biosystems. [27, 28]

Proposed work will study a heterodimer of cyanine dyes attached at a small separations
on a double-stranded (dsDNA) scaffold. Since we have already observed vibronic coherence
in Cy5 dimers, we propose to use Cy5 and Cy5.5 to form the heterodimer. Cy5.5 absorption
falls just red of Cyb absorption and they are commonly used as a FRET pair in biological
studies. [29, 30] At small base pair separations on a DNA scaffold, FRET transfer breaks

down and we see evidence quantum coherent behavior. [31] The proposed experiments would
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explore the effects of strong vibronic coupling on ultrafast energy transfer on a DNA scaffold.

The linear absorption spectra of the Cy5-Cy5.5 heterodimer at 0, 1, 2, and 3 bp separa-
tions are shown in Figure 7.5. Constructs with the dyes separated at 0, 1, and 2 bp show
evidence of molecular aggregates and the progressive deviations from the 3 bp separated
spectrum with smaller dye separations. At a separation of 3 bp on the dsDNA scaffold, the
two dyes should behave classically, with FRET transfer between them. [31] Specifically, the
0 bp separated heterodimer shows a large redistribution of oscillator strength to the highest
energy transition near 600 nm. While absorption is present near 600 nm in the 1 bp, 2 bp,
and 3 bp separated heterodimers, the transition carries little oscillator strength. Coupling
between the excitonic and vibrational states on the two dyes creates the set of vibronic ex-
citon states that give rise to the drastically different linear absorption spectra at different
inter-dye separations. We will apply the vibronic exciton model presented in Chapter 4 to
calculate the vibronic states in the heterodimers at these base pair separations. The linear
absorption spectra in Figure 7.5 indicate that a heterodimer with 3 bp separating the two
cyanine dyes could serve as a control. In this construct, we expect to see incoherent hopping
(FRET) as the mechanism for ultrafast energy transfer.

The 0 bp, 1bp, and 2 bp dimers all show deviation from what a summed spectra of a Cyb
monomer and a Cy5.5 monomer would give. This series of construct can be used to study
the effect of coupling strength on coherence and energy transfer in a DNA-based synthetic
system. I expect that energy transfer dynamics between the vibronic exciton states will
be extremely fast (10s-100s of fs) due to the strong excitonic coupling between the dyes.
Beating frequency analysis of observed coherences will lend insight into the role of vibronic
coherence in mediating ultrafast energy transfer. The 0 bp separated heterodimer would be
a strong candidate to look for coherence transfer in a synthetic system. Coherence transfer
would manifest as a coherence (likely of vibronic origin in this construct) that transfers

between excited state surfaces as energy transfer occurs. Developing artificial molecular
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Figure 7.5: Linear absorption spectra of Cy5-Cy5.5 heterodimers on a DNA scaffold at 3
bp (black), 2 bp (red), 1bp (green), and 0 bp (blue) separations. An increase in excitonic
coupling between the dyes occurs at smaller inter-dye separations and is accompanied by
larger deviations in the linear absorption spectra from the monomeric signatures of Cy5 and
Cy5.5. The 0 bp, 1 bp, and 2 bp constructs show signatures of molecular aggregates.
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light-harvesting systems that mimic photosynthetic design principles is an important step in

developing robust, efficient synthetic light-harvesting tools.
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CHAPTER 8
CONCLUSIONS

Photosynthetic organisms use networks of coupled pigments perfected by billions of years
of evolution to capture solar photons with unparalleled efficiency. These pigment networks
maximize charge separation under low light conditions and dissipate excess excitations in
high light. This thesis has lent new photophysical insight into the strategies employed by
Rhodobacter sphaeroides and Synechocystis sp. PCC 6803 to funnel excitations to their
reaction centers with minimal losses. Additionally, the work presented in this thesis demon-
strates how we can take a photosynthetic design principle, long-lived vibronic coherence, and
engineer it into a synthetic system for potential artificial light-harvesting applications. The
technical advances made to the GRAPES instrumentation have made it possible to analyze
two-dimensional lineshapes in living cells and acquire the first two-dimensional electronic
spectra of a living oxygenic phototroph.

I adapted in vivo GRAPES to recover absorptive lineshapes in living Rba. sphaeroides
cells. Two-dimensional lineshape analysis of these fully absorptive spectra reveal an ultrafast
intracomplex relaxation within the B875 band of LH1 in vivo. Higher lying excitonic states in
the B875 manifold maximize spectral overlap with the B850 band of LH2 and the subsequent
sub-100 fs relaxation prevents back transfer. Our lineshape analysis also reveals a decrease
in dipole strength of a strong transition in LH1 on the red side of the B875 band. This
decrease in dipole strength is due to rapid localization of an initially delocalized exciton,
further frustrating back transfer between B875 to B850.

Vibronic coupling has been purported as the design principle responsible for long-lived vi-
bronic coherence in photosynthetic pigment-protein complexes. We use vibronically coupled
Cyb dyes on a DNA scaffold to investigate if such a molecular design can support long-lived
vibronic coherences. Beating frequency analysis of 2DES data reveal high frequency oscil-

lations in Cy5 homodimers separated by 0 bp and 1 bp on the DNA scaffold. We assign
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these spectral oscillations to coherences between vibronic exciton states. Our conclusions
are supported by a vibronic exciton model that calculates the transition energies of the vi-
bronic exciton states in the dimers. The observed vibronic coherences persist for hundreds
of femtoseconds, establishing DNA as an attractive scaffold for synthetic light-harvesting
applications.

I acquired the first two-dimensional spectrum of a living cyanobacterium. Cyanobacterial
peripheral light-harvesting antenna dissociate from the fused antenna/reaction center com-
plexes embedded in the thylakoid membrane upon cell disruption. In vivo studies are the
only way to map the native energy transfer pathways from the most distal, highest energy
pigments to the reaction centers. We see spectral features corresponding to all the light-
harvesting and reaction center components. This was an important first step to being able
to track ultrafast energy transfer dynamics in oxygenic photosynthesis.

Power-dependent transient absorption experiments revealed that trapping by the PSI
reaction center in Synechocystis sp. PCC 6803 is trap-limited for excitations in the bulk Chl
pool, but diffusion-limited for excitations in the red Chl pool. We measured inter-complex
hopping times between red Chl pools on neighboring PSI monomers. The observed dynamics
were conserved in thylakoids prepared from wild-type cells and PSI-only cells.

Adapting in vivo GRAPES for measurements on Chl-containing organisms has opened
many doors to studying how living photosynthetic organisms adapt to changing environmen-
tal conditions. We will continue to improve the GRAPES instrumentation to gain higher
experimental signal-to-noise and we will use mutant cell strains to parse dynamics from
spectrally overlapped complexes. I have proposed experiments to study qE quenching in
living green algae as a result of high light exposure and to study how State 1 and State 2
differ in their ultrafast energy transfer pathways in cyanobacteria. These experiments will
inform on how ultrafast energy transfer dynamics respond to changes in incident illumination

quality and quantity. I have also proposed future work to investigate the role of vibronic cou-
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pling and vibronic coherence, important photosynthetic design principles, in energy transfer
between cyanine dyes on a DNA scaffold. Turning to photosynthetic design principles in
engineering synthetic systems can help make more efficient, biologically-inspired artificial

light-harvesting tools.
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