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ABSTRACT

The photophysical dynamics of functional materials adopted in photosynthesis and photo-
voltaics are important for solar light harvesting. Observations of long-lived quantum coher-
ences in photosynthetic complexes have spawned numerous research efforts on the micro-
scopic origins, the design principles and the biological significance of these observed beating
signals. The remarkable device performance demonstrated by perovskite photovoltaics have
also drawn broad scientific interest to the fundamental photophysical properties of these
perovskite materials in both bulk single crystals and nanocrystals. In this dissertation, I
provide interesting observations and interpretations regarding the ultrafast dynamics of light-
harvesting materials. By performing two-dimensional electronic spectroscopy (2DES) on a
series of structurally flexible heterodimers with varied electronic transitions both in dilute
solution or packed on single-walled carbon nanotubes, we have discovered two prerequisites
to the observed vibronic coherences: one is a resonant vibrational mode with the electronic
energy gap; the other is limiting the relative orientation between different chromophores.
2DES on a pair of BODIPY dyes attached to a cavitand molecular switch demonstrates the
effects of nonradiative transitions on Forster resonance energy transfer. Transient absorption
spectroscopy on CH3NH3PbBr3 perovskite single-domain single crystals and related theo-
retical calculations show that free carriers and localized carriers coexist due to polaron for-
mation in bulk perovskite. Transient absorption spectroscopy on CH3NH3PbBrg perovskite
nanocrystals synthesized by a ligand-mediated method demonstrates radiation-fluence in-
dependent photoluminescence decay, indicating these nanocrystals are quantum confined.
2DES on perovskite nanocrystals reveals ultrafast dynamics (sub 50-fs exciton relaxation
and coherences) and different spectral features that reflect the electronic structure of the
NCs. The observations described in this dissertation will be important for understanding
the fundamental photophysical properties of these functional light-harvesting materials and

guide future material designs used in devices.
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CHAPTER 1
INTRODUCTION TO LIGHT HARVESTING

1.1 Overview of light harvesting

Global energy consumption grew rapidly during the twentieth century. This trend still
continues now with fossil fuels still used as the primary power source. Fossil fuels (oils, coal
and natural gas) supplied 81.4 % of the world energy consumption in 2013, while renewable
energy (solar, wind et al) only supplied 1.2% [1]. The demand for clean and renewable
energy surges due to both the risk of depleting fossil fuels in the foreseeable future and the
concern on air pollution caused by combustion of fossil fuels.

Solar energy is a promising source of renewable energy due to its abundance and sustain-
ability. The solar power incident upon the Earth’s surface is about 120,000 TW, exceeding
human power consumption (15 TW) by four orders of magnitude [2]. Hence, approaches for
efficient harvesting and utilization of solar energy become an important branch of current
research. Solar energy can be harvested either in a biological manner by photosynthesis, in
which biomass is stored as the final product, or in a chemical manner by photovoltaic devices
to generate electric current, which can be readily utilized.

Photosynthetic organisms, including bacteria, algae and plants, collectively harvest about
100 TW of solar energy every year [3]. Although the overall thermodynamic efficiency of
photosynthesis is quite low, the quantum efficiency of the energy transfer process from the
location of photon absorption (photosynthetic antennae) to the location of charge separa-
tion (reaction centers) is near perfect [4, 5]. Such light-induced dynamics (called “light
reactions” in photosynthesis) is also involved in photovoltaic devices. Photons are absorbed
by the active layer and then separated into electrons and holes, prior to the migration to-
ward different electrodes. Investigations on the design principles and the energy transfer
mechanism of these photosynthetic organisms that exhibit near-perfect transfer quantum ef-

ficiency will provide insight to biomimetic strategies for artificial materials incorporated into
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photovoltaic devices. In the mean time, investigations on light-induced dynamics of various
active-layer materials of photovoltaic devices will improve the knowledge of their inherent
photophysical properties. Such knowledge is crucial for understanding the photovoltaic de-
vice performance (either good or poor performance), and would in return guide the device
design. Both routes lead to the same ultimate end, that is, harvesting solar energy efficiently
to support human.

As a physical chemist, I seek to contribute to both of the aforementioned routes by
interrogating the light-induced dynamics of several materials related to photosynthesis or
photovoltaics, using ultrafast spectroscopic techniques, including two-dimensional electronic
spectroscopy and transient absorption spectroscopy. The projects described in Chapter 3
and Chapter 4 are devoted to using synthetic small molecules as models to understand the
design principles of vibronic coherences, the existence of which may account for the near-
perfect quantum efficiency in photosynthetic energy transfer processes, and the effects of
nonradiative relaxation on the overall Foster Resonance Energy transfer. The projects de-
scribed in Chapter 5 and Chapter 6 are devoted to understanding the inherent photophysical
properties of perovskites, which have been recently viewed as promising materials for light-
harvesting [6-8] and light-emitting devices [9-11]. The general backgrounds and motivations
of the projects regarding each route are described individually in Sections 1.2 and Section 1.3.
Physicial and theoretical backgrounds that are necessary for interpreting the experimental

results in the dissertation are included in Section 1.4 and Section 1.5, respectively.

1.2 Photosynthetic antennae and synthetic model systems

Photosynthetic organisms are equipped with pigment-protein complexes called antennae,
which harvest solar light with near-perfect quantum efficiency. These photosynthetic an-
tennae contain three-dimensional arrays of densely packed chromophores embedded in the
protein scaffold [12]. The light harvesting process begins with absorption of a photon by

an antenna chromophore, followed by highly efficient transfer of excitation to the reaction
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center. The reaction center is another pigment-protein complex that converts an excitation
to a charge-separated state, which powers subsequent biochemistry of the organism.

The energy transfer process within photosynthetic antennae was originally considered to
follow an incoherent mechanism described by Forster theory (FRET). However, this simple
model cannot explain the quantum efficiency of the transfer process. Observations of long-
lived quantum coherences in Fenna-Matthews-Olson (FMO) antenna from the green sulfur
bacterium Chlorobaculum tepidum [13] and other photosynthetic complexes [14-16] with
two-dimensional electronic spectroscopy have suggested that coherences between different
excited states may play an important role in the energy transfer process of photosynthetic
antennae. That is, excitations may migrate through a wave-like quantum mechanism [17-19]
and improve the transport efficiency by sampling the rugged energy landscape and avoiding
classical “trapping” in local minima. The biological significance of these observed coherences
depends on their microscopic origins; purely vibrational coherences on the electronic ground
state cannot impact the energy transfer while coherences between electronic excited states
can. Unfortunately, the signal observed in two-dimensional electronic spectroscopy is the
summed signal from all accessible pathways and these photosynthetic antenna studied to date
always contain vibrational modes coincident with the energy difference between electronic
excited states [20-24]. Both facts frustrate the assignment of these observed coherences.
Recently, vibronic coupling has also been proposed as a possible mechanism for the generation
and survival of these coherences [21, 25-28], which further complicates the assignment.

Therefore, systems that can dissect contributions from vibrational, electronic and vi-
bronic pathways would be ideal to unveil the design principles and biological significance of
these coherences. However, photosynthetic antennae are not such systems due to their com-
plex structures. Proteins hold chromophores in fixed spatial relationships and finely tunes
the excitation energy gaps of the individual chromophores [12, 29], posing difficulties on
mutations to detune the electronic energy gap away from vibrational modes without losing

structural integrity.



Synthetic model systems can be used instead to investigate the design principles for the
quantum coherences observed in photosynthetic systems due to their rich chemical variabil-
ity, in which electronic transitions of the chromophores can be easily tuned to match or
deviate from certain vibrational modes. Through molecular design, synthetic model systems
can also be used to examine the effects on the coherences of either electronic energy gap or
rigid structural support between the two functionalities separately. While in photosynthetic
complexes, these functionalities are provided simultaneously by proteins and are difficult to
disentangle. Such studies are presented in Chapter 3. By creating a series of structurally
flexible fluorescein dimers and employing single-walled carbon nanotube packing strategy,
we decipher the aspects of molecular design for controlling the presence of vibronic coher-
ences in artificial systems, which would be informative for further investigations on coherent
energy transport and biomimetic artificial materials that could exploit coherent transport
in photovoltaics. The synthetic molecular switch described in Chapter 4 failed to meet the
design requirements for vibronic coherences. However, 2DES on both vase and kite confor-
mations of this molecular switch demonstrate the effect of nonradiative relaxation on the

overall FRET efficiency, providing general insight to understanding of FRET mechanism.

1.3 Promising light-harvesting and light-emitting materials:

perovskites

Perovskites have a crystal unit cell defined by the formula ABX3, in which a cation B and
an anion X form an octahedron. These octahedra share vertices with their neighbors to
generate three-dimensional [BX3]™ frameworks that are stabilized by another type of cation
A. Recently, lead halide perovskites have emerged as the promising materials for the next
generation of optoelectronics, ranging from photovoltaics to light-emitting applications. In
particular, perovskites are attractive due to their device performances that are competitive

with established commercial technologies, as well as their solution processability with low



cost [30].

The renaissance of perovskite materials as light absorber in photovoltaics started in 2009
when organic-inorganic perovskite CH3NH3Pbl3 was demonstrated as a photosensitizer in a
dye-sensitized solar cell with 3.8% power conversion efficiency by Miyasaka et al [31]. Within
five years, the power conversion efficiencies have skyrocketed to over 20% [6-8, 32] with the
highest efficiency to date as 21% [33], superior to similar technologies that have matured
over more than a decade yet still failed to reach the efficiencies presented by perovskite
materials, such as organic photovoltaics [34]. These impressive performances of lead halide
perovskites in photovoltaic applications stem from their fundamental optical and electronic
properties, attracting extensive research attentions. Recent studies have suggested that per-
ovskite microcrystalline thin films and bulk single crystals exhibit characteristics including
large absorption coefficients [35], small exciton binding energies [36], efficient photogenera-
tion of free carriers [37, 38], high charge carrier mobility [39, 40], and bimolecular charge
recombination dynamics [41, 42]. This collection of photophysical properties is more akin to
crystalline inorganic semiconductors instead of molecular crystals, which defines perovskites
as a new class of semiconductors that may potentially rival the current photovoltaic tech-
nologies heavily based on silicon and GaAs [43]. Although there are numerous reports on the
photophysical properties of perovskite materials, the issue of which type of photo-generated
species (exciton, free carriers or polaron) exists in these organic-inorganic hybrid perovskites
is still under debate. In these organic-inorganic hybrid perovskites, methylammonium cations
may solvate the electrons within the perovskites and play a crucial role in their optoelec-
tronic properties [44, 45]. Therefore, we attempted to answer this question by probing the
photophysical dynamics of perovskite bulk single-domain single crystals with nanosecond
transient absorption spectroscopy. We observed that free carriers and localized carriers co-
exist due to polaron formation in organic-inorganic hybrid perovskites. These experimental
results and related theoretical calculations are included In Chapter 5.

As mentioned above in this section, applications of perovskite materials can also be ex-



tended to light-emitting devices. The development on perovskite light-emitting diodes and
electrochemical cells has achieved internal quantum efficiencies over 15% with tunable emis-
sion spectra across the visible range [46-49]. While the small exciton binding energy of bulk
perovskites enable spontaneously dissociation of excitons into free carriers, which is benefi-
cial for solar cell devices, nonradiative recombination of these carriers could limit the light-
emitting performance of perovskites [50]. Compared to bulk perovskites, nanostructured per-
ovskites exhibit increased photoluminescence quantum yield due to quantum confinement.
Despite some pioneering synthetic efforts devoted to perovskite nanocrystals [50-55], meth-
ods to obtain quantum-confined perovskite nanocrystals still require delicate experimental
controls. Meanwhile, some fundamental properties of these nanocrystals, such as detailed
electronic structures, are still unrevealed. We have developed a scalable ligand-mediated
transport synthesis of organic-inorganic hybrid perovskite nanocrystals that operates at am-
bient conditions and produces quantum-confined nanocrystals with PL. quantum yield up to
97%. This synthetic method is presented in Chapter 6. We have also performed femtosec-
ond two-dimensional electronic spectroscopy along with nanosecond transient absorption
spectroscopy on these nanocrystals for the purpose of providing valuable information that
facilitates the depiction of their detailed electronic structure.

Perovskites serve as both promising opportunities for the next generation of optoelec-
tronic devices and intriguing materials that bridge solution processabilities of molecular
systems with some photophysical properties of inorganic semiconductors. Several future
projects in which other members of the Engel Group may contribute to the perovskite com-

munity are included in Chapter 7.

1.4 Energy transfer dynamics

For multi-chromophoric systems such as natural photosynthetic complexes and artificial
molecular systems, energy usually migrates from the location of photon absorption to other

locations before the energy can be dissipated radiatively through fluorescence or nonra-

6



diatively through subsequent charge separation. The energy transfer mechanism varies for
different systems, depending on the electronic coupling between chromophores, the strength
of system-bath coupling as well as the presence of coherences during the energy transfer
process. In this section, we discuss several energy transfer mechanisms that are crucial for

understanding the experimental results in the succeeding chapters.

1.4.1 Forster resonant enerqy transfer

Forster resonant energy transfer mechanism (FRET') has been extensively applied to systems
within the weak electronic coupling regime, describing the incoherent transfer of an electronic
excitation from a donor chromophore to a nearby acceptor. This theoretical description of
the energy transfer between a electronically coupled pair of chromophores is first raised by
Perrin in 1932 and extended by Forster [56] in 1948. FRET assumes that the molecules in the
condensed matter are weakly coupled and the Coulombic coupling between the chromophores

can be described with point dipole-dipole approximation, following equation 3.7.3.

1 - -

V= g[ﬁ[)-ﬁ—%ﬁpﬁ)(ﬁmm] (1.1)

fip and fi4 are the transition dipoles of the donor and acceptor chromophores, and Ris
the intermolecular distance. This dipole-dipole coupling is weak at a large distance and the
energy transfer rate is moderately slow, usually at nanosecond time scale. Hence, the donor
chromophore is assumed to relax to thermal vibrational equilibrium and the coherences are
often assumed to dephase completely before energy transfer can occur. FRET describes an
incoherent energy transfer mechanism where excitation is initially localized on individual
donor chromophore and migrates in a hopping manner to the acceptor. The excitation wave
function involves the excited state of only one chromophore between the donor-acceptor pair
and the other one is in the ground state [57]. The FRET rate can be calculated from Fermi’s

golden rule, as shown in equation 1.2.
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The delta function in equation 1.2 implies that the electronic transitions of the donor and
the accepter need to be identical to observe this energy transfer. In general, the probability
of the donor and the acceptor to simultaneously locate at the same transition energy within
their corresponding spectral width is quite small, resulting in slow energy transfer rate, which
can also be dictated by the weak coupling between the chromophores.

FRET is remarkably suitable for systems with intermolecular distance greater than 1 nm
and can interpret energy transfer within these systems in terms of experimental accessible
parameters [58], spawning extensive researches in chemistry [59-67] and biology [59, 60, 68—

81]. The simplified formulation for FRET rate can be described by equation 1.3

o

he = k(o

)’ (1.3)

ke is the energy transfer rate from the donor to the acceptor. ky is the donor fluorescence
rate. R is the intermolecular distance. Ry is the distance at which the energy transfer

efficiency is 50%, which can be calculated from equation 1.4.

R§ =879 x107°Jk2n 4 (1.4)

n is the refractive index of the medium and x2 is the orientation factor that results from the

dipole-dipole coupling, as shown in equation 1.5.

K2 = (cos(ar) — 3cos(B) cos(Ba))? (1.5)

where « is the angle between the transition dipoles of the donor and acceptor, 81 and 39 are
the angles between the intermolecular displacement vector and the dipole of the donor or

acceptor, respectively. For systems in which both the donor and the acceptor can be assumed



to orient isotropically, 52 can be estimated as 2 /3. For systems in which the donor/acceptor
cannot rotate freely or cannot reorient reasonably fast compared to fluorescence [82], k2 will
take a value between 0 and 4.

The parameter J in equation 1.4 is the spectral overlap integral of the donor fluorescence
and the acceptor absorbance. This parameter reflects the energy conservation requested by

the § function in equation 1.2. J can be calculated as

J(\) = /eA(/\)X"FD()\)d)\ (1.6)

where )\ is wavelength, € 4 is the extinction coefficient of the acceptor and Fp is the normal-
ized donor emission spectrum. Both €4 and Fp are wavelength-dependent.

The aforementioned experimentally accessible parameters and the steep R~Y distance
dependence of FRET rate enable FRET to be used as a sensitive probe for the local envi-
ronment of the chromophores. However, the stochastic diffusion-like hopping manner of the
excitation described by FRET may lead to energy loss within each transition and low overall
transfer quantum efficiency, especially for large multichromophoric systems. The excitation
may be trapped at certain local minima and then dissipates through fluorescence of the donor
or other nonradiative relaxations before transfer to the acceptor occurs. In Chapter 4, we
will discuss the effect of nonradiative transition on the donor to the overall FRET efficiency

in a molecular cavitand switch.

1.4.2 Redfield theory

For systems such as photosynthetic antenna complexes, in which the chromophores can be
strongly coupled to each other and the interchromophore distance is comparable to the
size of molecular dipoles, FRET cannot accurately describe the energy transfer process due
to the break down of dipole approximation. For systems with strong electronic couplings

between chromophores and weak coupling to a phonon bath, the energy transfer is described



by Redfield theory [83] with a density matrix treatment of the exciton relaxation between
electronic delocalized states. Modified Redfield theory has also been developed by Mukamel
and coworkers [84] and Fleming and coworkers [85] to describe systems with both strong
electronic coupling and strong system-bath couplings.

In Redfield theory, excitonic states and their corresponding energies can be expressed
with eigenvectors and eigenvalues obtained by diagonalization of the system Hamiltonian at
site basis. The system-bath coupling depends on available vibrational modes of the bath
and drives the energy transfer between these excitonic states. Spectral density describes
the weighted density of bath modes coupled to local transitions of the chromophores. The
strength of system-bath coupling is then given by Huang-Rhys factor, which is an integral
over the spectral density. The energy transfer rate from one excitonic state to another can be
calculated from the correlation function and the spectral overlap of the two excitonic states.

The detailed equations describing Redfield energy transfer rate are not listed in this
section due to the fact that none of these equations are used for the specific experimental
results in the succeeding chapters. However, understanding the energy transfer mechanisms
for various systems with different coupling is useful in general for analyzing the ultrafast

dynamics of these systems.

1.4.83 Quantum coherences and coherent enerqy transfer

The two mechanisms in section 1.4.1 and 1.4.2 describe energy transfer in an incoherent
manner. The coherent nature of the excitation needs to be taken into account if the system
still has the memory of its initially prepared states and the coherences do not dephase
completely before energy transfer occurs.

The studies on coherent energy transfer are inspired by the observation of long-lived
quantum coherences in Fenna—Matthews-Olson (FMO) antenna from the green sulfur bac-
terium Chlorobaculum tepidum [13] as well as other photosynthetic complexes [14-16] with

two-dimensionally electronic spectroscopy. These coherences are observed to be at similar
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timescales with the energy transfer processes, yet FRET failed to explain the near-perfect
transfer quantum efficiencies of these photosynthetic complexes. Recent studies have sug-
gested that the energy transfer may proceed through a wave-like quantum mechanism [17-19],
in which the excitation can move among superpositions of excitons as a quantum mechan-
ical wave packet keeping its phase coherence. Interferences among coherences may help
enhance transport efficiency by sampling the rugged energy landscape and avoiding classical
“trapping” in local minima.

However, in two-dimensional electronic spectroscopy, any non-degenerate pair of states
can generate quantum-beating signals in the waiting time domain. The microscopic states in-
volved in these coherences may be vibrations on the ground electronic state, vibrations on the
excited electronic state, between electronic states or between vibronic states of mixed char-
acter (states of mixed vibrational-electronic character arising from non-Born-Oppenheimer
coupling). The exact microscopic origins of these coherences are extremely crucial for un-
derstanding their roles in energy transport. Purely vibrational coherences that locate on
states of a single chromophore are less likely to contribute to the overall energy transfer
efficiencies. Whereas, coherences involving different electronic excited states (purely elec-
tronic coherences or vibronic coherences due to the non-adiabatic coupling on the excited
state surfaces) are more likely to impact the energy transport because the energy can readily
migrate from one site to another through wave-like motions.

There is a debate over the exact nature of the observed coherences in the photosynthetic
complexes and over their biological significance to the energy transport [20-24] due to mul-
tiple vibrational modes associating with these complex that frustrate definitive assignments
of their microscopic origin. In Chapter 3, I show a series of structurally flexible fluorescein
dimers, both in dilute solution and packed on single-walled carbon nanotubes, that provide
clear distinction between vibrational and vibronic coherences, and offer the control on the
presence of vibronic coherences between electronic excited states. Hopefully, the work in

Chapter 3 can serve as a platform for further studies on the coherent energy transfer in
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artificial systems.

1.5 Theory of two-dimensional electronic spectroscopy

Ultrafast two-dimensional electronic spectroscopy (2DES) has provided opportunities for the
investigation on the coherences mentioned in the previous section [15, 20, 86-89]. This tech-
nique is sensitive to the coupling between different states and has the temporal resolution
to capture these coherences before they diphase. In this section, we discuss some theoretical
aspects for 2DES that are important for interpreting the experimental results in the suc-
ceeding chapters. Much of the description below is based on the theoretical work provided
by Mukamel in reference [90].

Spectroscopy measures the polarization response of a material with one or more radiation
fields. This light-matter induced time-dependent macroscopic polarization equals to the
expectation value of the dipole operator and can be written as trace over the dipole operator
1 acting on the density matrix p. A perturbative expansion on this polarization with the

order of light-matter interaction gives equation 1.7.

P(t) = Trlup(t)] = Trlup] + TrippW )] + TriupP )] + Triup® @) + .. (1.7)

Two-dimensional electronic spectroscopy is a third-order nonlinear spectroscopy probing
the third-order polarization P®3) (t) of the system, which is the last term listed in equation
1.7. Note that P(®) (t) contains a third-order expansion of the density matrix that requires
time-dependent evolution of the density operator for calculation. Similar to the dynamics of
a wave function described by time-dependent Schrodinger equation, the time evolution of a
density operator can be described by Liouville-Von Neumann equation, as shown in equation

1.8.
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The time-dependent Hamiltonian can be separated to two components in the interaction
picture shown in equation 1.9; a time-independent system Hamiltonian Hy and a time-
dependent perturbative interaction with radiation fields Hj,+(t). H;nt(t) can be described

using equation 1.10.

H(t) = Ho + Hip (1) (1.9)

Hipy(t) = —p - E(1) (1.10)

Hence, the expression for P(g)(t) can be obtained by using equations 1.8, 1.9 and 1.10

together and can be written as equation 1.11.

PB(t) = /OO dts /OO dts /OO dt1 RO (tg, to, 1) E(t — t3)E(t — tg — to) E(t — tg — ty — 1)

" ' " (1.11)
t1, to and t3 are the times of interaction with the radiation fields respectively. R is the
third-order response function of the system that contains the density matrix and dipole
operator term, shown in the following equation 1.12.

?

RO (t3, 13, 11) = (£)20(11)0(t2)0(t3)Tr{{[[n(ts + 12+ t1). plt2 + 1)), p(11)](0) g} (1.12)

0(t1), 0(t2), O(t3) are Heaviside step functions for causality, ensuring no light-matter inter-
action happens before the corresponding radiation field. The commutators in Equation 1.12
indicate that four dipole operators will either on the bra or ket side of the density matrix
element. Complete expansion of R®3) could be trivial and is not listed here for simplicity.

Instead, double-sided Feynman diagrams are more often used as graphic representations of
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these interactions in various pathways.

A representative double-sided Feynman diagram is shown in the left of Fig. 1.1 with
a figure that help interpret this Feynman diagram attached on the right. In a Feynman
diagram, the two vertical lines represent the ket and bra sides of the density operator. The
arrows indicate interaction with radiation fields on the density operator. Arrows pointing
toward the double vertical lines represent absorption, while arrows pointing away from the
double vertical lines represent emission. Time progresses vertically upward. The interac-
tions induce transitions in the density matrix that evolve with time, and the density matrix
elements for each time segment are written in the double-sided diagram. The time delays
between the transitions are coherence time (7), waiting time (T) and rephasing times (t),
shown in the right of Fig 1.1, which can be experimentally controlled by the apparatus de-
scribed in Chapter 2. By convention, the system starts from ground state, and the final
state must be a population state with the last arrow pointing outward. The last interaction
is the emitting signal from the macroscopic polarization of the system induced by the first
three interactions. Thus, the direction of the emitting signal can be dictated by the first
three interactions due to conservation of momentum. In a Feynman diagram, the arrow
pointing to the right associates with a positive wave vector, whereas the arrow pointing to
the left associates with a negative wave vector. Signals from all of the pathways in equation
1.12 may end up in different directions. In our two-dimensional experiment, we selectively
measure the signals in the ks = —k1 + k9 + k3 phase-matched direction.

The Feynman diagrams can be categorized into rephasing pathways and nonrephasing
pathways. If the phase evolutions in the coherence time and the rephasing time are in
opposite directions, the signal is defined as rephasing signal. Otherwise, the signal is de-
fined as nonrephasing signal. Our 2DES experiment setup can measure signals from both
the rephasing and nonrephasing pathways without varying signal detection position. The
detailed experiment designs are described in Chapter 2.

For a system with three electronic states, ground state given by g, the first excited state
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Figure 1.1: A representative Feynman diagram as a graphic representation of the interac-
tion pathway in the third-order spectroscopy. (a) A representative Feynman diagram. The
arrows represent interactions with radiation fields. The double-sided column represents the
time evolution of the density operator with time progressing vertically upward. (b) Pulse
sequences for interpreting the Feynman diagram. The time delay between the first two in-
teractions is coherence time 7. The time delay between the second and the third interactions
is waiting time T. The time delay between the third interaction and the emitting signal is
rephasing time t.
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given by e and the second excited state f, the Feynman diagrams that contribute to the
signals in our detection direction are shown in Fig. 1.2

Signals from these Feynman diagrams can be further separated into ground state bleach,
stimulated emission and excited state absorption. If the system is on the ground state
surface during the waiting time, the signal is defined as ground state bleach. If the system
is on the excited state surface during the waiting time and the third interaction represents
emission, the signal is defined as stimulated emission. If the system is on the excited state
surface during the waiting time but the third interaction represents absorption, the signal
is then defined as excited state absorption. For a 2D spectrum plotted in the convention
of transmitted light AT, ground state bleach and stimulate emission signals will appear as
positive spectral features while the excited state absorption signals will appear as negative.

Feynman diagrams are especially useful for analyzing different spectral features and their
corresponding waiting time dynamics in 2DES measurements. However, this type of the
analysis could be rather complicated as the number of states involved increases (for example,
multichromophoric systems with electronic and vibrational states considered). For a typical
2DES measurement, the coherence time and rephasing time are at tens to hundreds of
femtosecond timescale but the waiting time can range from femtoseconds to hundreds of
picoseconds. Therefore, pathways that represent energy transfer/relaxation dynamics during
the waiting time need to be considered. For a two-chromophoric model system with ground
electronic state g, excited electronic states eg (higher in energy) and ep (lower in energy),
a Feynman diagram representing population transfer from ep to ep is shown in Fig 1.3.

In 2DES, it is also possible to observe beating signals during the waiting time due to
excitation of superpositions of quantum states in the system [90] that oscillate at the fre-
quency corresponding to the energy difference between these states. As mentioned in Section
1.4.3 of this chapter, the microscopic origins of these beating signals (coherences) could be
purely vibrational, purely electronic or vibronic with mixed character arising from non-Born-

Oppenheimer coupling. Here, we show representative Feynman diagrams for each type of
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Figure 1.2: Feynman diagram in a certain detection direction for a system with three elec-
tronic states. Signals from these Feynman diagrams can be further separated into ground
state bleach, excited emission and excited absorption. When plotting a 2D spectrum in the
convention of transmitted light, ground state bleach and excited emission signals will show
up as positive while the excited state absorption signals will show up as negative.
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Figure 1.3: A Feynman diagram describing the energy transfer of a two-chromophoric model
system with ground electronic state g and electronic excited states ep and ep during the
waiting time.

these coherences using a two-chromophoric model system with vibrational modes on both
ground- and excited-state surfaces as an example. These representative Feynman diagrams
are listed in Fig. 1.4 and are drawn in the site basis not the exciton basis.

Purely vibrational coherences can be generated on both the ground- and the excited-
state surface of a single chromophore. They have no knowledge of excitation on the other
chromophore. Purely electronic coherences are due to excitation of superpositions between
the two excited electronic states of the system and can exist with or without the presence
of vibrational states on each of the chromophores. If, however, the vibrational state on the
excited state surface of the chromophore with lower electronic transition happens to couple
to the excited electronic state of the other chromophore, the third interaction can access both
chromophores due to this non-adiabatic coupling. Therefore, a number of new pathways will
be generated. These new pathways can be on the ground- or excited-state surface during
waiting time but report on the vibronic coupling on the excited-state surfaces of the two
chromophores, as shown in the last row of Fig. 1.4. These different pathways can give rise

to beating signals at different spectral positions of the 2D spectra, as suggested by the color
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Figure 1.4: Feynman diagrams describing vibrational, electronic and vibronic coherences.
The two-chromophoric model system with vibrational modes on both ground- and excited-
state surfaces is used as an example. This figure is reproduced from Fig 3.55 in Chapter 3,
showing only a few pathways as example.
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code.

The spectral positions for coherences can be created as beating maps for detailed analysis
of the coherences observed in 2DES measurements, as described in Chapter 3. Note that the
signals from 2DES are always summed signals from various pathways. Therefore, detailed
analysis and control experiments that differentiate signals from various pathways will be

helpful for the assignment of 2D spectral features.

1.6 Outline of dissertation

The outline of this dissertation is as follows. Chapter 2 describes 2DES experimental details,
including the optical layouts and data analysis methods applied in the following chapters.
In Chapter 3, we create a series of structurally flexible fluorescein heterodimers and demon-
strate that the presence of quantum beating signals (vibronic coherences) can be controlled
by packing these heterodimers on single-walled carbon nanotubes. There are two prerequi-
sites for observing the enhanced quantum beating signals: limiting the relative rotation of
chromophores and tuning the electronic transition energy difference between the constituent
monomers to match a vibrational mode on the lower energy monomer. Chapter 4 studies
the effects of nonradiative relaxation on the FRET efficiencies by preforming 2D spectra of
a molecular switch, which contains a pair of functionalized borondipyrromethine (BODIPY)
dyes attached on the opposite arms of a resorcin[4]arene cavitand backbone and exhibits
temperature-induced conformational switch between vase and kite forms. We observe signif-
icant changes of the nonradiative relaxation between the two conformations, suggesting that
competing nonradiative processes must be taken into account when highly accurate measure-
ments of FRET efficiency are desired. In Chapter 5, we move away from synthetic molecular
systems and investigate the carrier dynamics of organo-halide perovskite bulk crystals with
nanosecond transient absorption spectroscopy, observing coexistence of free carriers and lo-
calized carrier due to polaron formation. In Chapter 6, we develop the ligand-mediated

transport synthesis of organic-inorganic hybrid perovskite nanocrystals under ambient con-

20



ditions and present some interesting ultrafast dynamics of these nanocrystals probed with
2DES. Finally, we discuss the future directions for more complex artificial systems such as
heterotrimers and for perovskite materials as the form of colloidal nanocrystals, thin films

and bulk crystals in Chapter 7.
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CHAPTER 2
OPTICAL APPARATUS AND DATA ANALYSIS METHODS

This chapter provides an overview of the spectroscopic techniques and data analysis for the
experiments described in the succeeding chapters. The first section is a general description
of the apparatus that are used in the experiments presented in this thesis. Particular details
to a certain experiment are included in the corresponding chapters due to the unique propose
of each experiment. The second section in this chapter describes the data acquisition and

analysis methods.

2.1 Optical apparatus

Much of the discussion on the transient absorption spectroscopy in this section is based on
the work presented by Dahlberg [1]. Much of the discussion on the two-dimensional electronic
spectroscopy in this section is based on the worked presented by Brixner et al [2] and Cowan
et al [3]. The specific designs of the two-dimensional electronic spectrometer are given by
Fransted et al [4] and Zheng et al [5] that are located in the Franck Lab and Redfield Lab

of the Engel Group, respectively.

2.1.1 Nanosecond transient absorption apparatus

The nanosecond transient absorption apparatus is built by Dahlberg et al [1] and locates
at Argonne National Lab. This apparatus can probe dynamics ranging from nanosecond
to microsecond timescales. These timescales are relevant to various interesting dynamics,
including singlet and triplet exciton recombination in molecular systems [6], and electron-
hole and Auger recombination in bulk semiconductor [7, §].

Two different laser sources are used to generate the pump and the probe beams, respec-
tively, both of which then interact with the sample. A narrow band picosecond Nd:YAG

laser (Ekspla P12210) is tripled and then pumps an OPO (Ekspla PG403) to produce ~ 50
34



ps pulses as the pump beam with the wavelength tunable throughout the visible spectrum
range. The probe beam is generated by a broadband super-continuum fiber laser (Leukos
STM) with spectrum from 350 to 800 nm and a pulse duration of ~ 700 ps. Time delays were
achieved using a delay generator (SRS DGb535) externally synchronized to a 1 kHz master
clock from the pump laser. The repetition rate for the pump is set to be 500 Hz, a half of
the repetition rate of the probe laser (1 kHz). The transmitted signal was spectrally resolved
via a spectrometer (Acton Research Corporation Spectra Pro 2150i) and recorded with a
line scan camera (Teledyne Dalsa Spyder3 1k) at 1 kHz. The signal difference between the
frame with only the probe beam and the frame with both the pump and the probe beam
will yield a transient absorption spectrum at a certain waiting time. Due to the 1 kHz rep-
etition, dynamics that exceeds 1 ms will appear at negative times and may complicate the
analysis on the nanosecond dynamics. Laser repetition rates need to be decreased to probe

the dynamics of such long-lived species.

2.1.2 Ultrafast transient absorption apparatus

The ultrafast transient absorption apparatus was designed to take spectra for the purpose
of phase correction in the 2DES measurements [9-11]. Therefore, the laser sources of this
apparatus are the same as the 2DES apparatus for a certain experiment. The entire setup
is constructed on a breadboard for the purpose of convenient transitions between different
two-dimensional electronic spectrometers within the Engel Group. The input beam is sep-
arated into two beams by a beam splitter, yielding the pump and the probe beams with
identical spectrum. A compensating glass is also placed in the beam path to guarantee
equal compression for the two beams. Different from the nanosecond transient absorption
apparatus described in section 2.1.1, time delay between the pump and probe pulses here
are controlled by a motorized translational stage (Aerotech) that adjusts the path-length of
the pump to the sample position. The repetition rates are 5 kHz for the probe, which is

synchronized to the regenerative amplifier of the 2DES apparatus and 2.5 kHz for the pump,
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which is modulated by a chopper. The pump and the probe beams overlap at the sample
position, generating a third-order signal that co-propagates with the probe beam. Scatter
propagating in other directions are physically blocked by a series of irises. The signal is then

spectrally resolved and recorded on a CCD camera.

2.1.83  Ultrafast two-dimensional electronic spectroscopy apparatus

The light source for the 2D electronic spectrometer is a Ti:Sapphire regenerative amplifier
(Legend Elite, Coherent) that is seeded with the output of a self-mode locking Ti:Sapphire
oscillator (Micra, Coherent). A diode-pumped Nd:YAG continuous wave laser is doubled
and then used to pump the oscillator. Mode-locked oscillator gives pulses centered at 800
nm with a bandwidth of 60 - 80 nm (full width at half maximum, FWHM) and an average
power of about 500 mW. A stretcher grating temporally chirps these pulses to duration of
hundreds of picosecond. These pulses are then used to seed the regenerative amplifier cavity,
which contains a Ti:Sapphire crystals that is pumped with a doubled diode-pumped Nd:YLF
laser at an average power of 30 W. Two Pockels cells and a quarter waveplate are used in
combination as polarization controls to trap or eject pulses in the amplifier. The number of
the seed pulses inside the cavity is extremely sensitive for later white light generation. The
seed pulses usually plateau at 15 round trips through the crystal and are ejected afterwards.
The ejected pulses are then compressed by another grating to give pulses at ~ 35 fs duration
with an average power of 2.75 W and a bandwidth of 35 nm (FWHM) centered at around
800 nm.

The aforementioned specifics are from the oscillator and the amplifier in the Redfield
Lab of the Engel Group and are used for broadband white light generation. The oscillator
and the amplifier in the Franck Lab of the Engel Group are intentionally tuned to have
narrower bandwidth for the noncollinear optical parametric amplifier (NOPA, Light Con-
version TOPAS White), which requires 100 fs pulses as the seed pulses. Therefore, in the

Franck Lab, the output of the oscillator is about 40 nm (FWHM). A pair of postal holder is
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placed before the stretcher grating to physically limit the bandwidth of the seed pulses for
the amplifier. The regenerative amplifier then gives 100 fs pulses centered at 805 nm with a
bandwidth of 10 nm (FWHM) at a repetition rate of 5 kHz and with an average power of
2.2 W.

For the 2D spectrometer in the Franck Lab, the output from the regenerative amplifier
seeds the NOPA, which can generate pulses with spectrum tunable from 520 to 700 nm (as
the blue edge and the red edge). The bandwidth of the NOPA output is usually about 60 nm
(FWHM). Multiphoton intrapulse interference phase scan method (MIIPS) [12] and a spatial
light modulator (Biophotonic Solutions) are used to correct for dispersion. The design of
the 2D spectrometer in the Franck Lab is based on phase-stabilized, heterodyne-detected,
non-collinear femtosecond four-wave mixing demonstrated by Brixner et al [2]. The beam is
split into two beams by a 50/50 beam splitter. The heights of the two beams are vertically
offset by bouncing off different retroreflectors mounted on translation stages, which also
introduce a time delay (population time T) due to the path length difference. These beams
are then focused onto a transmissive grating by a spherical mirror. A physical mask is placed
after the diffractive optic to block beams other than the first order diffractions, yielding four
beams arranged in a boxcar geometry after the mask. The coherence time delay (between
Beams 1 and 2) is controlled by propagating these two beams through different pairs of one-
degree fused silica wedges mounted on separate computer-controlled transitional stages. This
approach ensures attosecond accuracy of the timing without changing the pointing directions
of the two beams. Another beam (Beam 4, as the local oscillator) is attenuated by three
orders of magnitude to avoid contamination on the third-order response of the sample. A
compensating glass for Beam 3 is also carefully adjusted in the beam path to ensure the
same compression with Beams 1 and 2. A spherical mirror then focuses the four beams onto
the sample, generating a third-order signal that co-propagates with the local oscillator and
is then recorded by a back-illuminated CCD camera (Andor Newton). Scatter propagating

in other directions are physically blocked by sets of irises before reaching the camera.
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For the 2D spectrometer in the Redfield Lab, the output from the regenerative amplifier
was directed to a tube filled with argon gas (length: 2 m, pressure: 15 psi) to generate
broadband white light. The 2D spectrometer in the Redfield Lab is designed differently due
to the broad bandwidth of the pulses [5]. Here, we only mention the important difference
from the apparatus in the Franck Lab. The beam is split into four beams with a set of
two beam splitters instead of diffractive optics to avoid color dispersion. The coherence
time delay is controlled by bouncing off the beams on reflective optics mounted onto angled
translational stages instead of passing through pairs of glass wedges. This all reflective
geometry delay stage design is similar to the four quadrant mirror design demonstrated by
Zhang et al [13]. A 15-degree off-axis parabolic silver mirror focuses the four beams to a 100
1 diameter spot on the sample. The signal and LO are re-collimated by another 15 degree
off-axis parabolic mirror and directed to the camera. Note that no gold mirrors should be
used in this broadband 2D apparatus due to its steep cut off for the spectrum bluer than

550 nm.

2.2 Data acquisition and analysis

The data acquisition for transient absorption is straightforward. The scatter subtraction in
the ultrafast transient absorption is similar to the data analysis for 2D electronic spectra.

Therefore, we focus on the data acquisition and analysis for 2DES in this section.

2.2.1 2DES Data acquisition

2DES measurements are based on precise control and determination of the relative time
delays between the beams. Therefore, accurate calibration of the delay stage is necessary
before any 2DES experiments.

Delay stages can be calibrated using spectral interferometry described by Lepetit et

al [14]. For the calibration of coherence time delay stages, we typically place a scatter
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>
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Figure 2.1: The pulse sequence for two-dimensional electronic spectroscopy. The local oscil-
lator passes through the sample first. The time delay between pulses 1 and 2 is the coherence
time 7. For negative coherence times, pulse 2 interacts with the sample before pulse 1. The
time delay between the second pulse and pulse 3 is the waiting time T. The third-order signal
is emitted after rephasing time t.

media (a thin glass slide with finger prints on) at the sample position. We then direct the
local oscillator to the camera to obtain the interferogram between the local oscillator and
scatter from the beam that needs calibration (Beam 1 or Beam 2). The counts of the local
oscillator and the scatter need to be carefully balanced to afford nice interferograms with
deep modulations. The delay stage can then be scanned from -600 to 100 fs with a stepsize
of 0.4 fs. Fourier transforms of the series of interferograms yield the pulse timing between
the beam and the LO. The slope of this timing relative to the translational distance of the
stage gives the calibration constant. The delay stages also need to be recalibrated when the
pulse bandwidth or the alignment changes.

The precise timing of each beam (Beams 1, 2 and 3) is adjusted by performing TG-FROG
and measuring the non-resonant response of a blank solvent at the sample position [15]. The
timing between Beam 3 and LO is set around 1 ps, with LO passing through the sample
first to facilitate windowing in the rephasing time domain in the later data analysis while

still providing resolvable fringes for the interferogram recorded on the camera. The pulse

sequence for two-dimensional electronic spectroscopy is shown in Fig. 2.1.
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2D spectra are usually acquired at a series of waiting times. At each waiting time, a 2D
spectrum is obtained by evenly scanning the coherence time from the positive (rephasing)
to the negative (nonrephasing) times to capture the signal until it completely decays. The
signals at each coherence time is heterodyne-detected with the LO and spectrally resolved on
the camera. Control frames with Beam 3 blocked at each coherence time record the scatter
from Beams 1 and 2 in the detection direction. A control frame with the presence of Beam
3 and LO gives the scatter from Beam 3 while a control frame with LO only gives the beam
profile of the oscillator. These control frames are used for the scatter subtraction in the later

data analysis.

2.2.2 2DES Data analysis

The raw 2D data at each waiting time can be constructed as a 2D plot of signal wavelength

vs coherence time via subtraction of the control frames [2], following equation 2.1 .

EiEgg = T34 — Iog — I34 + I4 (2.1)

The raw 2D data can then be corrected by the beam profile of the local oscillator. The
raw 2D data is linearly dispersed with wavelength. Fourier interpolation along rephasing
wavelength dimension enables the signal to be linearly dispersed with frequency (energy).
Then, Fourier transform over the rephasing frequency domain can yield a 2D rephasing time
vs coherence time plot. The homodyne signals and residual scatter from other beams can
be removed in the rephasing time domain via applying a window function to the signal.
Fourier transforms over both dimensions of the windowed time-time plot give a 2D spectrum
in frequency-frequency domain. Illustrative figures for each step of the 2DES data analysis
is shown in Fig 2.2.

The phase of the 2D signals can be recovered by phasing the 2D spectra to transient

absorption signals. According to the projection slice theorem, the real part of a phased
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Figure 2.2: Illustrative figures for 2DES data analysis. The data shown corresponds to
the 2D signal of fluorescein monomer M3 described in Chapter 3 at T=1000 fs and room
temperature. (a) Raw signals recorded on the camera. (b) Signals after scatter subtraction.
(c) Signals after Fourier interpolation. (d) 2D time-time plot. (e) 2D time-time plot with
the applied window function. (f) 2D spectrum in frequency-frequency domain
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Figure 2.3: Representative phased data. The data shown here corresponds to the 2D signal
of cavitand kite conformation described in Chapter 4 at T= 390 fs. (a) The real component
of a phased 2D spectrum (Absorptive spectrum ). (b) The imaginary component of a phased
2D spectrum (Dispersive spectrum). (c) Comparison between the transient absorption spec-
trum and the real part of the phased 2D spectrum projected along the coherence frequency
dimension

2D spectrum projected along the coherence frequency dimension should match a symmetric
transient absorption spectra acquired with the same pulses (both spectrum and compression)
at the same waiting time. We obtain such transient absorption spectra for each waiting time
using the apparatus described in Section 2.1.2 of this chapter. We then fit the 2D spectra
with a phase correction term to the transient absorption spectra following equations 2.2 and

2.3, same as described in the literature [10, 11].

Sé’%ased = 2199 DeZ[a2+a3(wt—wt,o)+a4(wt—wt,o)2+a5(wr—w7,0)+a6 (wr—wr.0)?] (2.2)

hased
Stransient = /m[sgdase ]dwT (2~3)

After phasing, the real (absorptive) and imaginary (dispersive) components of the 2D
signals can be separated. The same phase correction term is applied to the entire 2D data set
to avoid possible phasing artifacts introduced to the waiting time dynamics. Representative
spectra of the real and the imaginary components of a phased 2D data, as well as the fitting

results compared to the transient absorption signal, is shown in Fig. 2.3
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CHAPTER 3
CONTROLLING QUANTUM-BEATING SIGNALS IN 2D
ELECTRONIC SPECTRA BY PACKING SYNTHETIC
HETERODIMERS ON SINGLE-WALLED CARBON
NANOTUBES

In multidimensional spectroscopy, dynamics of coherences between excited states report
on the interactions between electronic states and their environment. The prolonged coherence
lifetimes observed in some systems may result from electronic-vibrational (vibronic) coupling
between nearly degenerate states, and recent observations confirm the existence of vibronic
coupling in both model systems and photosynthetic complexes. While understanding the
origin of beating signals in photosynthetic complexes has been given considerable attention,
strategies to generate beating signals in artificial systems that would allow us to test the
hypotheses in detail are still lacking. In this chapter, we demonstrate that the presence
of quantum beating signals can be controlled by packing a series of structurally flexible
synthetic heterodimers on single-walled carbon nanotubes (SWNTs), thereby restricting the
motions of chromophores. Using two-dimensional electronic spectroscopy (2DES), we find
that both limiting the relative rotation of chromophores and tuning the energy difference
between the two electronic transitions in the dimer to match a vibrational mode of the lower

energy monomer are necessary to enhance the observed quantum beating signals.

The research described in this Chapter has been published in: L. Wang, G.B. Griffin, A. Zhang, F.
Zhai, N.E. Williams, R.F. Jordan, and G.S. Engel. Controlling quantum-beating signals in 2D electronic
spectra by packing synthetic heterodimers on single-walled carbon nanotubes. Nat Chem 9, 219-225 2017.

45



3.1 The debate over the observed quantum coherences in

biological and artificial systems

Ultrafast two-dimensional electronic spectroscopy has afforded opportunities for detailed
studies of energy transfer pathways and coupling between chromophores [1-6]. Using this
femtosecond spectroscopy, we observe oscillations appearing in the spectra upon excitation
of superpositions of quantum states in the system [7].Any nondegenerate pair of states can
generate such oscillating signals; the microscopic states involved in these oscillating signals
may be vibrational, electronic, or vibronic (states of mixed vibrational-electronic character
arising from non-Born-Oppenheimer coupling). Coherences observed in the 2DES data per-
sist longer than the measured dephasing time between the ground state and the excited state
in several photosynthetic complexes [3, 8-10]as well as artificial systems, including synthetic
small molecules [11, 12], polymers [13], and J-aggregates [14]. Despite the generality of these
prolonged coherences, assignment of their microscopic origin is still in question. These co-
herences were originally assigned as purely electronic [15]. However, the systems studied to
date have vibrational modes coincident with the energy differences between the electronic
transitions of the constituent chromophores, frustrating the assignment of the observed sig-
nals [2, 16-19]. Recently, vibronic coupling has been proposed as a possible mechanism
for the generation and survival of these coherences [14, 16, 20-22]. Coupling between the
electronic excited state and an underdamped vibrational mode can enhance the lifetime of
observed coherences [23]. Theoretical models for this coupling have approached this problem
in different ways but rely on the same underlying physics: some express the electrodynamic
coupling between chromophores using localized modes [22], while others invoke delocalized

modes similar to those used to describe non-adiabatic effects near conical intersections [2, 24].
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3.2 Molecular design and rationale

We vary the electronic transitions of a chemical series of heterodimers to identify the aspects
of molecular design that affect quantum beating signals similar to those observed in photo-
synthetic systems. We investigate two important questions: what is the physical origin of
the observed coherences, and how can we control the appearance of these coherences in arti-
ficial systems? In contrast to biological systems whose structures have evolved over a billion
years to perform a specific function, and that are challenging to manipulate without loss of
function, our samples afford more exogenous control over chromophores and their relative
orientation. We use these synthetic degrees of freedom to disentangle electronic transitions
from vibrational motion and to further understand the origins of the observed coherences.
In particular, varying electronic energy levels in different heterodimers facilitates assign-
ment of signals that would not be possible from spectroscopic analysis of a single system.
We have designed a series of singly linked synthetic fluorescein heterodimers with tunable
energy gaps. Because of the single linkage, the two fluorescein chromophores can rotate
and therefore have no fixed relative orientation in solution. By packing these structurally
flexible heterodimers on single-walled carbon nanotubes (SWNTSs) using non-covalent 7-m
interactions, we can strongly hinder many degrees of freedom involving the relative rotation
of the chromophores. We also force them to share the same local chemical environment,
in crude analogy to conditions that the chromophores experience in photosynthetic com-
plexes. Combining synthetic control of the monomers with our SWNT packing strategy, we
disentangle the two functionalities that proteins provide in natural light-harvesting systems:
tuned energy gaps, and rigid structural support that defines spatial relationships between
chromophores. Using ultrafast 2DES measurements, we investigate the effect of these two
functionalities on the observed beating signals.

Proteins in photosynthetic complexes hold chromophores in fixed spatial relationships
via non-covalent interactions, which finely tunes the excitation energy gaps of the indi-

vidual chromophores [25, 26]. Synthetic two-chromophore model systems have been used
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Figure 3.1: Synthetic routes and molecular structures of fluorescein heterodimers. (a) Syn-
thetic scheme of singly linked fluorescein heterodimers D14, D24, and D34, and their cor-
responding monomers M1-4. (Boc = t-butyloxycarbonyl). (b) Conceptual structure of a
heterodimer packed on the SWN'T surface.
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to reproduce this natural molecular design and to investigate the design principles for the
quantum coherences observed in photosynthetic systems [11-13, 27-29]. However, previous
attempts to create fixed spatial relationships in synthetic two-chromophore model systems
for coherences have used relatively rigid linkers between chromophores, including metal-
bridges [27, 28] and conjugated organic linkers [29]. In systems with metal-bridge linkers,
the interpretation of the observed ultrafast dynamics was complicated by the presence of
charge-transfer states [30]. In systems with conjugated organic linkers, chromophores were
strongly coupled with each other and non-radiative transitions dominated population trans-
fer rates, eliminating prolonged coherences [29]. Here, we introduce a new strategy to limit
the relative orientation between chromophores. We use SWNTs as packing substrates via
non-covalent -7 interactions for structurally flexible fluorescein heterodimers, as shown in
Figure 3.1.b. This strategy is potentially applicable to all chromophores with strong -
stacking properties. Moreover, this approach tests the impact of spatial relationships on
coherences, which we cannot test conveniently in natural systems.

We selected a series of substituted fluorescein dyes (la-d) as starting materials because
of their rich synthetic variability and tunable optical resonances. Sp2 allylation and succes-
sive Claisen rearrangement were conducted to install an allyl group ortho to the hydroxyl
group [31], leaving the a-keto position as the single activated site on the xanthene ring. A
single non-conjugated linker was then attached between monomers through stepwise Man-
nich condensations, creating singly linked heterodimers with structural flexibility, as shown
in Figure 3.1.a. By employing an identical monomer unit (M4) in all three of the dimers
(D14, D24, and D34), we hold one of the two electronic excitation energies constant, varying
the other. As a result, we are able to vary the energy difference between the two electronic

transitions of the heterodimers.
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3.3 Synthesis and characterization

All reagents were purchased from Aldrich and used without further purification. 4-Methylresorcinol
was synthesized according to the procedure described in Elliger [32]. NMR spectra were
recorded on a Bruker DMX-500 spectrometer. 'H and 13C chemical shifts are reported
relative to SiMey and were determined by reference to the residual 1H and 3C solvent res-
onances. When a CD30D/CDCl3 mixture was used as an NMR solvent, the IH chemical
shifts were referenced to the residual 'H resonance of CD30D (6 3.31). Coupling constants

are given in hertz (Hz). High-resolution mass spectrometry was performed on an Agilent

6224 TOF mass spectrometer.

2/ 7'-Dichlorofluorescein (1a) [33]. 4-Chlororesorcinol (10.6 g, 60 mmol) and phthalic
anhydride (4.4 g, 30 mmol) were dissolved in methanesulfonic acid (150 mL) and stirred
in the dark at 85 °C for 12 h. The mixture was cooled to room temperature, poured over
ice, diluted to 600 mL with distilled water, and stirred vigorously for 1 h. The dark yellow
precipitate, the crude product, was collected by using vacuum filtration. Recrystallization
from EtOH /water yielded pure la as a light yellow powder (11.0 g, 73%). 'H NMR (500
MHz, CD30D) is shown in Figure 3.3: § 8.06 (dt, J = 7.7, 0.8, 1H), 7.83 (td, J = 7.5, 1.2,
1H), 7.76 (td, J = 7.5, 0.9, 1H), 7.26 (dt, J = 7.7, 0.8, 1H), 6.84 (s, 2H), 6.62 (br s, 2H).

5,6-Dichloro-2/,7’-dimethylfluorescein (1b) [11]. Prepared from 4-methylresorcinol and
4,5-dichlorophthalic anhydride following the procedure for la as a yellow solid. Yield: 81%.
'H NMR (500 MHz, DMSO-d6) is shown in Figure 3.4: § 10.16 (br s, 2H), 8.26 (s, 1H), 7.66
(s, 1H), 6.68 (s, 2H), 6.55 (s, 2H), 1.97 (s, 6H).

4,5,6,7,2' 7'-Hexachlorofluorescein (1c) [11]. Prepared from 4-chlororesorcinol and tetra-
chlorophthalic anhydride following the procedure for la as a pale yellow solid. Yield: 58%.
TH NMR (500 MHz, CD30D) is shown in Figure 3.5: § 6.92 (s, 2H), 6.82 (s, 2H).

5,6,2" 7'-Tetrachlorofluorescein (1d) [34]. Prepared from 4-chlororesorcinol and 4,5-dichlo-
rophthalic anhydride following the procedure for 1a as a yellow solid. Yield: 87%. 'H NMR

(500 MHz, CD3OD)is shown in Figure 3.6: § 8.20 (d, J = 1.3, 1H), 7.52 (d, J = 0.8, 1H),
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6.84 (s, 2H), 6.78 (br s, 2H).

2/ 7’-Dichlorofluorescein diallyl ether ester (2a) [31, 35]. 1a (8.0 g, 20 mmol) was dissolved
in DMF (40 mL), and K9CO3 (11.0 g, 80 mmol) and allyl bromide (6.9 mL, 80 mmol) were
added. The mixture was stirred overnight at room temperature. The reaction mixture was
diluted with CH9Cly (200 mL) and washed with water (400 mL x 3). The organic layer was
dried over MgSQy, filtered, and concentrated to yield an orange solid, the crude product.
Recrystallization in EtOAc afforded pure 2a as bright orange crystals (5.6 g, 58%). '"H NMR
(500 MHz, CDCl3) is shown in Figure 3.7: ¢ 8.33 (ddd, J = 7.8, 1.4, 0.4, 1H), 7.80 (td, J
= 75,14, 1H), 7.74 (td, J = 7.7, 1.4, 1H), 7.30 (ddd, J = 7.5, 1.4, 0.4, 1H), 7.03 (s, 1H),
7.02 (br s, 1H), 6.96 (s, 1H), 6.58 (s, 1H), 6.08 (ddt, J = 17.2, 10.5, 5.2, 1H), 5.69 (ddt, J
= 17.2,10.4, 5.6, 1H), 5.54 (dq, J = 17.2, 1.3, 1H), 5.42 (dq, J = 10.6, 1.3, 1H), 5.20-5.14
(m, 2H), 4.75 (dt, J = 5.1, 1.5, 2H), 4.57-4.49 (m, 2H).

5,6-Dichloro-2/,7’-dimethylfluorescein diallyl ether ester (2b). Prepared from 1b following
the procedure for 2a as bright orange crystals. Yield: 85%. 1H NMR (500 MHz, CDCl3) is
shown in Figure 3.8: 4 8.37 (s, 1H), 7.42 (s, 1H), 6.92 (s, 1H), 6.70-6.67 (br m, 2H), 6.62
(br s, 1H), 6.08 (ddt, J = 17.2, 10.5, 5.2, 1H), 5.56 (ddt, J = 16.9, 10.6, 6.1, 1H), 5.48 (dq,
J = 17.3, 1.5, 1H), 5.37 (dq, J = 10.6, 1.3, 1), 5.12-5.06 (m, 2H), 4.69 (dt, J = 5.0, 1.4,
2H), 4.51-4.42 (m, 2H), 2.17 (d, J = 0.4, 3H), 2.07 (d, J = 1.1, 3H). 13C{'H} NMR (126
MHz, CDCl3) is shown in Figure 3.9: ¢ 184.3, 163.4, 161.6, 158.5, 152.9, 146.3, 138.4, 137.8,
134.6, 134.4, 133.2, 132.3, 132.0, 130.7, 130.2, 127.7, 126.6, 125.5, 119.8, 118.5, 118.0, 114.0,
104.9, 99.3, 69.6, 66.6, 17.0, 16.2. HRMS (ESI-TOF, positive ion, m/z): Calc. 509.0923
(IM+H] ™), found 509.0919.

4,5,6,7,2' 7'-Hexachlorofluorescein diallyl ether ester (2c). Prepared from lc following
the procedure for 2a as bright orange crystals. Yield: 64%. 1H NMR (500 MHz, CDCl3) is
shown in Figure 3.10: 6 7.06 (s, 1H), 7.02 (s, 1H), 7.01 (br s, 1H), 6.59 (s, 1H), 6.08 (ddt,
J =17.2,10.5, 5.2, 1H), 5.54 (dq, J = 17.3, 1.4, 1H), 5.46-5.38 (m, 2H), 5.10-5.05 (m, 2H),
4.77 (dt, J = 5.1, 1.5, 2H), 4.43 (dt, J = 6.4, 1.0, 2H). BC{'H} NMR (126 MHz, CDCl3)
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is shown in Figure 3.11: § 177.7, 162.9, 159.0, 157.3, 152.6, 140.7, 136.7, 136.4, 136.2, 134.2,
132.3, 131.0, 130.9, 129.7, 129.2, 127.6, 126.6, 121.4, 121.3, 119.5, 119.2, 113.1, 106.4, 101.4,
70.7, 67.4. HRMS (ESI-TOF, positive ion, m/z): Calc. 618.9022 ([M+H]™), found 618.9018.

5,6,2,7'-Tetrachlorofluorescein diallyl ether ester (2d). Prepared from 1d following the
procedure for 2a as bright orange crystals. Yield: 71%. 1H NMR (500 MHz, CDCl3) is
shown in Figure 3.12: § 8.40 (s, 1H), 7.43 (s, 1H), 7.03 (br s, 1H), 7.01 (s, 1H), 6.94 (s,
1H), 6.62 (br s, 1H), 6.08 (ddt, J = 17.2, 10.5, 5.2, 1H), 5.68 (ddt, J = 17.4, 10.1, 6.1, 1H),
5.53 (dq, J = 17.3, 1.4, 1H), 5.42 (dq, J = 10.6, 1.3, 1H), 5.21-5.16 (m, 2H), 4.76 (dt, J
= 5.1, 1.5, 2H), 4.57-4.50 (m, 2H). 13C{1H} NMR (126 MHz, CDCl3) is shown in Figure
3.13: 6 177.5, 162.9, 158.7, 157.6, 152.5, 146.8, 138.4, 135.8, 135.3, 133.6, 133.1, 132.1, 131.1,
130.7, 129.7, 127.7, 126.9, 121.0, 120.1, 119.4, 118.0, 114.6, 106.1, 101.4, 70.6, 66.8. HRMS
(ESI-TOF, positive ion, m/z): Calc. 550.9801 ([M+H]™"), found 550.9793.

4'-Allyl-2'7'-dichlorofluorescein allyl ester (3a) [31, 35]. 2a (500 mg, 1.04 mmol) in
diphenyl ether (5 mL) was heated in sealed tube at 170 °C under N9 overnight. The solution
was then cooled to room temperature and transferred to a scintillation vial. The solution
was diluted with CHCIl3 (5 mL). Crystals of 3a formed slowly from the mixture. Pure 3a
was collected using vacuum filtration, resulting in dark orange crystals (325 mg, 65%). Iy
NMR (500 MHz, CD30D) is shown in Figure 3.14: § 8.33 (ddd, J = 7.8, 1.4, 0.4, 1H), 7.89
(td, J = 7.5, 1.4, 1H), 7.83 (td, J = 7.7, 1.4, 1H), 7.47 (ddd, J = 7.5, 1.3, 0.3, 1H), 7.06 (br
s, 1H), 7.05 (s, 1H), 6.99 (s, 1H), 5.98 (ddt, J = 16.9, 10.4, 6.2, 1H), 5.60 (ddt, J = 17.2,
10.2, 6.0, 1H), 5.17 (dq, J = 16.9, 1.5, 1H), 5.11-5.02 (m, 3H), 4.53-4.44 (m, 2H), 3.62 (dt,
J = 6.0, 1.4, 2H).

4’-Allyl-5,6-dichloro-2/,7’-dimethylfluorescein allyl ester (3b). Prepared from 2b following
the procedure for 3a as dark orange crystals. Yield: 70%. 'H NMR (500 MHz, CD30D) is
shown in Figure 3.15: § 8.38 (q, J = 0.3, 1H), 7.68 (q, J = 0.3, 1H), 6.91 (br s, 1H), 6.81
(q, J = 1.2, 1H), 6.79 (q, J = 0.9, 1H), 5.98 (ddt, J = 16.9, 10.2, 6.5, 1H), 5.48 (ddt, J
= 17.5, 10.0, 6.0, 1H), 5.14 (dq, J = 17.1, 1.8, 1H), 5.03-4.97 (m, 3H), 4.47-4.37 (m, 2H),
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3.57 (dt, J = 6.3, 1.2, 2H), 2.12 (d, J = 0.9, 3H), 2.04 (d, J = 1.2, 3H). 3C{!H} NMR
(126 MHz, CD30D) is shown in Figure 3.16: 6 164.9, 149.2, 138.4, 136.9, 135.9, 135.1, 134.0,
133.7, 132.2, 132.1, 130.8, 129.5, 127.5, 124.3, 119.8, 119.6, 117.7, 115.20, 115.16, 102.4, 67 .4,
28.1, 17.2, 16.0. HRMS (ESI-TOF, positive ion, m/z): Calc. 509.0923 ([M+H]™), found
509.0919.

4’-Allyl-4,5,6,7,2' 7'-hexachlorofluorescein allyl ester (3c). Prepared from 2c following the
procedure for 3a as dark orange crystals. Yield: 52%. 'H NMR (500 MHz, CD30D) is shown
in Figure 3.17: 6 7.25 (s, 1H), 7.20 (s, 1H), 7.03 (br s, 1H), 5.96 (ddt, J = 16.9, 10.2, 6.5,
1H), 5.32 (ddt, J = 17.0, 10.4, 6.5, 1H), 5.17 (dq, J = 17.1, 1.7, 1H), 5.06-4.95 (m, 3H),
4.45-4.41 (m, 2H), 3.58 (dt, J = 6.4, 1.3, 2H). 3¢ was not characterized by BC{!H} NMR
because of low solubility. HRMS (ESI-TOF, positive ion, m/z): Calc. 618.9022 ([M+H]™),
found 618.9015.

4'-Allyl-5,6,2' 7'-tetrachlorofluorescein allyl ester (3d). Prepared from 2d following the
procedure for 3d as dark orange crystals. Yield: 71%. 'H NMR (500 MHz, CD30D) is shown
in Figure 3.18: § 8.42 (d, J = 0.3, 1H), 7.74 (d, J = 0.2, 1H), 7.10 (s, 1H), 7.04 (s, 1H), 6.97
(s, 1H), 5.98 (ddt, J = 16.9, 10.2, 6.5, 1H), 5.57 (ddt, J = 17.2, 10.4, 6.1, 1H), 5.17 (dq, J
= 17.1, 1.8 Hz, 1H), 5.10-5.05 (m, 2H), 5.03 (dq, J = 10.0, 1.6, 1H), 4.53-4.44 (m, 2H), 3.61
(dt, J = 6.4, 1.5, 2H). BC{!H} NMR (126 MHz, CD30D) is shown in Figure 3.19: § 164.5,
150.4, 138.8, 136.1, 135.9, 134.5, 134.3, 133.6, 132.2, 131.7, 129.3, 127.8, 119.9, 116.9, 115.8,
104.5, 67.6, 28.5. HRMS (ESI-TOF, positive ion, m/z): Calc. 550.9801 ([M+H]™), found
550.9801.

4’-Allyl-2' 7’-dichlorofluorescein (4a) [31, 35]. 3a (1.5 g, 3.13 mmol) and NaOH (625 mg,
15.6 mmol) were added in a mixture of 1,4-dioxane (37.5 mL) and water (11.5 mL). The
resulting solution was refluxed for 2 h. The organic volatiles were removed under vacuum.
The aqueous residue was neutralized with 1 N HCI and extracted with EtOAc (20 mL x
3). The combined organic phase was dried over MgSQy, filtered, and concentrated under

vacuum. The solid residue was further purified by recrystallization in EtOAc/hexanes to
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afford pure 4a, resulting in a bright orange solid (1.0 g, 73%). 'H NMR (500 MHz, CD30D)
is shown in Figure 3.20: ¢ 8.05 (br s, 1H), 7.83 (td, J = 7.5, 1.0, 1H), 7.76 (td, J = 7.5, 0.6,
1H), 7.27 (br d, J = 6.4, 1H), 6.88 (br s, 1H), 6.62 (br s, 1H), 6.53 (br s, 1H), 6.01 (ddt, J
= 16.9, 104, 6.3, 1H), 5.12 (dq, J = 17.2, 1.3, 1H), 5.04 (dq, J = 10.0, 1.3, 1H), 3.70-3.65
(br m, 2H).

4’-Allyl-5,6-dichloro-2’,7/-dimethylfluorescein (4b). Prepared from 3b following the pro-
cedure for 4a as a bright orange powder. Yield: 87%. 'H NMR (500 MHz, CD30D) is
shown in Figure 3.21: ¢ 8.33 (s, 1H), 7.55 (s, 1H), 6.85 (s, 1H), 6.71 (br q, J = 0.4, 1H),
6.70 (br q, J = 0.6, 1H), 5.98 (ddt, J = 16.9, 10.2, 6.5, 1H), 5.12 (dq, J = 17.1, 1.8, 1H),
4.98 (dq, J = 10.0, 1.7, 1H), 3.59 (dt, J = 6.3, 1.4, 2H), 2.10 (d, J = 0.6, 3H), 2.06 (d, J =
1.1, 3H). 13C{'H} NMR (126 MHz, CD30D) is shown in Figure 3.22: § 167.4, 163.6, 154.6,
154.3, 138.8, 136.9, 135.1, 132.2, 131.8, 129.7, 127.6, 125.8, 119.6, 115.2, 115.0, 113.4, 102.4,
28.2, 17.0, 15.9. HRMS (ESI-TOF, positive ion, m/z): Calc. 469.0610 ([M+H]™"), found
469.0610.

4'-Allyl-4,5,6,7,2' 7-hexachlorofluorescein (4c). Prepared from 3c following the procedure
for 4a as a bright orange powder. Yield: 80%. 'H NMR (500 MHz, CD30D) is shown in
Figure 3.23: § 6.91 (s, 1H), 6.84 (s, 1H), 6.83 (s, 1H), 6.02 (ddt, J = 17.1, 10.1, 6.1, 1H),
5.09-5.01 (m, 2H), 3.67 (dt, J = 6.1, 1.5, 2H). BC{!H} NMR (126 MHz, CD30D) is shown
in Figure 3.24: § 165.2, 157.0, 154.2, 152.3, 150.2, 149.9, 141.4, 137.4, 136.3, 132.4, 129.2,
128.8, 126.0, 124.8, 118.6, 118.2, 117.5, 115.7, 109.6, 109.0, 104.8, 28.9. HRMS (ESI-TOF,
positive ion, m/z): Calc. 578.8708 ([M+H]™), found 578.8706.

Compound S-5a. 1-Boc-piperazine (141 mg, 0.75 mmol) and paraformaldehyde (47 mg,
1.6 mmol) were dissolved in MeCN (10 mL), and the mixture was refluxed for 0.5 h. Then,
4a (220 mg, 0.5 mmol) was dissolved in MeCN (15 mL) and added to the previous mixture.
The mixture was refluxed overnight. The organic volatiles were removed under vacuum. The
residue was subjected to flash column chromatography (silica, EtOAc) to afford the crude

product. Recrystallization with EtOAc/hexanes resulted in pure S-5a as a pink orange solid
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(270 mg, 85%). 'H NMR (500 MHz, CD30D) is shown in Figure 3.25: § 8.15 (d, J = 7.5,
1H), 7.82 (td, J = 7.5, 1.3, 1H), 7.77 (td, J = 7.6, 1.2, 1H), 7.30 (ddd, J = 7.5, 1.1, 0.7,
1H), 6.77 (br s, 1H), 6.73 (br s, 1H), 6.05 (ddt, J = 17.1, 10.2, 5.8, 1H), 5.06 (dq, J = 17.1,
1.8, 1H), 5.04 (dq, J = 10.2, 1.8, 1H), 4.32 (s, 2H), 3.71 (dt, J = 6.0, 1.6, 2H), 3.62 (s, 4H),
2.93 (s, 4H), 1.48 (s, 9H). HRMS (ESI-TOF, positive ion, m/z): Calc. 639.1665 ([M+H]™),
found 639.1665.

Compound S-5b. Prepared from 4b following the procedure for S-5a as a pink orange
solid. Yield: 89%. 'H NMR (500 MHz, CD30D) is shown in Figure 3.26: § 8.23 (s, 1H),
7.47 (s, 1H), 6.87 (q, J = 1.0, 1H), 6.85 (q, J = 1.1, 1H), 6.03 (ddt, J = 17.1, 10.1, 5.8, 1H),
5.08 (dq, J = 17.2, 1.9, 1H), 5.03 (dq, J = 10.1, 1.7, 1H), 4.33 (s, 2H), 3.70-3.68 (m, 2H),
3.65-3.54 (br m, 4H), 3.01-2.84 (br m, 4H), 2.11 (d, J = 1.0, 3H), 2.10 (d, J = 1.0, 3H), 1.48
(s, 9H). HRMS (ESI-TOF, positive ion, m/z): Calc. 667.1978 ([M-+H]™), found 667.1981.

Compound S-5c. Prepared from 4c following the procedure for S-ba as a pink solid.
Yield: 90%. 'H NMR (500 MHz, CD30D) is shown in Figure 3.27: 6 6.99 (s, 1H), 6.94 (s,
1H), 6.06 (ddt, J = 17.1, 10.2, 5.6, 1H), 5.07-5.01 (m, 2H), 4.28 (s, 2H), 3.73-3.69 (m, 2H),
3.62-3.53 (br m, 4H), 2.93-2.83 (br m, 4H), 1.48 (s, 9H). HRMS (ESI-TOF, positive ion,
m/z): Calc. 777.0077 ([M+H]™), found 777.0090.

Compound S-5d. Prepared from 3d following the procedure for S-5a as a pink orange
solid. Yield: 83%. 'H NMR (500 MHz, CD30D) is shown in Figure 3.28: § 8.40 (s, 1H),
7.63 (s, 1H), 7.02 (s, 1H), 6.99 (s, 1H), 6.04 (ddt, J = 17.1, 10.3, 5.5, 1H), 5.62 (ddt, J=
17.2, 10.4, 5.9, 1H), 5.12-5.02 (m, 4H), 4.54-4.47 (m, 4H), 3.83-3.63 (br m, 6H), 3.33-3.22
(br m, 4H), 1.49 (s, 9H). HRMS (ESI-TOF, positive ion, m/z): Calc. 749.1169 ([M-+H]™),
found 749.1190.

Monomer M1. S-5a (200 mg, 0.31 mmol) was dissolved in a mixture of CHCly (2 mL)
and CF3CO9H (1 mL), and was then stirred vigorously at room temperature for 0.5 h.
Et9O/hexanes (1/5, by volume) was added to the mixture to precipitate the product. Pure

monomer M1 as a yellow solid was collected using vacuum filtration (210 mg, 88%). Iy

o6



NMR (500 MHz, CD30D) is shown in Figure 3.29: § 8.10 (d, J = 7.7, 1H), 7.84 (td, J =
7.5, 1.2, 1H), 7.77 (td, J = 7.5, 0.9, 1H), 7.31 (d, J = 7.6, 1H), 6.75 (s, 1H), 6.63 (s, 1H),
6.11 (ddt, J = 17.1, 10.3, 5.6, 1H), 5.09 (dq, J = 10.2, 1.6, 1H), 5.05 (dq, J = 17.2, 1.7, 1H),
4.33 (s, 2H), 3.76 (d, J = 5.6, 2H), 3.47-3.40 (br m, 4H), 3.25-3.15 (br m, 4H). 13C{'H}
NMR (126 MHz, CD30D) is shown in Figure 3.30: ¢ 170.3, 162.9 (q, Jor = 35), 156.0,
151.6, 150.5, 136.6, 136.4, 131.8, 129.3, 128.5, 127.3, 126.8, 126.3, 119.5, 117.9 (q, Jop =
292), 117.5, 115.9, 113.3, 110.3, 52.8, 50.6, 43.8, 41.7, 29.0. HRMS (ESI-TOF, positive ion,
m/z): Calc. 539.1141 ([M-H-2CF3COs] "), found 539.1135.

Monomer M2. Prepared from S-5b (100 mg, 0.15 mmol) following the procedure for
monomer M1 as a yellow solid. Yield: 109 mg (91%). 'H NMR (500 MHz, CD30D) is
shown in Figure 3.31: § 8.41 (s, 1H), 7.59 (s, 1H), 6.94 (q, J = 1.2, 1H), 6.83 (q, J = 0.9,
1H), 6.14 (ddt, J = 17.2, 10.3, 5.2, 1H), 5.08 (dq, J = 10.2, 1.7, 1H), 4.98 (dq, J = 17.2,
1.7, 1H), 4.55 (s, 2H), 3.81 (dt, J = 5.2, 1.6, 2H), 3.63-3.48 (m, 8H), 2.19 (d, J = 0.9, 3H),
2.09 (d, J = 1.1, 3H). 13C{1H} NMR (126 MHz, CD30D) is shown in Figure 3.32: § 166.7,
164.6, 162.2 (q, Jop = 36), 157.2, 152.6, 138.8, 138.7, 136.6, 135.4, 133.4, 132.5, 131.6, 129.9,
128.3, 127.7, 117.6 (q, Jop = 291), 115.6, 115.5, 114.9, 114.5, 105.3, 52.4, 50.3, 42.6, 41.7,
28.1, 16.9, 16.6. HRMS (ESI-TOF, positive ion, m/z): Calc. 567.1454 ([M-H-2CF5C0]™),
found 567.1449.

Monomer M3. Prepared from S-5¢ (100 mg, 0.13 mmol) following the procedure for
monomer M1 as a yellow orange solid. Yield: 96 mg (82%). 'H NMR (500 MHz, CD30D)
is shown in Figure 3.33: § 6.99 (s, 1H), 6.88 (s, 1H), 6.10 (ddt, J = 17.1, 10.2, 5.6, 1H),
5.07 (dq, J = 10.2, 1.6, 1H), 5.01 (dq, J = 17.1, 1.7, 1H), 4.23 (s, 2H), 3.75-3.72 (m, 2H),
3.39-3.34 (br m, 4H), 3.10-2.97 (br m, 4H). 13C{’H} NMR (126 MHz, CD30D) is shown in
Figure 3.34: ¢ 165.1, 162.5 (q, Jop = 36), 156.6, 154.5, 150.3, 149.9, 149.7, 141.4, 137.5,
136.4, 132.6, 129.1, 128.5, 126.1, 124.8, 118.6, 118.5, 117.8 (q, Jop = 291), 117.4, 115.7,
111.0, 109.5, 109.4, 53.0, 50.6, 44.3, 41.7, 29.0. HRMS (ESI-TOF, positive ion, m/z): Calc.
676.9552 ([M-H-2CF3CO9] 1), found 676.9551.
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Monomer M4. Prepared from S-5d (310 mg, 0.41 mmol) following the procedure for
monomer M1 as a yellow solid. Yield: 340 mg (95%). 'H NMR (500 MHz, CD30D) is
shown in Figure 3.35: § 8.44 (s, 1H), 7.70 (s, 1H), 7.22 (s, 1H), 7.10 (s, 1H), 6.11 (ddt, J =
17.1, 10.4, 5.6, 1H), 5.66 (ddt, J = 17.1, 10.4, 6.0, 1H), 5.15-5.04 (m, 4H), 4.52 (dt, J = 5.9,
1.2, 2H), 4.30-4.24 (m, 2H), 3.85-3.76 (m, 2H), 3.52-3.46 (br m, 4H), 3.43-3.35 (br m, 4H).
13C{1H} NMR (126 MHz, CD30D) is shown in Figure 3.36: ¢ 173.1, 164.8, 164.4, 162.3
(q, Jop = 36), 157.2, 153.1, 152.2, 139.0, 136.1, 135.9, 134.37, 134.35, 133.5, 132.4, 131.5,
130.7, 129.3, 127.5, 125.6, 119.7, 117.7 (q, Jop = 292), 117.2, 116.6, 116.3, 116.1, 108.8,
67.6, 51.9, 50.6, 43.2, 41.7, 28.6. HRMS (ESL-TOF, positive ion, m/z): Calc. 649.0645
([M-H-2CF3C04]*), found 649.0648.

Dimer D14. Monomer M1 (88 mg, 0.1 mmol) and NaHCOg3 (17 mg, 0.2 mmol) were
mixed in water (1 mL) and sonicated until a precipitate formed. The mixture was diluted
with MeCN (2 mL). Aqueous formaldehyde solution (37%, 25 uL, 0.3 mmol) and 4d (35 mg,
0.08 mmol) were added, and the resulting mixture was refluxed for 4 h. The hot mixture was
filtered and washed with MeOH. The solid residue was recrystallized with CHCl3 to afford
pure dimer D14 as a red orange solid (47 mg, 53%). 'H NMR (500 MHz, CD30D/CDCls,
1/1, by volume) is shown in Figure 3.37: § 8.38 (s, 1H), 8.09 (br d, J = 7.2, 1H), 7.78 (td, J
= 7.4, 1.0, 1H), 7.72 (td, J = 7.6, 1.0, 1H), 7.47 (d, J = 0.4, 1H), 7.24 (br d, J = 7.6, 1H),
6.98 (s, 1H), 6.96 (s, 1H), 6.69 (br s, 1H), 6.63 (br s, 1H), 6.05-5.94 (m, 2H), 5.69-5.61 (m,
1H), 5.14-5.01 (m, 6H), 4.56-4.49 (m, 2H), 4.34 (s, 2H), 4.21-4.15 (m, 2H), 3.70-3.65 (m, 2H),
3.64-3.59 (m, 2H), 3.23-2.82 (br m, 8H). D14 was not characterized using C{!H} NMR
because of low solubility. HRMS (ESI-TOF, positive ion, m/z): Calc. 1101.0864 ([M+H]™"),
found 1101.0871.

Dimer D24. Prepared from monomer M2 (88 mg, 0.1 mmol) and 4d (47 mg, 0.1 mmol)
following the procedure for dimer D14 as a red orange solid. Yield: 85 mg (75%). 'H NMR
(500 MHz, CD30OD/CDCls, 1/1, by volume) is shown in Figure 3.38: ¢ 8.39 (s, 1H), 8.30
(br s, 1H), 7.46 (s, 1H), 7.35 (s, 1H), 6.98 (q, J = 1.3, 1H), 6.97 (s, 1H), 6.66 (br s, 1H),
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6.63 (br s, 1H), 6.02-5.94 (m, 2H), 5.66 (ddtd, J = 17.1, 10.4, 5.9, 0.7, 1H), 5.15-4.98 (m,
6H), 4.56-4.49 (m, 2H), 4.39 (s, 2H), 4.19 (s, 2H), 3.66-3.57 (m, 4H), 3.24-2.80 (br m, SH),
2.11 (d, J = 0.6, 3H), 2.07 (d, J = 0.7, 3H). D24 was not characterized by 3C{'H} NMR
because of low solubility. HRMS (ESI-TOF, positive ion, m/z): Calc. 1129.1176 ([M+H]™),
found 1129.1150.

Dimer D34. Prepared from monomer M3 (62 mg, 0.07 mmol) and 4d (36 mg, 0.06 mmol)
following the procedure for dimer D14 as a red orange solid. Yield: 39 mg (50%). 'H NMR
(500 MHz, CD3OD/CDCl3, 1/1, by volume) is shown in Figure 3.39: § 8.44 (s, 1H), 7.52 (s,
1H), 7.17 (br s, 1H), 7.01 (s, 1H), 6.84 (br s, 1H), 6.71 (s, 1H), 6.11-5.99 (m, 2H), 5.77-5.69
(m, 1H), 5.21-4.94 (m, 6H), 4.57-4.54 (m, 2H), 4.42 (br s, 2H), 4.23 (br s, 2H), 3.80 (br s, 2H),
3.73-3.64 (m, 2H), 3.57-2.77 (br m, 8H). D34 was not characterized using '3C{'H} NMR
because of low solubility. HRMS (ESI-TOF, positive ion, m/z): Calc. 1238.9275 ([M+H]™),
found 1238.9301.
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Figure 3.13: 13C{'H} NMR spectrum of 2d
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Figure 3.34: 13C{'H} NMR spectrum of M3
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Figure 3.35: 1H NMR spectrum of M4
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3.4 Single-walled nanotube packing strategy and affinity tests

The strategy of using single-walled nanotubes (SWNTSs) as substrates to restrict the distribu-
tion of relative orientations of the chromophores is potentially applicable to all chromophores
with strong m-stacking properties. Here, we employ this approach to separately test ener-
getic requirements and the impact of spatial relationships on coherences. Our goal is to
test hypotheses and conditions that have given rise to long-lived quantum beating signals in
photosynthetic systems. Unfortunately, such a test is impossible to realize in natural pho-
tosynthetic systems. The mutation of photosynthetic systems by deuteration or adjusting
amino acids of proteins affects energy gaps but does not seem to change coherences in these
mutants [24, 36, 37]. Photosynthetic protein-chromophore complexes cannot be engineered
to provide the prescribed rotation of the chromophores. We therefore have designed the het-
erodimers described in section 3.3 to allow control over the energy gaps while simultaneously

and separately allowing some control over the relative orientation between the chromophores.

3.4.1 Packing fluorescein heterodimers on single-walled nanotubes

A 20 mL scintillation vial was charged with 5.0 mg of SWNTSs (carbon nanotube, single-
walled, poly(ethylene glycol) functionalized, Aldrich) and 10.0 mL of EtOH (200 proof).
The mixture was sonicated for 30 min in a water bath. The temperature of the water bath
rose from room temperature to ca. 50 °C at the end. The SWNT suspension was kept still
in a water bath at room temperature for 10 min. 4.0 mL of the SWNT suspension was
pipetted out from the top of the 10.0 mL SWNT suspension. 4.0 mg of each heterodimer
was dissolved separately in EtOAc (4.0 mL) and pipetted separately into the 4.0 mL SWNT
suspension. The mixture was sonicated for 10 min in a water bath at room temperature
and stirred overnight at room temperature to yield suspensions of fluffy fluorescein/SWNT
aggregates. The suspension was centrifuged for 20 min (Spectrafuge 16M, Labnet), and the

solid residues were washed twice with EtOAc and once with EtOH. The resulting aggregates
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were dissolved in EtOH with 2 vol.% triethylamine and diluted to an optical density of

approximately 0.2 for 200 ym path length. These samples were then measured by 2DES.

3.4.2  Packing fluorescein monomers on single-walled nanotubes

Because M1-4 are fluorescein TFA salts, the TFA content may vary between samples. To
exclude the effects of TFA, we used 4a, 4b, 4c, and 3d for the affinity test. 8.0 mL of
the SWNT suspension was pipetted out from the top of a freshly prepared 10.0 mL SWNT
suspension and divided into four equal portions (2.0 mL each). Compounds 4a, 4b, 4c, and 3d
(2.0 mg each) were dissolved separately in EtOH (2.0 mL, 200 proof) and pipetted separately
into the SWNT suspensions (2.0 mL each). The four mixtures were sonicated for 10 min
in a water bath at room temperature and stirred overnight at room temperature to yield
suspensions of fluffy fluorescein/SWNT aggregates. The suspensions were centrifuged for 20
min, and the solid residues were washed three times with EtOH (200 proof). The resulting
aggregates were dissolved in 1 mL of EtOH with 2 vol.% triethylamine and subjected to

linear absorption measurements.

3.4.8 Packing affinity test

6.0 mL of the SWNT suspension was pipetted out from the top of a freshly prepared 10.0
mL SWNT suspension and divided into three portions of equal volume (2.0 mL each). Com-
pounds 4c, 3d, and D34 (2.0 mg each) were dissolved separately in EtOAc (2.0 mL, 200
proof) and pipetted separately into the SWNT suspensions (2.0 mL each). The three mix-
tures were sonicated for 10 min in a water bath at room temperature and stirred overnight
at room temperature to yield suspensions of fluffy fluorescein/SWNT aggregates. The sus-
pensions were centrifuged for 20 min, and the solid residues were washed twice with EtOAc
and once with EtOH (200 proof). The resulting aggregates were dissolved in 1 mL of EtOH
with 2 vol.% triethylamine and subjected to linear absorption measurements. The resulting

linear absorption spectra are shown in Figure 3.40.
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Figure 3.40: Packing affinity tests show the rigidity of heterodimers on SWNTs. (a) Packing
affinity test of 4a, 4b, 4c, and 3d shows similar affinities for each monomer. (b) Packing
affinity test of 4c, 3d, and D34. (c) Linear absorption spectra of D34 with and without
SWNTs are almost identical, indicating that the energy gaps in dimers are reserved when
packed on SWNTs.
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Figure 3.41: Zeta potential measurements of bare SWNTs, SWNTs packed with M4, and
SWNTs packed with D24. The zeta potential data shows the high packing affinity of D24 on
SWNTs, while M4 has a low affinity. These results are consistent with the packing affinity
test shown in Figure 3.40
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The linear absorption spectra of the monomers packed with SWNT indicate that the
packing affinities of each monomer are close to each other, as shown in Figure 3.40.a. In
a heterodimer, when one chromophore is packed on a SWNT, the other chromophore will
come in close proximity to the SWN'T. The short distance facilitates m-packing of the second
chromophore, resulting in drastic packing affinity differences between dimers and monomers,
shown in Figure 3.40.b. This difference in packing affinities confirms that both chromophores
of each heterodimer were packed on the SWNT, holding the heterodimers in a structurally
rigid conformation with the SWNT environment. Zeta potential measurements are also
consistent with the packing affinity tests. The zeta potential mean value of the SWNT
changed from -46 mV before packing to -34 mV after it was packed with D24 shown in

Figure 3.41 | suggesting that the SWN'T surface engaged in packing with D24 molecules.

3.5 Data acquisition

The specifics about the light source for the 2DES measurements are described in Chapter
2 Section 2.1.3. The output from a regenerative amplifier was used to seed a noncollinear
optical parametric amplifier (NOPA, Light Conversion TOPAS White), generating pulses
centered at 549 nm (520-570 nm FWHM). Multiphoton intrapulse interference phase scan
method (MIIPS) [38] and a spatial light modulator (Biophotonic Solutions) were used to
compress the pulses to 13 fs at the sample position. 2D electronic spectra were measured
with a phase-stabilized four-wave mixing apparatus [6]. Three pulses with incident power of
3 nJ per pulse and a local oscillator attenuated by three orders of magnitude were focused
on the sample to a spot size of approximately 70 pm. The coherence time was scanned
from -60 to 60 fs with a step-size of 1 fs at room temperature, and the population time was
scanned from 0 to 1000 fs with a step size of 10 fs. The third-order signal was heterodyne-
detected with a local oscillator pulse and recorded on a 1600 x 5 pixel region of a CCD
(Andor Newton) thermoelectrically cooled to -50 °C. 2D electronic spectra were obtained

through scatter subtraction, windowing, and Fourier transform to the frequency-frequency
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domain [6]. The samples were prepared by dissolving the compounds in ethanol with 2
vol.% triethylamine and diluting to a maximum optical density of approximately 0.2 for a
200 pm path length. For room temperature 2DES measurements, samples were pumped
(Masterflex, Cole-Palmer) through a 200 um flow cell (Starna). For cryogenic temperature

2DES measurements, the samples were cooled in a cryostat (Oxford Instruments) to 77 K.

3.6 Two-dimensional electronic spectra

2DES interrogates ultrafast coherent dynamics, energy transfer pathways, and electronic cou-
pling between chromophores [1, 39, 40] by directly probing frequency-frequency correlations
as a function of time in complex systems [41]. In this four-wave mixing technique [5, 6, 42],
three ultrashort laser pulses interact with the sample generating a signal in the phase-
matched direction [6]. The first two pulses, separated by a coherence time (7), produce
a population state, a coherence between excited states, or a vibrational coherence. After a
waiting time (T), during which the system undergoes both incoherent relaxation and coher-
ent oscillation, a third pulse interacts with the sample leading to emission of a third-order
signal after a rephasing time (t), which is spectrally resolved using a spectrometer and CCD
camera. Fourier transforms over both coherence time (7) and rephasing time (t) domains
yield two-dimensional electronic spectra in the frequency-frequency domain [6].

We used 2DES to examine all three heterodimers in dilute solution as well as packed on
SWNTs. The 2D spectra of the heterodimers (Figure 3.42) show a strong crosspeak below
the main diagonal. This crosspeak appears at a position corresponding to the absorption
maximum of the monomer with the higher-energy electronic transition (energy donor) in
the coherence dimension, and in the rephasing dimension, the position corresponds to the
energy of the monomer with the lower-energy transition (energy acceptor) after ultrafast
solvent reorganization. The decay of this crosspeak provides insight into the time evolution
of the system. To separate coherences in the waiting time from relaxation dynamics, we

fit time traces from these crosspeak positions to multi-exponential decays (shown in red in
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Figure 3.42: 2D electronic spectra showing coherent dynamics of fluorescein heterodimers in
solution. (a) Real-valued 2D spectra of dimers D14, D24, and D34 at ambient temperature
and a waiting time of 100 fs. The black dotted lines indicate the absorption maxima of the
monomers. The white dotted lines indicate the electronic emission of the monomer with
lower-energy electronic transition (acceptor), which red-shifts because of solvent reorganiza-
tion during the waiting time. Boxes mark the lower diagonal crosspeak between maximum
absorption of higher-energy monomers (donors) and solvent reorganized positions of lower-
energy monomers (acceptors). (b) 2DES signals taken from the crosspeaks marked by the
boxes in panel a are plotted in blue as a function of waiting time. Multi-exponential decays
for waiting times later than 40 fs are fitted to the time traces and shown in red. (c¢) Residual
beating signals remaining after subtraction of multi-exponential decay from the traces shown
in panel b are plotted as a function of waiting time.

Figure 3.42.b) and subtracted these fits from the data. We fit the data after 40 fs to eliminate
any possible artifacts from pulse-overlap effects. Residuals (Figure 3.42.c), as a function of
waiting time (T), show oscillatory dynamics. These beating signals report on evolution of

the coherences created by the first two laser pulses during the waiting time.
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3.7 Beating frequency analysis of heterodimers and

heterodimers packed on SWNTs

Quantum beating in 2D spectra can arise from any coherence between states including vi-
brations on the ground electronic state, vibrations on the excited electronic state, between
electronic states, and between vibronic states of mixed character. Power spectra of the ob-
served beating, generated by Fourier transforming along the waiting time (T), reveal the fre-
quencies and relative intensities of oscillations. The power spectra of the solvent-reorganized
crosspeak of the three heterodimers (Figure 3.43) appear nearly identical in the presence
(gray panel) and absence (green panel) of the SWNT environment except for D24, which
shows a marked change in the beating intensity at the crosspeak position and frequency of
energy difference between the electronic transitions. To understand these oscillatory signals
in the context of the vibrational modes of the molecule, we performed 2DES (Figure 3.49
and Figure 3.50) and Raman spectroscopy (Figure 3.51) on the monomers. We use these
data to assign the ground-state vibrational frequencies of the heterodimers (dotted lines in
Figure 3.43). To assign the electronic energy gaps (yellow/green lines in Figure 3.43), we
use the linear absorption maxima of the monomers (Figure 3.48). The electronic transi-
tions will shift after excitation because of ultrafast solvation of the excited state (a dynamic
Stokes shift). These ultrafast dynamics are shown in Figure 3.44 for room-temperature and
in Figure 3.45 for 77 K 2DES measurements. As seen in Figure 3.43, the energy difference
between electronic transitions (not the ground-electronic gap) in heterodimer D24 appears
at the same frequency as a ground-state vibrational mode on monomer M4, which has the
lower-energy electronic transition. This frequency overlap implies that a vibrational level
on the excited state of M4 is resonant with the electronic excitation of monomer M2. That
is, the energy required for electronic excitation of monomer M2 is equivalent to the energy
required for electronic excitation of M4 plus the energy of this resonant vibrational mode.

None of the structurally flexible heterodimers in solution (Figure 3.43, bottom) exhibit
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Figure 3.43: Power spectra of waiting time (T) dynamics of heterodimers in solution and
on SWNTs. Fourier transforms of the residual beating signals at positions marked by boxes
in Fig. 2a yield power spectra of quantum beating signals observed in heterodimers with
SWNTs (gray panel) and without SWNTs (green panel). Black dashed lines indicate peaks
assigned to vibrational coherences through control studies of monomers and Raman spec-
troscopy. Solid yellow and green lines show the electronic energy gaps of the dimers, calcu-
lated as the difference in peak absorption energies of the constituent monomers. Multiple
datasets (5) were averaged to generate these beating power spectra, with the mean values
shown in blue and 2 SDM (standard deviation of the mean) intervals shaded in gray. Inset
spectra show detailed regions of interest. The data show no electronic coherences between
excited states in solution, but when packed on SWNTs, D24 shows an enhanced beating
signal coincident with the electronic energy gap.

strong peaks at the frequency corresponding to the energy difference between their respective
electronic transitions, suggesting that conformational disorder in the Hamiltonian and/or
system-bath coupling dwarf the off-diagonal coupling in the Hamiltonian that could lead
to observable coherences between the constituent monomers. We also conducted the same
experiments at 77 K on each of the heterodimers D24 and D34 and monomers M2, M3,
and M4 in the absence of SWNTs (Figure 3.46). The power spectra in these cryogenic
experiments reveal no new coherences, consistent with static conformational disorder rather

than dynamic system-bath coupling obscuring the couplings that might give rise to observable

coherences.
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Figure 3.44: Stokes shifts during initial femtoseconds after excitation at room temperature.
2D absolute-value spectra of dimers D24 and D34, and monomers M2, M3, and M4 at 77 K
and waiting times of 0 fs, 100 fs, and 1000 fs. All spectra are normalized. The line shapes
at T = 0 fs are broader than at 77 K but remain elongated, consistent with inhomogeneous
broadening, and again show little horizontal broadening indicative of relaxation or solvation
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Figure 3.45: Stokes shifts during initial femtoseconds after excitation at 77 K. 2D absolute-
value spectra of dimers D24 and D34, and monomers M2, M3, and M4 at 77 K and waiting
times of 0 fs, 100 fs, and 1000 fs. All spectra are normalized. The line shapes at T = 0 fs are
elongated, consistent with inhomogeneous broadening, and show little horizontal broadening
that would be indicative of relaxation/solvation during the initial coherence time.
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Figure 3.46: Power spectra of D24, D34, and their corresponding monomers at cryogenic
temperature (77 K). Fourier transforms of the residual beating signal gave the power spectra
of heterodimers (top green panel). Control experiments on corresponding monomers for D24
and D34 are shown in the lower two panels: lower-energy monomers (middle red panel) and
higher-energy monomers (bottom blue panel). Black dashed lines indicate peaks assigned
to vibrational coherences. Solid yellow lines show the electronic energy gaps. Temperature
changes the corresponding energy gaps of each dimer at 77 K to 340 cm ™! for D24 and 530
cm~ 1 for D34. 2DES experiments for D14 and all three dimers on SWNTs at 77 K were
not performed because of the blue-shifted absorption of D14 out of our laser bandwidth and
the glass transition of SWNTSs at low temperatures is difficult. Multiple datasets (3) were
averaged where the mean values are shown in blue and 2 SDM intervals are shaded in gray.
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Figure 3.47: 2D absolute-value spectra of each dimer and monomer at ambient temperature
and a waiting time of 100 fs.

3.7.1 Determination of the electronic energy gap for each dimer

The linear absorption spectra of the monomers are shown in Figure 3.48. The energy gaps
in the heterodimers at ambient temperature are 600 cm ™! for D14, 490 cm ™! for D24, and
230 cm ™! for D34. From the 2D spectra of each monomer at a waiting time of 100 fs (Figure
3.47), the signal peak is shifted off-diagonal by roughly the same extent because of solvent
reorganization. Because the four monomers have similar chemical structures and undergo
similar solvent reorganization dynamics, it is appropriate to assume that the electronic energy

gaps determined from linear absorption spectra of the monomers accurately represent the
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Figure 3.48: Linear spectra of fluorescein heterodimers and their corresponding monomers
taken in EtOH with 2 vol.% triethylamine. (a) Absorption spectra of D14 (in blue), D24 (in
green), and D34 (in red). The laser spectrum is shown as solid black line. (b) Absorption
spectra of D14, M1, and M4 at an ambient temperature. (c¢) Absorption spectra of D24,
M2, and M4 at an ambient temperature. (d) Absorption spectra of D34, M3, and M4 at an
ambient temperature. (e) Absorption spectra of D24, M2, and M4 at a cryogenic temperature
(77 K). (f) Absorption spectra of D34, M3, and M4 at a cryogenic temperature (77 K). (g)
Simulation of D24 absorption spectrum from the sum of the monomer absorption spectra.
(h) Fluorescence spectra of D24, M2, and M4.
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Figure 3.49: Power spectra of monomers compared to excitonic energy gaps. Control experi-
ments on the corresponding monomers for each dimer are shown in two panels: lower-energy
monomers (red panel) and higher-energy monomers (blue panel). Black dashed lines indicate
peaks assigned to vibrational coherences. Yellow solid lines indicate the electronic energy
gaps. Multiple datasets (5) were averaged where the mean values are shown in blue and 2
SDM (standard deviation of the mean) intervals are shaded in gray.

3.7.2  Assignment of wbrational modes of monomers

The same 2DES experiments and analyses in Figure 3.43 were applied to monomers M1-
4, shown in Figure 3.49 and Figure 3.50. These control spectra, along with Raman spectra
(Figure 3.51), were utilized to facilitate assignment of vibrational peaks in the power spectra.
In the single-chromophore spectra, all peaks were assigned as vibrational because only one
excited state is accessible within our laser bandwidth, preventing excitation of electronic
or vibronic coherences. The observed vibrational frequencies are: 70 em™!, 139 em™!, 278
Cmfl, 764 cm~! in M1, 347 cmfl, 487 Cmfl, 590 cm ™! in M2; 104 Cmfl, 278 Cmfl, 590
em ™!, 764 em ™! in M3; and 104 em ™! 278 em ™!, 487 em ™!, 764 cm ™! in M4.

3.7.8 FEstimating the coupling between monomeric units within a dimer

We interpret our 2DES data of the synthesized heterodimers within a weak coupling regime.

We have attempted to quantify the coupling between the constituent monomers within the
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Figure 3.50: Power spectra of monomers taken from 2DES experiments at room temperature
show that M2's strongest vibrational mode differs from the others. Data identical to Figure
3.49. The purple solid line indicates that the strongest vibrational mode on M2 is offset
from the common strongest vibrational mode of 278 cm ™! found in M1, M3, and M4. Black
dashed lines indicate peaks assigned to vibrational coherences. Multiple datasets (5) were
averaged where the mean values are shown in blue and 2 SDM intervals are shaded in gray.
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heterodimers experimentally as well as theoretically. We first tried to quantify the coupling
from the linear absorption data directly, but the linear absorption spectra for the dimer shown
in Figure 3.48.g is well-approximated by a sum of the monomer spectra. The Raman spectra
(Figure 3.51) show little vibrational coupling between the monomeric units, confirming that
the ground-state vibrational structure of the monomers within the heterodimers is neither
strongly coupled nor perturbed by the linkage. Similarly, packing on the SWNTs does not
appear to affect the linear absorption spectrum significantly either by changing the coupling,
intrinsically perturbing the electronic states, or by introducing stronger vibronic progressions
into the spectra. Thus, we can confirm that we are in the weak coupling regime, but we are
unable to quantify the coupling experimentally.

We therefore attempt to quantify the coupling using theoretical electronic structure cal-
culations. We performed B3LYP calculations with a 6-311G(d,p) basis set on the dimer.
The geometry was optimized for the dimer (Figure 3.52.a) and single point energy calcula-
tions were used to calculate the HOMO-LUMO transitions of each monomeric unit. Then,
counterpoise calculations for each monomer were performed on the identical geometry to
calculate the perturbation to the energy gap from the adjacent monomer. Qualitatively,
we see that our eigenstates are located on the two monomers, as shown in Figure 3.52.b.
More quantitatively, we calculate a coupling strength of 45 cm™1 between the constituent
mMonomers.

Ultimately, the coupling between our dimers is very small compared to the difference
in energy between the observed monomer transitions and compared to the system-bath
coupling of the monomers. In any conventional sense, this is a weak coupling regime that is
appropriate for Forster theory (which is exact in the system-bath coupling and a second order
perturbation theory with regard to electronic coupling), as proved in Figure 3.48.h that the
fluorescence is observed primarily from the lower energy monomer M4 in the heterodimer
D24. However, in this dimer there is another energy scale against which this coupling

should be compared: the differential system bath coupling between the two excited states.
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Figure 3.52: DFT calculations on the dimer demonstrate weak coupling between the two
constituent monomers. (a) The optimized geometry of dimer D14 is obtained by using
the B3LYP function with the 6-311G (d,p) basis set. (b) Frontier orbitals obtained from
time-dependent DF'T calculations.

The energy of one monomer is about equal to the energy of the other plus a vibration;
further, the differential bath coupling is likely weaker than the overall system bath coupling
implying some degree of correlated electrostatic fluctuations. (Even for a random matrix,
half the power is in symmetric modes so this statement is not a strong claim, especially given
the size of the system). The electronic coupling is weak by any conventional measurement

(Raman, linear absorption, quantum chemistry etc.) but may not be strictly weak when it

comes to vibronic coupling within the excited state manifold.

3.8 2D frequency beating maps

To place the beating signal at 487 cm ! in the context of the entire 2D spectrum, we analyze
2D frequency beating maps of D24 both with and without SWNTs (Figure 3.53). We obtain
2D frequency beating maps by generating a power spectrum at each pixel in a 2D spectrum
via a Fourier transform over the waiting time (T) domain [9]. These maps display the
distributions of oscillation frequencies of the coherences. In the absence of SWNTs, beating

at 487 em ™1 in D24 appears primarily on the diagonal position. When the D24 molecules
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Figure 3.53: 2D frequency beating maps of D24 with (gray panel) and without (green panel)
the SWNT environment at 487 cm ™! for real-valued phased data (top), real-valued rephasing
data (bottom left) and real-valued non-rephasing data (bottom right).

are packed on SWNTs, the beating signal at 487 cm™! shifts to a lower diagonal crosspeak
position. In contrast, the beating signals at 104 cm ™ tand 278 cm ™1 appear primarily along
the diagonal and remain unperturbed upon packing on SWNTs, as do all beating signals for
dimers D14 and D34 (Figure 3.54).

The detailed patterns of the beating signals can be used, in the absence of solvent reorga-
nization, to assign the origin of the signal [43]. Unfortunately, in our fluorescein heterodimers,
the Stokes shift complicates the assignment of the beating signals using this method because
ground-state signals will show minimal solvent reorganization, while excited-state signals
will shift more. The separation is not enough to fully separate the excited- and ground-state
signals, leading to vertically elongated beating patterns in the beating maps. We therefore
performed separate beating map analyses for the rephasing and non-rephasing portions of
the 2D spectra of D24 both with and without SWNTs to obtain a better understanding of
the enhanced beating signal at 487 cm~t. All the possible Feynman pathways within our

laser bandwidth that could contribute to the 487 ¢cm™! beating signal are listed in Figure
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3.55).

3.9 Control experiments on bare single-walled nanotubes

We performed control experiments on our SWNTs to verify that we did not observe excitonic
coupling from the SWNTSs in our spectral range. The linear absorption spectrum of SWNT's
(Figure 3.56) indicates no exciton peaks in our laser spectral range (520 nm - 570 nm). 2D
electronic spectra of SWNTs are shown in Figure 3.57. No signal above the noise floor are
observed in the 2D spectra beyond 40 fs. No solvent signals are observed after 40 fs (Figure
3.58). Beating map analysis on the 2D spectra of SWNT demonstrates no coherences at
487 em ™1, excluding vibrational modes on SWNTSs as possible explanation for the enhanced

beating signal we observed on D24 with SWNTs.

3.10 Discussion on the origin of enhanced signal in the power

spectrum of D24 packed on single-walled nanotubes

Many models have been created to explain beating signals in 2DES data invoking physical
mechanisms involving purely electronic coherence with correlated spectral motion [15], vibra-
tional wavepackets on both the excited and ground states arising from vibronic coupling [22],
and ground-state vibrational coherences arising from non-adiabatic coupling among excited
states [2]. When packed on SWNTs, only D24 shows enhanced beating signals; the beating
signals in D14 and D34 are almost unchanged. This observation allows us to rule out purely
electronic origins for our signal because such a coherence should appear in all dimers at a fre-
quency corresponding to the energy difference between electronic excited states. All dimers
contain M4 as one of the constituents, yet we do not observe any enhancement in the beating
signals from D14 and D34. The strongest vibrational mode of M2 is at 347 cm ™! (Figure
3.50). However, this 347 cm ™! vibrational mode is not captured in the power spectra of D24

either with or without SWN'Ts, probably due to the fact that our laser spectrum falls off
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(green panel) SWNTs. The Fourier amplitudes are indicated by color bars.
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Figure 3.55: Feynman pathways accessible to our experimental laser bandwidth in a vibroni-
cally coupled dimer. Pathways involving out-of-band transitions are not listed above (e.g., gg
— eB; and ESA pathways involving similar transitions). Pathways involving each monomer
arising from coupling between the electronic excited states and from vibronic mixing between
the monomers are listed separately for clarity.

119



0.9 T T T T T T T T
—— EtOH

08 F — Saturated SWNTin EtOH 7

Absorption [A.U.]

L ==

200 400 600 800 1000 1200 1400 1600 1800 2000

Wavelength [nm]

Figure 3.56: Linear absorption spectra of EtOH and saturated SWNT solution in EtOH
show no excitonic peak in our laser spectral range (520 — 570 nm).
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Figure 3.57: Absolute-valued 2D spectra of saturated SWNT solution in EtOH at 0 fs, 40
fs, and 100 fs demonstrate weak signal contribution from SWNTs in 2DES measurements.

120



1.0
20000 }
0.9
19500 | -
— 18500 | 0.6
-
X 18000 0.5
»
17500 | 04
0.3
17000 }
0.2
16500 | o
16000 | 0

_40 —30 -20 -10 0 10 20 30 40
Waiting time [fs]

Figure 3.58: Spectrum of the solvent induced signal shows no solvent signal contribution
after 40 fs.

121



w =487 cm™ on absolute value data

D24 with SWNT SWNT
20000 035 20000 - 035
L]
L] 1
: 03 . 03
19500 1 19500 [
' .
: 0.25 " 025
19000 : 19000 ’
= 0.2 = d 0.2
g - 5 ;
218500 i o5 — 18500 ; 015
5 -4 __a ________ g SRS A MRS I
1
18000} R |V . 0.1 18000 IS RNV ZCAR 0 S pEA s 0.1
:
0.05 : 0.05
17500 e 17500 -
L] L}
0 0
17500 18000 18500 19000 19500 20000 17500 18000 18500 19000 19500 20000
w_ [cm7] w_ [cm7]

Figure 3.59: 2D frequency beating maps of D24 with SWNTs and saturated bare SWNT
solution at 487 cm~! show no beating contribution from SWNTSs alone. The beating maps
are generated from absolute-valued 2D data that are normalized to a 0 fs waiting time.
Dotted lines from Figure 3.42 and Figure 3.53 for D24 are overlaid on the figure for reference
purposes.

quickly at the blue edge. The vibrational modes of M2 are weak compared to M4, which is
shown clearly in the Raman spectrum of D24 as green trace in Figure 3.51. Therefore, the
amplified vibrational mode on M2 is also excluded as the origin of the significant signal am-
plification observed in the power spectra of D24 with a SWNT substrate. Two-dimensional
frequency beating maps of vibrational modes on M2 and M4 are shown in Figure 3.60. The

L' mode on M2 and M4 are different from what is observed in the

locations of the 487 cm™
frequency beating map of D24 packed on SWNTs and further validate our conclusion that
the increased beating signal at 487 cm™! does not arise from purely vibrational modes on
monomers. A vibrational signal should not depend on the tuning of the excited-state transi-
tions. That is, a purely vibrational mechanism is not likely to be the source of this enhanced
beating signal in D24 with SWNTs. Another possible explanation could be that the SWNT
displaces the M4 excited electronic state changing the Franck-Condon factors (formally, an

increase in the Huang-Rhys factor). In this case, we would expect a stronger signal from

the M4 vibration in all dimers because M4 is present in all dimers; we would further expect
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Figure 3.60: 2D frequency beating maps of M2 and M4. (a) 2D frequency maps of M2 (blue
panel) and M4 (red panel) for 104 cm ™!, 278 cm ™!, and 487 cm ™!, (b) 2D frequency maps
of M2 (blue panel) for 347 cm™!, 487 cm™!, and 590 cm™!. The Fourier amplitudes are
indicated by color bars. Dotted lines from Figure 3.42 and Figure 3.53 for D24 are overlaid
on the figure for reference purposes.
that the beating pattern would remain the same. This hypothesis is inconsistent with our
observation. For the same reason, we believe that this signal is inconsistent with a resonant
Raman process.

We have attempted to analyze our data in the context of Feynman diagrams akin to
those presented by Turner et al [43]. This analysis was frustrated by the Stokes shifts of our

excited states, but we include some of our discussion and analysis here. For the Feynman

pathways in Figure 3.55, all pathways involving vibrational beating on the ground states
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go through two transitions that would be weighted by Franck—Condon factors (e.g., two
vibrational |0> to |1> transitions). Thus, for any given vibrational mode, the beating would
be enhanced by the same amount for all of the corresponding vibrational beating pathways.
That is, if we observed increased signal from these pathways, the pattern would not change
in a 2D frequency beating map. This is not what we observe in the experiment. Similarly,
the differences in the pattern in the rephasing data (enhancement at the green point) as well
as the changes in the non-rephasing data, in which the left-hand peaks (black and orange)
are significantly more enhanced than the right (green and purple), are inconsistent with
this “purely ground-state vibration” hypothesis. In fact, we observed strong enhancement
at the green spot in the rephasing data, and strong enhancement at the black spot along
with weaker enhancement at the green and orange spots in the non-rephasing data. These
observations further support our assertion that we observe some beating on the excited-state
surface because of vibronic mixing.

Non-adiabatic couplings between electronic transitions and vibrational motions can give
rise to microscopic origins that are very hard to distinguish from one another. In one treat-
ment, suggested by Jonas and coworkers [2] to explain signals in photosynthetic complexes,
vibronic couplings in the excited-state manifold can give rise to ground-state vibrational
wavepackets implying that the observed coherences are simply ground-state vibrations (but
these ground-state vibrations do report on excited-state couplings). In the subsequent treat-
ment suggested by Mancal and coworkers [22], the beating arises from wavepacket motion on
both the excited- and ground-state surfaces when the electronic transition of one monomer is
nearly resonant with a vibration on the excited state of the other monomer. Both approaches
invoke the same underlying mechanism and require a vibrational energy gap to be resonant
with the energy difference between the ground-to-excited-state transitions. Both treatments
involve a non-Born-Oppenheimer coupling and can be operative with weak electronic cou-
pling, as in this system. The treatment suggested by Jonas and coworkers [2] projects the

nuclear motion onto a shared vibrational mode that couples to the two electronic states with
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an opposite sign to drive dynamic changes in the character of the excited state. Such a mode
is a normal mode and therefore a natural representation only in the presence of strong vi-
brational coupling. Our Raman spectra show little difference between the vibrational modes
in the monomers and in the dimer, implying extremely weak vibrational mixing between
the monomers. Rather, we think that our vibronic mixing is more readily expressed in the
second treatment that is more akin to a Fermi resonance whereby the electronic state of M2
mixes with a vibrational mode on the excited state of M4. This non-adiabatic mixing gives
rise to both ground- and excited-state wavepackets in our spectroscopy. The requirement
for this type of mixing would be that the coupling between the excited states (likely dipo-
lar in nature) must be greater than the differential noise induced by system?bath coupling.
Consistent with this prediction, the patterns that we see in the beating maps (Figure 3.53
appear to contain contributions from both excited-state coherences as well as ground-state
coherences generated by vibronic coupling between the excited states.

The beating maximum of 487 cm ™! in D24 with SWNTs along the wy axis appears about
150 em ™! below the absorption maximum of M4. We attribute this shift to fast solvent
reorganization around the nascent excited states. Because this solvent reorganization only
happens for excited states and not for the ground state, this observation further supports
our assertion that we detect some beating on the excited-state surface. That is, some portion
of the amplified beating signal at 487 cm™! is due to coherence involving excited electronic
states.

Thus far, our discussion has focused primarily on the amplitudes and energies of the
observed signals, as is natural in analyzing spectra. However, we believe that it is equally
important to understand the role of the rigidity of the molecule as we analyze possible cou-
pling mechanisms. In our 2DES data, we observe a dependence on the restricted distribution
of orientations between chromophores — that is, our observation of enhanced vibronic coher-
ence occurs only when we pack D24 on SWNTs not when D24 is in solution. Though existing

vibronic models do not explicitly consider orientation, the models do not prevent inclusion
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of this degree of freedom. For example, Mancal’s vibronic model [22] depends on Coulomb
couplings between chromophores. These couplings are usually modeled as dipole-dipole
couplings that necessarily involve orientational dependence. By restricting the distribution
of relative orientations of chromophores within the heterodimer on the SWNT substrates,
our approach narrows the distribution of off-diagonal Coulomb couplings between the chro-
mophores. This more ordered Hamiltonian may help support vibronic mixing, leading to

larger signals in an ensemble measurement.

3.11 Vibronic coherence and coherent energy transfer

The constructive role of vibronic coherence in energy transfer process has been suggested by
theoretical calculations [44-48] and observed by Womick and Moran in one photosynthetic
system [49]. We also observe some subtle changes in the decay dynamics of D24 packed
with SWNTSs that may be due to vibronic coherence as shown in Figure 3.61. However, our
dimer system is simply not designed to optimize energy transfer. We specifically designed our
system to explore design principles of vibronic coherence and therefore created weak coupling
between the chromophores. That is, we wanted to measure the effects of orientation and
shared environment on dynamics of an excited state resonant with another excited state plus
a vibration. To observe our signal, we specifically worked in the weak coupling regime where
energy transfer is rather slow compared to dephasing. As shown in Figure 3.62, the beating
signal at 487 cm ™! dephases below the noise floor by 520 fs.

One could instead optimize energy transfer by creating stronger coupling between con-
stituent monomers so that more energy transfer occurs before the vibronic coherence de-
phases. The corresponding experiment would, of course, presume that the vibronic coherence
was generated but probably could not be measured directly. It is difficult to test this hypoth-
esis in these samples because only an oscillation or two are visible. This is the same issue
seen in photosynthetic systems at room temperature where the data provides little insight

into the energy transfer mechanism [3, 50].We have provided the waiting time traces in the
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Figure 3.61: Time traces extracted from the 2D data for D24 and D14 both in solution and
packed on SWNTs. Data are taken at a point below the diagonal (marked with a box on
the 2D spectrum in the right column) that accounts for solvation of the excited state of the
higher energy constituent monomer (donor). In dimer D14 (bottom row), the data traces fall
nearly on top of one another, while in D24 (top row) slight separation occurs in the initial
100-200 fs. This timescale corresponds to the timescale of the vibronic coherence observed in
our data. We cannot assign statistical significance to the separation observed above because
of strong vibrational beating or definitively assign it to coherent energy transfer. However,
we find it interesting that we observed this reproducible difference. Our dimer systems were
designed to preserve vibronic coherence by exploiting weak coupling (slow transfer) between
the constituent monomers, but we still see hints of dynamics consistent with accelerated
energy transfer during the initial period following excitation.

2DES data of D24 and D14 both in solution and packed with SWNTs in Figure 3.61. The
fitting process is the same as that of Figure 3.42.b. We observe faster dynamics when D24 is
packed on SWNTs, while the decay dynamics in D14 show much less change regardless of the
presence of SWNTs. This faster decay of D24 packed on SWNTs may suggest that vibronic
coherence facilitates relaxation dynamics. However, we feel that we lack sufficient evidence

to claim that this faster decay results exclusively from the vibronic coherence because of the

changed chemical environment around the chromophores in our system.
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Figure 3.62: Power spectra of heterodimer D24 with and without SWNTs from 40 fs to 520
fs and from 520 fs to 1 ps. Fourier transforms of the residual beating signal are extracted at
positions indicated by boxes in Figure 3.42. The beating signal at 487 cm ™! decays below
the noise floor well before 1 ps, although some vibrational coherences are still visible in the
dataset at 1 ps.
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3.12 Conclusion

Synthetic control of electronic energy levels and two-dimensional electronic spectroscopy
combine to provide a toolset to dissect contributions to coherent beating signals experimen-
tally. Contrasting the beating power spectra of structurally flexible heterodimers with and
without SWNT, we show that limiting the relative orientation of the chromophores by pack-
ing on SWNT can generate stronger vibronic coherences. The same data show that electronic
coupling between the two proximal chromophores in our synthetic dimer alone is insufficient
to create observable vibronic coherences. The controllable energy gap in the synthetic het-
erodimers enables us to explore the contribution of a resonant vibrational mode to observed
coherences. If the physical origin of the observed coherences were purely electronic, peaks at
corresponding energy gaps would emerge consistently in all three heterodimers. Similarly, if
the origin were purely vibrational (Raman), we would expect to observe the signal in all het-
erodimers because they all include monomer M4. In conclusion, we report that we observe
vibronic coherence in 2D spectra only when we both restrict the relative orientation between
chromophores (transition dipoles) and ensure that a vibrational mode matches the energy
difference between the two electronic transitions of the dimer. We speculate that this res-
onant vibrational mode may provide a mechanism for fast coherent relaxation within these
molecular systems because the higher-lying excited state can readily dissipate energy by
coupling to the lower state plus a single vibrational quantum of energy as has been observed
in light-harvesting allophycocyanin dimers [49]. We believe that the general applicability
of SWNTs as substrates for molecules with m-interaction properties may help guide future
development of artificial energy-transfer devices that can exploit improved efficiency from

vibronic coupling.
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CHAPTER 4
TWO DIMENSIONAL ELECTRONIC SPECTROSCOPY OF
CAVITAND MOLECULAR SWITCH REVEALS DYNAMICS
THAT FRUSTRATE ACCURATE FRET MEASUREMENTS

Forster Resonance Energy Transfer (FRET) describes the incoherent transfer of an elec-
tronic excitation from a donor fluorophore to a nearby acceptor. FRET has been applied
as a probe of local chromophore environments and distances on the nanoscale, taking ad-
vantage of the steep distance dependence of transfer efficiency and the ability to extract
efficiencies from standard experimental values such as fluorescence intensities or lifetimes.
Competition from nonradiative relaxation processes is often assumed to be constant, but as
this competition depends on the donor environment, which may change substantially with
conformational changes. In this chapter, we perform two dimensional electronic spectroscopy
(2DES) on a pair of functionalized borondipyrromethine (BODIPY) dyes, that are attached
on opposite arms of a resorcin[4]arene cavitand molecular switch, to study the effects of
nonradiative relaxation on FRET dynamics. Temperature induced switching between two
conformations (from wvase to kite) increases the donor-acceptor distance from 0.5 to 3 nm,
affecting both FRET efficiency and nonradiative relaxation. By disentangling different dy-
namics based on lifetimes in 2D spectra, we independently observe nonradiative relaxation,
energy transfer (FRET), and residual fluorescence from the donor in both vase to kite con-
formations. We observe changes in both FRET rate and nonradiative relaxation when the
molecule switches from vase to kite, and measure a 70% greater change in transfer efficiency
with donor-acceptor distance than would be determined by standard lifetime-based measure-
ments. These observations show that changes in competing nonradiative processes must be

taken into account when highly accurate measurements of FRET efficiency are desired.

The work presented in this chapter has equal contributions from L. Wang and John. P. Otto.
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4.1 Nonradiative processes contributions to FRET

measurements in complex environments.

Forster Resonance Energy Transfer (FRET) is a mechanism that moves an excitation nonra-
diatively from a donor fluorophore to a nearby acceptor via transition dipole interactions [1].
FRET can be elegantly described by readily accessible experimental parameters such the dis-
tance between chromophores (R), the fluorescence spectrum of the donor, and the absorption
spectrum of the acceptor [2]. The mechanism’s well known R0 distance dependence has
led to widespread application [3, 4] of FRET as a spectroscopic measure of distances on the
single nanometer scale [5, 6] particularly to probe interactions between biomolecules such as
proteins [6-10] and DNA [11-14] and to image those interactions within cells [15-21] and an
extensive array of donor-acceptor pairs have been developed for these purposes [8, 14, 22-28].
In Forster’s model, the coupling between the donor and acceptor electronic states is treated
as a second order perturbation allowing the interaction to be governed by the transition
dipole moments of the excited electronic states. The coupling is sufficiently weak (and the
transfer rate therefore sufficiently slow) that the donor relaxes to thermal vibrational equi-
librium in its electronic excited state before transfer can occur. Although no absorption or
emission occurs in the transfer itself (FRET is nonradiative), the same transition dipoles as
donor emission and acceptor absorption drive the transfer, so resonance can be determined
by absorption and emission spectra, and transfer competes with donor fluorescence (and, as
we will show, non-radiative relaxation).

Experimentally, FRET efficiency can be determined by photon counts of donor or accep-
tor fluorescence, or by changes in the donor’s decay lifetime [20, 29]. The latter approach is
often preferred due to relative immunity to cross-talk and concentration artifacts [7, 19, 22]
and is based on kinetic competition of decay processes, leading to equations for efficiency

such as

TDA 1
E=1— = 4.1
D 1+ (RjR) (4.1)
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where 7 and 74 are measured lifetimes of the donor alone and in the presence of the
acceptor, R is the donor-acceptor distance, and Ry is the distance at which the transfer rate
is equal to 7p, corresponding to 50% transfer [9, 21]. The donor lifetime depends on the

relative rates of competing processes as

1
—— kp =kp f+kpnr (4.2)

—— = kpa = hp g+ kpr + b (4.3)
where kp ¢, kp p, and kg correspond to fluorescence, nonradiative relaxation, and en-
ergy transfer. Lifetime based FRET determinations of this nature rely on assumptions that
all processes involved are in kinetic competition, and that processes other than FRET, i.e.
nonradiative relaxation, behave similarly for the donor regardless of the donor-acceptor dis-
tance [30]. However, local solvation conditions and system-bath coupling can change as
molecular conformation changes. Such changes can break the assumptions above and frus-
trate accurate measurement of FRET efficiency. We demonstrate this scenario using 2D
electronic spectroscopy and show how nonradiative processes affect FRET measurements.
To investigate the interactions between nonradiative relaxation and FRET, we synthe-
sized a model dimer consisting of a pair of functionalized boron-dipyrromethine (BODIPY)
dyes (donor and acceptor) attached to opposite walls of a resorcin[4]arene cavitand molecular
switch. Derived from previous studies that established cavitands as a platform for FRET
dynamics [31-33], this BODIPY-cavitand dimer switches via temperature change between
two conformations, vase at room temperature (RT) and kite at -80°C. Short linkers on the
cavitand base hold donor-acceptor distances at 0.5 nm in the vase conformation and at 3
nm for kite. The BODIPY derivatives used as donor and acceptor are chosen due to their
known intrachromophore nonradiative relaxation pathways [34-36]. Observing interactions
between nonradiative relaxation and FRET is made possible by resolving signals from these

processes in energy and time. Two-dimensional electronic spectroscopy (2DES) has this

139



ability, and has previously given insight into ultrafast energy transfer and relaxation dynam-
ics in both biological [37-39] and synthetic [40-42] systems. Here we use this technique to
probe the energy transfer and relaxation dynamics in a model dimer in order to drive future
improvements in FRET techniques.

By performing 2DES measurements on the BODIPY-cavitand dimer and separating the
signal based on time dynamics, we disentangle three relaxation pathways (nonradiative relax-
ation, energy transfer, and residual fluorescence) and isolate their lineshapes from the donor
in both conformations (kite at -80°C and wvase at room temperature). Based on our signal
isolation analysis, we observe that the contribution of nonradiative relaxation to the overall
donor decay changes with conformation. We show that due to this change in nonradia-
tive relaxation, lifetime measurements underreport the transfer efficiency difference between
kite and vase conformations, highlighting the need to test assumptions about nonradiative

processes when measuring FRET in complex environments.

4.2 The BODIPY-cavitand dimer system.

To understand the interactions between nonradiative relaxation and FRET, we developed
a model dimer that undergoes both processes and gives us external control of the transfer
dynamics. The chemical structure of the BODIPY-cavitand dimer is shown in Figure 4.1.
Figure 4.2.a shows molecular geometries of the dimer in both conformations, calculated
using the semi-empirical AM1 Hamiltonian in Gaussian 09 [43, 44]. The BODIPY-cavitand
dimer adopts the vase conformation at room temperature (RT, 21°C), but switches to the
kite conformation at low temperature due entropic interactions with the surrounding solvent
[45]. Switching begins near -50°C, and by -80°C all molecules are in the kite conformation.
The molecular switch design provides a direct handle on donor-acceptor distance and the
vibrational bath that defines the local environments of the donor and acceptor. In the
vase conformation, the donor and acceptor are sterically confined in an orientation that

promotes dipole-dipole coupling, and the ~0.5 nm donor-acceptor distance is too close to
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Figure 4.1: The chemical structure of the BODIPY-cavitand dimer. Donor (left) consists
of an extended BODIPY core substituted with phenylacetylene groups, while the acceptor
(right) is the same but with the phenyl groups replaced with N-ethyl carbazole
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Figure 4.2: Calculated structures and corresponding optical properties of vase/kite confor-
mations. (a) AM1 optimized geometries of the cavitand in vase (top left) and kite (bottom
left) conformations, representative of the structure at 21°C and -80°C, respectively. (b)
Absorption (red dashed line) and fluorescence (solid line) of the vase conformation. (c)
Absorption (blue dashed line) and fluorescence (solid line) of the kite conformation. Laser
spectrum is filled with grey area. Absorption of donor-acceptor mixture (1:1 molar ratio)
at RT and -80°C are plotted with black dashed lines in panel b and dark grey dashed lines
in panel c¢. The absorption mismatch between cavitand and dye mixture in the vase confor-
mation indicates strong donor-acceptor interaction. The fluorescence spectra, excited at 525
nm for both conformations, show increased energy transfer in the vase conformation than
in the kite, as evidenced by the intensity shift from donor emission at 610 nm to acceptor
emission at 670 nm.
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allow independent solvation of the two chromophores, suggesting that they must interact
vibrationally as well. By comparison, the kite conformation provides relative orientational
freedom to the donor and acceptor and a separation of ~3 nm, and while they are separated
by less than Ry, they interact weakly enough that the approximations made in FRET theory
accurately describe their interaction. The large donor and acceptor dyes in the BODIPY-
cavitand dimer were chosen both for their significant nonradiative relaxation (evident from
fluorescence quantum yields) and for their large spectral overlap of donor emission with

acceptor absorption, which promotes FRET.

Quantum Yield (%)
Donor 30.6 £ 0.8
Acceptor | 4.40 £ 0.02

Table 4.1: Fluorescence quantum yield of donor and acceptor.

The quantum yields of the donor and acceptor are shown in table 4.1 and Figure 4.3.
All spectra for the quantum yield measurement were recorded using a Horiba Fluorolog 3
with the Quanta-Phi integrating sphere attachment. Actual calculation of quantum yields
was performed via the software packaged with the instrument, and the values are recorded
below in Table 4.1. Scatter-corrected absorption is determined by subtracting the scatter
signal at from the fluorophore solution from that of a solvent blank, measured with the same
excitation source. Scatter-corrected emission is similarly determined by subtracting solvent
blank signal from the fluorophore emission spectrum. The ratio of integrated fluorophore
emission counts to absorption counts defines the quantum yield. In this case, acceptor
emission spectra are scaled by a factor of 1/100 to account for a 100x longer integration time
due to weak signal.

UV /Vis absorption spectra of the BODIPY-cavitand dimer were recorded using a Cary
5000 dual-beam UV /VIS/NIR spectrophotometer and the steady state fluorescence spectra
were measured via a Horiba Fluorolog 3. Absorption and fluorescence spectra of the vase

conformation at room temperature and kite conformation at -80°C are shown in Figure 4.2.b
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quantum yield calculation. Grey boxes indicate bounds of integration for quantum yield
calculations.
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and Figure 4.2.c. Comparison of the BODIPY-cavitand dimer absorption spectra (dashed
red/blue lines) to that of a 1:1 mixture of donor and acceptor in solution at the two tem-
peratures (dashed black/grey lines) highlights the change in electronic coupling that occurs
with conformational switching. The kite spectra resembles that of the dye mixture, but the
vase absorption blue-shifts relative to the dye mixture, indicating interactions between the
donor and acceptor that shift their ground and excited state energies. Fluorescence spectra
of vase (red solid line in Figure 4.2.b) and kite (blue solid line in Figure 4.2.c) dimers show
a clear increase in donor emission and concurrent decrease in acceptor emission when the
BODIPY-cavitand dimer switches from kite to vase. These fluorescence intensity changes
suggest a decrease in FRET efficiency when the donor-acceptor distance increases, indicating

that the BODIPY-cavitand dimer performs as designed.

4.3 2D electronic spectra of the BODIPY-cavitand dimer.

Two-dimensional electronic spectroscopy (2DES) is a four-wave mixing technique that uses
three ultrafast pulses at controlled time delays to interact with a sample, generating a third
order nonlinear signal. Two frequency axes, wr and wy, are produced via Fourier transfor-
mation over the first and third time delays (coherence time, 7, and rephasing time, t). These
axes represent the frequencies of excitation and detection, respectively, and correspond to
the horizontal ( w;) and vertical (w¢) axes on all 2D spectra shown in this paper. Shown as
the change in transmitted light (AT), signal recorded at a series of waiting times (T) can
reveal the time dynamics of the interrogated sample. Positive features can be attributed to
stimulated emission (SE) or to ground state bleach (GSB, a decrease in absorption caused
by depletion of the ground state population). Negative features are due to excited state
absorption (ESA).

2D spectra are frequency-frequency correlation maps; describing the optical response
of a system (recorded on w; axis) at a series of waiting time T after initial excitation at

wr. In contrast to typical fluorescence techniques, which only capture spontaneous emission
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from excited states, 2DES captures dynamics on both the excited states (ESA and SE)
and the ground states (GSB) of the chromophores. Signals due to excited state dynamics
(e.g. energy transfer or Stokes shift within an individual chromophore) will lead to spectral
position changes from diagonal to off diagonal in a 2D spectrum. By comparison, ground
state bleach signals will stay on the diagonal, and can thus be separated from excited state
dynamics. Separate observation of ground and excited state dynamics can be useful for
de-convoluting complex energy transfer pathways.

Additionally, the lineshapes of 2D signals inform on the mechanisms that lead to broad
spectral signals [46]. Inhomogeneous broadening (extension along the diagonal) gives in-
sight into static variation in chemical environments, which perturb the excitation energies of
individual chromophores [47]. Comparatively, homogeneous broadening (which determines
antidiagonal linewidth) occurs when frequency fluctuations due to bath interactions occur
quickly compared to the experimental timescale, such that an individual chromophore ex-
periences all configurations of its local environment during a given measurement and thus
represents the entire ensemble [48]. In the homogeneous limit, one can estimate the dephas-
ing time of a transition by its homogeneous linewidth [49].

Two-dimensional electronic spectra of the BODIPY-cavitand dimer were acquired using
a homebuilt instrument that has been described previously [40]. A Ti:Sapphire oscillator
and regenerative amplifier (Micra and Legend Elite, Coherent) generate a 5kHz, 100fs pulse
train that is directed into a noncollinear optical parametric amplifier (NOPA, TOPAS).
The output of the NOPA is then compressed using a prism pair followed by a spatial light
modulator array (FemtoJock, Biophotonics). The resulting pulse (12 fs, 530-650 nm FWHM)
is then split into four via a beamsplitter and a transmissive grating. The four beams are
directed to the sample with a boxcar geometry. The time delays are controlled by paired
glass wedges (coherence time, 7) and a translational stage (waiting time, T). Beam 1, 2 and
3 interacts with sample to generate the third-order signal. Beam 4 is attenuated by three

orders of magnitude and serves as local oscillator for heterodyne detection. Signal, along
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Figure 4.4: Representative real-valued phased 2DES spectra for vase/kite conformation. (a)
2DES spectra of vase at 20 fs waiting time. (b) 2DES spectra of vase at 260 ps waiting time.
Highlighted points are 17100 cm™! (585 nm) diagonal (white star) and crosspeak (black
star) at the same w, (17100 em™1, 585 nm) and wy of 16400 cm ™! (610 nm). (c) Time series
of 2D spectra ranging 0-1000 fs and 5-800 ps for both wvase and kite, normalized to T=0.
(d) 2DES spectra of kite at 20 fs waiting time. (e) 2DES spectra of kite at 260 ps waiting
time, with same highlights as in b. Spectra in a and d are normalized independently for the
two conformations at 20 fs, while spectra b and e are normalized independently for the two
conformations at 260 ps. The growth of the cross peak (black star, 17100 em ™! in wy and
16400 cm™! in w;) corresponds to donor relaxation to donor fluorescence as well as FRET

transfer to acceptor absorption during waiting time.
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Figure 4.5: Stokes shift in vase and kite measured by ultrafast 2DES. A vertical slice of the
2D spectrum taken at w, =17100 cm™! from 0 to 150 fs waiting time is shown. Vertical
axis wy is the same as in all other 2D spectra shown. Initial excitations relax on the order
of 30-50 fs, consistent with dephasing lifetimes calculated from Figure 4.6.

with the local oscillator, is directed to a spectrometer and the resulting interferogram is
recorded on a CCD array (Andor).

We performed 2DES measurements on the BODIPY-cavitand dimer at both room tem-
perature and -80°C in two sets of waiting times: one from -20 to 1000 fs with a 10 fs stepsize,
and the other from -5 to 800 ps with a 5 ps stepsize. Representative real-valued 2D spectra
for the kite and wvase conformations of the dimer are shown in Figure 4.4, which contains
logarithmically spaced time series and highlights time points for comparison. The 2D spectra
of each conformation in Figure 4.4.c are normalized to the maximum of 2D spectrum at T=0
fs in both datasets, and the frames in the highlighted spectra (Figure 4.4.a, Figure 4.4.b,
Figure 4.4.d, and Figure 4.4.e) are normalized individually.

At T=20 fs, 2D spectra of both vase (Figure 4.4.a) and kite (Figure 4.4.d) show an

inhomogeneously broadened peak along the diagonal at roughly 17100 cm™1.

This signal
corresponds to the initial absorption of the donor, because at 20 fs the system has not yet
relaxed past this starting point. Vibrational relaxation (aka Stokes shift) from this initial

absorption occurs within the first 100 fs, leading to the below diagonal cross peak in all
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subsequent spectra.

At T=260 ps (Figure 4.4.b and Figure 4.4.e), two dominant features are present in both
2D spectra —a diagonal peak at 17100 cm ™! (white star) and a crosspeak at 17100 cm
—1 (585 nm) in w; and 16400 (610 nm) em™! in w; (black star). The diagonal feature at
T=260 ps is due to ground state bleach on the donor, because Stokes shift from the initial
excitation has completed by this time. The below diagonal crosspeak corresponds primarily
to stimulated emission from the Stokes shifted excited state of the donor. Additionally,
all features are very broad along the anti-diagonal direction, indicating the homogeneity of
excited donor molecules. This homogeneity is caused by rapid dephasing on the scale of
tens of fs, possibly driven by the same processes as the Stokes shift observed in femtosecond
resolved 2D spectra (as shown in Figure 4.5), which occurs on the same timescale. The

dephasing lifetimes are shown in Figure 4.6.

4.4 Lifetime specific 2D signal isolation.

Lifetime maps, generated from global fitting of the decay dynamics of each pixel in a 2D
spectrum, quantify the contributions of various pathways to the overall signal. We performed
this lifetime map analysis on the long waiting time (5 ps resolved) 2D data, specifically from

5 ps to 800 ps.

4.4.1 Fitting algorithm.

To obtain the lifetime maps shown in Figure 4.8, the following approach was taken: First,
lifetimes were determined using a binned dataset (10x in both frequency dimensions) with
waiting times from 5 ps to 800 ps. Time traces associated with each pixel in the 2D spectra

were fit to a bi-exponential decay with an offset
S(T) = Are” T/ 4 Age=T/72 4 Aq (4.4)
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where 71 and 19 are globally optimized decay constants for different transfer or relaxation
processes. The A; values correspond to the contribution of each process with Ag corre-
sponding to the contribution of signals with decay constant 75 > 800 ps (our experimental
timescale). Results of this fit were used to filter out points with less than 10% total signal
from the first or second lifetime. The remaining signal was then least-squares fit to the same
model, but with 7 and 79 constant across the dataset (to optimize those values, listed in
Table 4.2). These lifetimes were then used to generate the maps shown in Figure 4.8 using an
unbinned dataset. For this, each pixel in frequency space was normalized and least-squares
fit to the same model with the global times. The resulting map of pre-exponentials (which
summed to one in each pixel) was then weighted by the signal at T=5ps (the first nonzero

waiting time) to give the plots in Figure 4.8.

71 (ps) 72 (ps)
kite | 24.3 £ 3.4 | 510.5 + 414
vase | 27.4 £ 5.2 | 271.4 + 8.2

Table 4.2: Lifetimes used to generate lifetime maps.

Confidence bounds for the pre-exponentials are shown in Figure 4.7. To generate the
maps shown in Figure 4.7, we scaled one side of the 95% confidence bound for the given

parameter by the intensity of the starting value (same scaling as in Figure 4.8 in main text).

4.4.2  Lifetime maps of the BODIPY-cavitand dimer.

The lifetime maps generated by the algorithm described in Section 4.4.1 is shown in Figure
4.8.The left (grey) column in Figure 4.8 shows a fast (~ 25ps) decay for the BODIPY-
cavitand dimer in the vase (RT, top) and kite (-80°C, bottom) conformations. These life-
times are consistent with reports of a decay in the 15-30 ps range for meso-aryl substituted
boron dipyrrin structures [34, 35] and in BODIPY. We assign this fast decay to a nonradia-
tive, vibrationally driven relaxation via combination of flexing in the dipyrrin backbone and

in rotation of the aryl group as suggested by references [34] and [35].This vibrational relax-
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Figure 4.7: Absolute value of 95% confidence bounds for fitting maps presented in Figure 4.8..
Generated by multiplying one side of the symmetrical 95% confidence range of the relevant
fit parameter (absolute value) with the starting real value signal as is done in Figure 4.8.
ation does not compete kinetically with energy transfer or fluorescence due to the multi-well
potential energy surface of the excited donor [34].

While the lifetimes of this nonradiative relaxation pathway are very similar for both
conformations, the corresponding lineshapes in the 2D lifetime map notably differ. In the
kite spectrum (lower left plot, grey, in Figure 4.8), the signal is primarily due to one ho-
mogeneously broadened feature at 17000 cm™!. The antidiagonal FWHM of this feature
corresponds to a homogeneous process with a dephasing lifetime of 48 fs, coincident with
the timescale of relaxation within the electronic excited state as seen via Stokes shift in
femtosecond resolved 2DES (Figure 4.5). The vase spectrum (upper left plot in Figure 4.8)
shows a similar feature near the diagonal as well as a below diagonal feature. The presence
of this off diagonal feature suggests significant perturbation of the excited state potential
energy surface due to the proximity of the acceptor.

The middle (orange) column in Figure 4.8 represents the strength of signal corresponding

to a several hundred ps decay time. This decay lifetime is not observed in fluorescence lifetime
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Figure 4.9: Representative time traces from the diagonal at 17100 cm™! and at the cross
peak at 17100 cm ! and 16400 cm™1. Fit parameters are listed in table 4.3.
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diagnonal Aq 71 (ps) Ay To (ps) Aj
RT 0.166 + 0.017 | 20.2 + 3.8 | 0.746 4+ 0.007 | 260.9 + 6.5 | 0.059 + 0.005
-80°C 0.229 + 0.012 | 26.8 &+ 2.8 | 0.568 £ 0.009 | 496.2 + 28.6 | 0.165 + 0.014

crosspeak Ay 71 (ps) Ao 7o (ps) Ag
RT 0.135 + 0.033 | 39.5 + 17.8 | 0.659 £ 0.027 | 286.0 + 25.0 | 0.065 £ 0.013
cold 0.153 £+ 0.023 | 27.2 £ 8.0 | 0.501 £ 0.028 | 598.0 + 93.5 | 0.152 + 0.038

Table 4.3: Fit parameters with 95% confidence intervals for time traces shown in Figure 4.9.

measurements of the donor solution. We assign this signal to be energy transfer between
donor and acceptor (FRET). The energy of the diagonal feature matches with GSB from the
donor, while the energy of the below-diagonal feature matches SE from the Stokes shifted
excited donor as well as the absorption of the acceptor. Both features decay due to FRET
transfer to the acceptor. Because Stokes shift in the donor is finished within 100 fs, all signal
at the diagonal observed on this timescale is due to GSB of the donor, meaning that only the
loss of donor excitation is observed. The below-diagonal features may contain signal from the
acceptor and have longer lifetimes than features on the diagonal (Table 4.3 and Figure 4.9).
Hence, the diagonal feature is used for donor lifetime measurements. This FRET transfer
pathway contributes to the majority of the signal, particularly in the wvase conformation
where the chromophores are close. This observation is consistent with the higher expected
transfer efficiency in the vase conformation relative to that of the kite.

The right (green) column shows the portion of the 2D signal that does not decay on
the timescale of 800 ps. We assign this signal to residual donor fluorescence based on the
measured fluorescence lifetime of the donor (2-3 ns, Figure 4.10). The double peak lineshape
of this signal can be described by a combination of GSB at the diagonal (corresponding to
the original absorption) and SE at the crosspeak (corresponding to Stokes shifted emission).
Simulated spectra generated from the absorption and fluorescence of the donor alone (Figure
4.11) qualitatively match the lineshape of this long-lived signal for both conformations,

further supporting our assignment.
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Figure 4.10: Fluorescence lifetimes measured by TCSPC. The measured data (in blue) are
fitted to exponential decays convoluted with a measured instrument response function (in
red) using software provided with the instrument. The jump at 27 ns is due to a small bleed
through in the pulse picker used to control excitation pulse timing. The fluorescence lifetimes
were measured on a ChronosBH lifetime fluorometer (ISS, Inc.) using Time-Correlated
Single Photon Counting (TCSPC) methods. The fluorometer contained Becker-Hickl SPC-
130 detection electronics and an HPM-100-40 Hybrid PMT detector. Tunable picosecond
pulsed excitation at 560nm was provided by a Fianium SC400-2 supercontinuum laser source
with integrated pulse picker and AOTF. Emission wavelengths were selected with bandpass
filters (Chroma HQ615/85nm). The Instrument Response Function (IRF) was measured to
be approximately 120 ps FWHM in a 1% scattering solution of Ludox LS colloidal silica.
Multi-component exponential decay lifetimes were fit via a forward convolution method in
the Vinci control and analysis software.
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Figure 4.11: Comparison between residual fluorescence features in Figure 4.10 with simulated
spectra of donor. Top row shows long time lifetime maps for both kite (-80°C) and vase (RT)
configurations. Bottom row shows simulated spectra made from a convolution of the donor
absorption with the sum of the donor absorption and fluorescence. Simulated spectra were
also convoluted (twice in wyqy and once in wy) with a measured laser spectrum to produce
the expected 2D signal.
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4.5 Energy diagram interpretation of the dynamics of the
BODIPY-cavitand dimer

A summary of the dynamics observed in the BODIPY-cavitand dimer is given in Figure
4.12. Absorption in the donor from ground state Dy to initial excited state D’ rapidly leads
to vibrational relaxation (Stokes shift) within the first 100 fs. This rapid relaxation to the
multi-welled excited state manifold, shown as D", affects the relative ratios of three fol-
lowing pathways. Nonradiative relaxation (shown in grey in Figure 4.8) reduces the total
excited state population by 20-30% over the next few tens of picoseconds, thereby limiting
the maximum efficiencies available to other pathways. This relaxation is caused by molec-
ular rearrangement and does not compete kinetically with the other relaxation pathways.
All remaining excitations relax via the electronic transition dipole, either as FRET or flu-
orescence. Chromophores in appropriate orientations decay via Foster transfer (orange in
Figure 4.8). However, some chromophores have transition dipoles in orientations that pre-
vent transfer, keeping them from decaying on the timescale of this experiment and instead
relaxing via fluorescence (green in Figure 4.8). With a rate of a few hundred ps, FRET is
the dominant dipole-driven relaxation pathway for the donor, which excites the acceptor as
the donor returns to the ground state. The acceptor then quickly relaxes out of our laser
bandwidth, and is not observed. Conformational change between vase and kite affects not
only the transfer rate, but also the ratio of chromophores blocked from transfer and the
contribution of nonradiative relaxation.

The multi-exponential nature of donor relaxation indicates that the branching ratios
are determined by factors other than their relative rates, because processes that compete
kinetically from the same state would lead to a single exponential as seen in equations 4.2 and
4.3. Fluorescence shown by the third lifetime (constant in the timescale of this experiment)
is prevented from transfer to the acceptor, possibly by some incompatible configuration of

transition dipoles. By comparison, the lifetime associated with energy transfer (orange in
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Figure 4.12: Energy diagram interpretation of the observed dynamics. Initial excitation to
D’ (light green) quickly Stokes shifts to multiple wells in the vibrationally relaxed state D”.
Excited donors then relax nonradiatively (grey), fluoresce (dark green), or transfer to the
acceptor via FRET (orange) as seen in Figure 4.8. Side panels show donor (green) and
acceptor (purple) absorption and emission spectra (light and dark lines) overlaid with the
laser spectrum (solid grey).

Figure 4.8) actually corresponds to the decay of states able to transfer, and has contributions
both from transfer and fluorescence. By assuming that the decay of these states is determined

by the relative rates of transfer and fluorescence as in most FRET experiments [20, 29], we

can approximate the transfer rate based on the following equation:

kop = ktr +kp (4.5)

where k¢, is the transfer rate we calculate, kop is the observed decay rate, and kp is the
fluorescence decay rate of the unperturbed donor [48]. This is equivalent to equation 4.3,
where kp =kp r+kp j and is measured independently in solution via time-correlated single
photon counting (TCSPC). As before, any rate k is defined as the inverse of the respective
lifetime 7. Using this approach, we estimate the transfer lifetimes to be 303 £+ 10ps for vase

and 602 + 58ps for kite.
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Following the standard assumption that the only control of FRET efficiency is the rela-
tive rate of donor decay with and without an acceptor, one can calculate a transfer efficiency
using equation 4.1, where 7p 4 is the decay lifetime of the donor in the BODIPY-cavitand
dimer, measured by 2DES, and 7p is the fluorescence decay lifetime of the donor in solution,
measured via TCSPC. Using this method, we calculate a transfer efficiency of 92.1 + 1.3%
transfer for vase and 78.0 £ 2.9% for kite. Calculations using 74 measured with TCSPC
agree with this value for kite, but predict only 87.5% transfer for vase, likely due to inter-
ference from the ~ 120 ps instrument response, as listed in Table 4.4. These calculations
assume that the only relevant dynamics are transfer and fluorescence, but the nonradiative
relaxation processes have a significant effect, as shown by the nonradiative relaxation signals
shown in Figure 4.8 (grey), where nonradiative contributions increase by 38% from wvase to
kite. Taking this increase into account, we obtain FRET efficiencies of 68.7 + 1.1% for vase
and 44.3 + 1.8% for kite, a significant reduction in overall values and a more than 70%

increased change between conformations when compared to the values measured from rates

alone.
Temperature | 71 (ps) Ao E(%)
kite BODIPY-cavitand -80°C 411+ 1 | 3090 &4 | 87.5 £ 0.1
vase BODIPY-cavitand RT 497 £ 1 | 3560 =4 | 78.0 = 0.1
Donor -80°C 3300 £ 1 - -
Donor RT 2600 + 1 - -

Table 4.4: Fluorescence lifetimes and FRET efficiencies measured by TCSPC.

4.6 Conclusions

When nonradiative processes affecting the same populations as FRET change with donor-
acceptor distance, FRET measurements that fail to take these processes into account can
be misleading. By separating features in both frequency and time with 2DES, we directly
observe changes in nonradiative relaxation in a BODIPY-cavitand dimer. The dimer changes

conformation with temperature, controlling the donor-acceptor distance and affecting the vi-
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brational bath that interacts with the chromophores. To understand the nonradiative relax-
ation and FRET dynamics in this dimer, we used 2DES to deconvolute overlapping spectral
features corresponding to nonradiative relaxation, FRET, and residual donor fluorescence,
and used this to calculate efficiencies that differ significantly from those determined from
lifetime measurements. In systems where nonradiative pathways affect the same population
that transfers through FRET, understanding how these pathways change with variations in
donor and acceptor environments is vital for the accurate determination of transfer efficiency.
This understanding will allow for improved FRET efficiency measurements in the complex

environments inherent to biological systems and advanced materials.
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CHAPTER 5
EXCITATIONS PARTITION INTO TWO DISTINCT
POPULATIONS IN BULK PEROVSKITES DUE TO
POLARON FORMATION

Methylammonium cations have been hypothesized to solvate electrons within the perovskite,
enhancing carrier lifetimes. However, it is difficult to test this hypothesis with thin films or
crystal surfaces, in which the carrier dynamics is obscured by grain boundaries and surface
defects. Here, we examine this hypothesis by performing transient absorption spectroscopy in
a transmissive geometry on perovskite single-domain single crystals. We observe two distinct
sets of carrier populations that coexist at the same radiation fluence but display different
rate laws; one relaxes through second-order recombination, the other through third-order
recombination. Using ab initio simulations, we find this observation is best explained by
coexistence of free carriers and localized carriers due to polaron formation. Our calculations
suggest that polarons will form in both CH3NH3PbBr3 and CH3NH3Pbl3, but are more pro-
nounced in CH3NH3PbBr3. Single-crystal CH3NH3PbBrs could be the key to understanding

the impact of polarons on the transport and optical properties.

5.1 Importance of probing carrier dynamics in perovskite

single-domain single crystals

Organolead halide perovskites as both light absorbers and solar cell transport layers [1-4],
have achieved certified power conversion efficiencies up to 21% [4]. Perovskite thin films and
nanocrystals have also been used in light emitting devices, including low threshold optically
pumped lasers [5-8] and bright photodiodes [9]. The extraordinary potential of perovskites
for optoelectronic applications has driven the broad scientific community to understand their

material and electronic properties. Optical spectroscopic studies such as photoluminescence
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lifetime and transient absorption spectroscopy have been performed on perovskite thin films,
revealing photogeneration of free charge carriers [10, 11], bimolecular charge recombination
dynamics [6, 12], band filling behavior [12], and long carrier diffusion lengths [13, 14].

Recently, polaron formation is believed to play a crucial role in the optoelectronic proper-
ties of organic-inorganic lead halides [15-23]. The lattice distortions of polarons may prevent
carrier recombination and extend carrier lifetime by screening the interaction between elec-
trons and holes, minimizing their overlap and further localizing them to different portions
of the lattice. The polaron hypothesis could potentially explain multiple important mate-
rial properties such as long diffusion lengths and low mobilities, which are characteristic
of organic-inorganic lead halides. However, nonintrinsic factors associated with thin films,
such as grain boundaries and surface defects, can significantly affect the carrier dynamics
and may obscure the discovery of polaron formation. For example, large densities of trap
states were found at surface defects and grain boundaries [24, 25], causing carrier loss due
to nonradiative recombination [26]. Exciton and carrier dynamics are also sensitive to the
inherent polycrystallinity of thin films [27]. Perovskite single-domain single crystals can pro-
vide pristine systems independent of these nonintrinsic factors. Compared to the reported
trap densities of 1010 - 1017 cm™3 exhibited in thin films [5], substantially lower trap densi-
ties of 107 - 1010 em™3 are observed in single crystals [28]. Recent breakthroughs in solution
processes for single crystal growth also permit millimeter-sized single-domain single crystals
that are large enough for optical measurements [28, 29].

In this work, we examine the polaron formation hypothesis by performing transient ab-
sorption spectroscopy on perovskite single-domain single crystals in a transmissive geometry.
Compared to transient reflectance spectroscopy, transient absorption signal in a transmissive
geometry is sensitive to the bulk rather than the crystal surfaces. The crystal surfaces are
usually viewed as extended defect states and considered to be different from the bulk phase
of the crystal [27]. Through a series of transient absorption experiments on CH3NH3PbBr3

single-domain single crystals with varied radiation fluences, we simultaneously observe evi-
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dence for two different sets of photogenerated populations with second-order recombination
and third-order recombination dynamics. Signatures of the two sets of populations are spec-
trally separated and simultaneously observed at the same radiation fluence. Our ab initio
calculations suggest that these two sets of populations can be attributed to free carriers

coexisting with localized carriers arising from polaron formation.

5.2 Single-domain single crystal preparation

Transient absorption measurements on perovskite single crystals are complicated by the
thickness of large single crystals with a high absorption cross-section [30, 31] and by scat-
tering. We developed a method of thin crystal preparation by polishing one dimension of
millimeter-sized single crystals to ca. 70-90 pm. After polishing, these single crystals are
thin enough in one dimension to transmit detectable probe light while still large relative to

the beam size in the other two dimensions, enabling transient absorption measurements [32].

5.2.1 Synthesis of CH3NHsBr

Methylammonium bromide was synthesized by the reaction between 40 wt.% methylamine
(CH3NH2) in methanol (TCI America) and 48 wt.% hydrobromic acid (HBr) in water
(Sigma-Aldrich). An equimolar amount of HBr was added dropwise to the CH3NHg so-
lution under ice bath and stirred for 2 h. The volatiles were removed on a rotovap. The
resulting solid was further recrystallized in ethanol to yield snow-white CH3NH3Br crystals.

CH3NH3B crystals were stored under dynamic vacuum to remove residual ethanol.

5.2.2  Growth of CH3NH3PbBrs single crystals

Equimolar CH3NH3Br and PbBrg (1 M) were dissolved in N,N-dimethylformamide (DMF).
The mixture was filtered with Teflon syringe filters (0.2 pum pore size, Fisher Scientific).

Single crystals of CH3NH3PbBrs were grown through co-evaporation of the filtered DMF
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solution with diethyl ether (1/50, v/v) in air.

5.2.8  Crystal polishing

The single crystals were mounted on one-inch glass slide using low melting point resin.
The mounted crystals were polished with 600, 1200, and 1500-grit sandpapers stepwise to
ca. 70 pum thickness. The crystal surfaces were further smoothed with polished finish pad
(McMaster Part No. 4611A109). The polished crystals were then transferred to clean glass
slides and mounted with optically clear double-sided tape. The prepared crystals were stored

under vacuum for further use.

5.3 Single-domain single crystal characterization

5.3.1 Linear absorption and optical microscopy

The linear absorption spectrum of the crystal with onset at 553 nm (2.24 eV) is shown
in Figure 5.1.a. The inset in Figure 5.1.a is an optical micrograph of a polished crystal
mounted by optically clear double-sided tape on a one-inch glass slide. No grain boundaries
were observed in the micrograph, indicating that the sample was indeed a single crystal
composed of a single domain.

The single crystallinity was confirmed by single-crystal X-ray diffraction and supported
by polarized optical microscopy. The birefringence of crystals can be used to detect crys-
tallinity. For a single crystal with a single domain, all crystal lattices are oriented in the same
way. Therefore, the whole crystal will exhibit the same change of brightness in a polarized
optical microscopy measurement. For polycrystals, crystal lattices are oriented differently
in different domains. Hence, different domains will exhibit different response to polarized
light showing brightness contrast in polarized micrographs. For crystals with Pm-3m space
group, the predicted single crystal shape is not square planar. We present polarized optical
micrographs on a polished single crystal (Figure 5.2.a,b) and a large square planar crystal
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Figure 5.1: Characterization of CH3NH3PbBr3 single crystals. (a) Linear absorption spec-
trum of CH3NH3PbBrg single-domain single crystal. Inset: Micrograph of a polished single-
domain single crystal with 500 pm scale bar. (b) Upper: Experimental powder XRD pattern
of the ground powder of several crystals. Lower: Simulated powder XRD pattern based on
single crystal XRD measurement (attached in the Supplementary Materials). (c¢) Photolumi-
nescence spectra of perovskite single-domain single crystal measured in a reflective geometry
with 532 nm excitation (gray) and in a transmissive geometry with 535 nm excitation (black).
The spectral dip at 532 nm in the reflective photoluminescence data is caused by a 532 nm
notch filter.
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Figure 5.2: Polarized optical microscopy reveals crystallinity of perovskite crystals. (a)
Micrograph of a polished single crystal. Scratches on the surface of the crystal are due to
polishing with sand papers. The circular edge in the micrograph is the contact edge between
the crystal and double-sided tape. Microscopy data was taken after all transient absorption
data. (b) Cross-polarized micrograph of the same single crystal in a. The crack evident
in b was caused by handling before polarized optical microscopy measurement but after all
transient absorption measurements. (c¢) Micrograph of a large polycrystalline square planar
perovskite sample for comparison (sample not used for spectroscopy). (d) Cross polarized
micrograph of the same sample in c.

for comparison (Figure 5.2.c,d). Our observations prove that the polished crystal is indeed
a single crystal with a single domain. The large square planar crystal is polycrystalline in
nature.

Crystal thickness was measured using a Leica SP5 Tandem Scanner Spectral two-photon

confocal microscope (Leica Microsystems, Inc., Buffalo Grove, IL) using backscattered 633

nm light. Figure 5.3 shows a vertical slice of a measured crystal with 77 pgm thickness.
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Figure 5.3: Confocal backscatter microscopy of the crystal surfaces shows 77 pm crystal
thickness after polishing.
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5.3.2  X-ray diffraction measurements

Single crystal X-ray diffraction (XRD) revealed Pm-3m space group, and powder XRD
pattern confirmed cubic structure and phase purity (Figure 5.1.b).Powder X-ray diffraction
data were measured at 293 K on a Bruker D8 Discover GADDS using a Cu-a source (40 kV,
40 mA) with a Vantec-2000 two-dimensional detector.

For the single crystal X-ray diffraction measurement, a very small crystal (=0.04 x 0.05
x 0.05 mm?) was chosen in order to minimize absorption effects. The crystal was mounted
on a Dual-Thickness MicroMounttm with 20 pm sample aperture with Fluorolube? ™ oil.
The diffraction data were measured at 293 K on a Bruker D8 VENTURE with PHOTON
100 CMOS detector system equipped with a Mo-target X-ray tube (A = 0.71073 A). Data
were collected using w scans to survey a hemisphere of reciprocal space. Data reduction and
integration were performed with the Bruker APEX3 software package. Data were scaled and
corrected for absorption effects using the multi-scan procedure as implemented in SADABS
[33]. The structure was refined by a full-matrix least-squares procedure using SHELX14
refinement program. Crystallographic data and details of the data collection and structure
refinement are listed in Table 5.1. The precession images generated from a full data set of
up to 0.7 A resolution for the CH3NH3PbBr3 crystal also confirm the single crystallinity of

the sample, as shown in Fig 5.4 and 5.5.
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Empirical formula CNPbBr3
Formula weight 472.94
Temperature/K 293(2)
Crystal system cubic
Space group Pm-3m
a/A 5.9139(2)
b/A 5.9139(2)
c/A 5.9139(2)
a/° 90
Bl° 90
v/° 90
Volume/ A3 206.83(2)
Z 1
Pealc &/cm? 3.797
f/mm 1 34.777
F(000) 200.0
Crystal size/mm?3 0.05 x 0.05 x 0.04
Radiation MoKa (A = 0.71073)
20 range for data collection/® 6.89 to 67.284
Index ranges 9<h<9-9<k<9,-9<1<9
Reflections collected 6871
Independent reflections 116 [Rjpr = 0.0271]
Data/restraints/parameters 116/0/10
Goodness-of-fit on F? 1.066
Final R indices [I>20 (I)] R = 0.0140, wRo = 0.0339
Final R indices [all datal R1 = 0.0140, wR2 = 0.0339
Largest diff. peak/hole / e A3 0.54/-0.72
Rint = Y | Fg - <Fg>| / 3 [F7 |
Ri=>[[Fol-|Fel[/>X]Fo]
wRy = [ 3 [W(F3 - F2)?] / 3 [w(F3)%]]!/2
Goodness-of-fit = [3° [w(F2 - F2)2] / (n-p)}/2
n: number of independent reflections; p: number of refined parameters

Table 5.1: Single crystal XRD data and structure refinement for CH3NH3PbBrs.

5.3.3  Photoluminescence measurements

The photoluminescence spectra of the single-domain single crystal measured in a reflective
geometry as well as in a transmissive geometry are shown in Figure 5.1.c. The difference be-
tween the two photoluminescence spectra suggests that signal of the single crystal is sensitive

to the detection direction. Therefore, in addition to previous studies, transient absorption
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Figure 5.4: Reciprocal space slices for CH3NH3PbBrg single crystal reveal cubic symmetry
and no detectable satellites. Left: Okl slice. Middle: h0l slice. Right: hkO slice.

0.5kl h0.51 hk0.5

Figure 5.5: Reciprocal space slices for CH3NH3PbBrg crystal show no contamination from
other phases/domains between hkl planes. Left: 0.5kl slice. Middle: h0.51 slice. Right:
hk0.5 slice.
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measurements on these crystals in a transmissive geometry are necessary.The photolumines-
cence spectrum of the perovskite single-domain single crystal in a reflective geometry was
measured by Horiba LabRamHR Evolution confocal Raman microscope with a 532 nm laser
source and an Andor back-illuminated EMCCD detector. The spectrum shows anti-Stokes
photoluminescence at wavelengths shorter than 532 nm consistent with thermal population
of phonon states. The photoluminescence spectrum of the perovskite single-domain single
crystal in a transmissive geometry was measured by the transient absorption setup with

pump beam only and recorded with a line scan camera (Teledyne Dalsa Spyder3 1k).

5.3.4 Photodamage examination

Photodamage examination was performed by exciting the perovskite single-domain single
crystal with the highest radiation fluence that our laser can reach (14.1 mJ/cm?) at 535
nm and by acquiring the photoluminescence spectrum over a period of 10 min twice. The
photoluminescence intensities for the two runs (Figure 5.6) remain unchanged, indicating
that the perovskite single-domain single crystal did not experience photodamage under this

radiation fluence.

5.4 Transient absorption spectroscopy on CH;NH;3;PbBr;

single-domain single crystal

Transient absorption spectroscopy was performed on a home-built apparatus described in
Chapter 2 Section 2.1.1. The spot sizes used in the flux measurements were determined
via placing a webcam at the sample position followed by measuring the full width at half
maximum of the pump and probe beams. The instrumental response limit was measured by
calculating the rise time of the signal trace at 560 nm (Figure 5.7). Based on the 0.6 ns rise
time, we estimate the instrument response FWHM as 1.2 ns.

Transient absorption spectra of the single crystals were obtained with a narrowband pump
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Figure 5.6: Fluorescence intensities of two runs at radiation fluence of 14.1 mJ/cm? remain
unchanged, indicating no photodamage of the perovskite single-domain single crystal.
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Figure 5.7: The instrumental response function of the transient absorption apparatus is
shown to be 1.2 ns by measuring the rise time of signal trace at 560 nm.
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Figure 5.8: Transient absorption spectra of mm-sized CH3NH3PbBrj3 single-domain single
crystal at varied radiation fluences show power-dependent dynamics. (a) 56.6 uJ/cm?. (b)
156 pJ/em?. (c) 2260 pJ/cm?. (d) 3250 pJ/cm?.
laser centered at 540 nm and a broadband probe with spectrum ranging from 450 nm to
800 nm. The response of single crystals to radiation fluence was measured at pump fluences
from 18.4 ;uJ /em? to 3250 11J /em? while the probe fluence was kept constant at 20.4 uJ /cm?.
Representative transient absorption spectra with negative time background subtraction at
different radiation fluences are shown separately in Figure 5.8. Spectra without background
subtraction can be found in Figure 5.9.

At low radiation fluences (Figure 5.8.a,b), two features are present in the pump probe

spectra: a positive stimulated emission feature and a broad negative excited state absorption
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Figure 5.9: Transient absorption spectra without negative time subtraction. (a) 56.6 uJ/cm?.
(b) 156 pJ/cm?. (c) 2260 pJ/cm?. (d) 3,250 pJ/cm?.
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feature below band gap. The spectral positions of these features differ from the transient
reflectance measurements by Yang and coworkers [16]. In their transient reflectance experi-
ment, the positive signal was centered at 2.3 eV (540 nm, above bandgap), consistent with the
peak position of our reflective geometry photoluminescence measurement, and was assigned
as a result of surface recombination. However, in our transient absorption measurements
on perovskite single crystals, the positive feature emerges below bandgap and matches with
the transmissive geometry photoluminescence measurement. These differences suggest that
the observed features in transient absorption measurements originate from the bulk states
of perovskite single crystals. As radiation fluence increases, both features decay faster, yet
with different rate laws. Multiple recombination mechanisms likely exist in perovskite crys-
tals and provide different decay channels for photogenerated species with different dynamics.
In general, the decay dynamics of any given carrier population can be analyzed by a rate

equation [34, 35] as shown in Equation 5.1.

Ccll—? = —kin — kon® — kgn® (5.1)

The rate constant ki represents first-order single-particle dynamics due to either exciton
recombination [36] or removal of charge carriers to form trap states. ko describes second-
order (two particle) decay that could be attributed to electron-hole recombination. kg is the
rate constant of a third-order process due to three-particle Auger recombination. Although
it is common for the rate law to change as the laser fluence increases (e.g. higher order
recombination mechanisms become more prevalent at higher fluence), a single population
cannot show two different rate laws with the same radiation fluence.

Quantification of purely second-order dynamics in transient absorption spectroscopy can
be obtained by solving the rate equation without first-order and third-order terms followed
by converting excitation density n to transient absorption signal. As a result, AT~ should

be proportional to time delay for second-order recombination. Similarly, for decay dynamics

dominated by third-order recombination, AT 2 should be linearly dependent on delay times.
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Normalized time traces for the positive feature extracted at 560 nm and for the negative
feature extracted at 700 nm are shown in Figure 5.10.a,d. Averaged unnormalized time
traces for the positive feature extracted at 560 nm and for the negative feature extracted
at 700 nm are shown in Figure 5.11 and Figure 5.12, respectively .Both features exhibit
radiation fluence-dependent decay behavior, indicating that the decay is not dominated
by first-order kinetics. Moreover, the positive feature exhibits a different decay timescale
from the negative feature within a single transient absorption measurement, as shown in
Figure 5.13, suggesting that the kinetics of these two features are dominated by different
mechanisms. We therefore fit the decay traces at 560 nm and 700 nm to second-order
and third-order dynamics separately, with representative fitting results at a single radiation
fluence of 156 ,uJ/cm2 shown in Figure 5.10.b,c,e,f. The fitting results for 560 nm traces
and 700 nm traces at varied radiation fluences are summarized in Figure 5.14 with the
results at each radiation fluence shown in Figure 5.15 - Figure 5.20 separately for clarity.
A weighted linear curve fitting was performed on the kinetics of the averaged traces. R2
values were calculated based on weighted fitting results. For the 560 nm feature, because
this feature decays quickly and falls within our instrumental response limit at high radiation
power, only traces at low radiation powers were fit. The decay of the 700 nm feature
exhibits third-order kinetics consistently from low to high radiation fluences. This agreement
among different fluences suggests that although thermal effects associated with relaxation of
high concentration of carriers may play a role under high radiation fluence, such effects are
negligible in the short time dynamics of perovskite single crystals.

At high radiation fluences, the 560 nm positive feature decays too quickly and falls within
our instrumental response limit (1.2 ns, Figure 5.7). Hence, only 560 nm timetraces acquired
at low fluence were fit. The fitting results show excellent agreement with second-order instead
of third-order dynamics, as shown in Figure 5.10.b,c and Figure 5.14 and Figure 5.16. In
contrast, the broad 700 nm negative feature unambiguously follows third-order kinetics due

to Auger recombination, as shown in Figure 5.10.e,f. This third-order decay kinetics of the

183



= r— 560 nm feature
ime Traces at nm — 184 w/em?
1 —56.6 w/em? | B C
08 —156 wfem? || 2nd order fitting 3rd order fitting
— : —452 p/em? 6 09876 30 09017
<1 0. ow/em® || = = 156 p/cm? =\ o - 15§ w/em? =0.
8 06 2260 w/cm? ;‘ 5 E 25
N 04 —ssow/em [| 44 20
£ 02 | &3 S1s
o - = 52 €10
Z 0 WW— 1 £ o
NG| £ 5
-0.2 1 - 0 = 0
04 . . . . . . 0 1 2 3
0 10 20 30 40 50 Time [ns] Time [ns]
Time [ns]
D 04 700 nm feature
02 Time Traces at 700 nm —18.4 W/cm? E F
<0 —566w/em’ ] 2nd order fitting 3rd order fitting
—156 u/cm? 5 25
5 0 —awem 1 £ Ri=0.9181 o R’=0.9686
2 990 p/cm? _g 4| |—fitting 520} |fitting
~-02 260 W/em? |1 @ °
= N3 @15
E—O 4 —32s0/em’ || G N
5 £2 £10
z £
-0.6 J
1 2s
—08 1l = 0 — 0
1 ‘ ) ) 0 5 10 15 20 25 30 0 5 10 15 20 25 30
0 10 20 30 40 50 Time [ns] Time [ns]
Time [ns]

Figure 5.10: Radiation fluence-dependent transient absorption kinetics following different
orders suggests two distinct photogenerated populations upon initial excitation. (a) Traces
normalized at 0 ns recorded at 560 nm for different excitation intensities. (b) Second-order
kinetics fitting result of the 156 pJ/cm? trace (green in a). (c) Third-order kinetics fitting
result of 156 pJ/cm? trace in a. (d) Normalized traces recorded at 700 nm for different
excitation intensities. (e) Second-order kinetics fitting result of the 156 pJ/cm? trace (green
in d). (f) Third-order kinetics fitting result of the 156 uJ/cm? trace in d.
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Figure 5.12: Unnormalized traces recorded at 700 nm for different radiation fluences.
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Figure 5.13: The different decay timescales of the traces at 560 nm and 700 nm indicate
different decay mechanisms for these two features. (a) 56.6 pJ/cm?. (b) 156 pJ/cm?.
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Figure 5.14: Summarized kinetics fitting results of the timetraces recorded at 560 and 700 nm
at varied radiation fluences show two distinct carrier populations. Best fits are highlighted
with the purple background.
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Figure 5.15: Kinetics fitting results of the traces at radiation fluence of 18.4 uJ/ cm? recorded
at (a) 560 nm; (b) 700 nm.
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Figure 5.16: Kinetics fitting results of the traces at radiation fluence of 56.6 1J/ cm? recorded
at (a) 560 nm; (b) 700 nm.
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Figure 5.17: Kinetics fitting results of the traces at radiation fluence of 452 pJ/ cm? recorded
at (a) 560 nm; (b) 700 nm.
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Figure 5.18: Kinetics fitting results of the traces at radiation fluence of 990 pJ/ cm? recorded
at (a) 560 nm; (b) 700 nm.
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Figure 5.19: Kinetics fitting results of the traces at radiation fluence of 2260 1..J / cm? recorded
at (a) 560 nm; (b) 700 nm.
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Figure 5.20: Kinetics fitting results of the traces at radiation fluence of 3250 pJ/ cm? recorded
at (a) 560 nm; (b) 700 nm.
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negative feature is consistent from low to high radiation fluences (Figure 5.14 - Figure 5.20
). During a three-body Auger process, two carriers lose energy nonradiatively while a third
carrier gains energy through this process resulting in a hot carrier. The timescale for Auger
recombination varies from tens of nanoseconds to a few nanoseconds as radiation fluence
increases.

The distinct rate laws and timescales associated with these two spectral features (Figure
5.13 and Figure 5.14) indicate two distinct sets of carrier populations following different
decay pathways in perovskite single crystals. One decays via second-order recombination
while the other one decays via third-order Auger recombination. At high radiation fluences,
we observe a third feature, broad and positive, emerging at later time delays (Figure 5.8.c,d
and black and yellow traces in Figure 5.10.a). The unusual dynamic behavior suggests that
this feature is not a direct result of initial laser excitation. Initial photogenerated populations,
contributing to either second-order or third-order recombination, decay within only a few
nanoseconds. Therefore, we exclude these initial photogenerated populations as the direct
source of this unexpected new feature. Relaxation of hot carriers after Auger recombination
and the concomitant thermal effect may account for this feature.

The carrier dynamics we observed in perovskite single-domain single crystals differs from
that observed in thin films. Although the positive stimulated emission feature correspond-
ing to photoluminescence exists in both thin films and single crystals, the dynamics of the
negative excited state feature below the bandgap differs substantially. In the transient ab-
sorption spectroscopy studies of CH3NH3PbBrj thin films by Yang and coworkers [37] as well
as Grancini and coworkers [27], they observed a negative ESA feature that completely decays
by 1 ps. However, we observe an ESA feature lasting for tens of nanoseconds that decouples
from the stimulated emission and undergoes third-order Auger recombination. We believe
that this observation difference is due to the nonintrinsic factors associated with perovskite
thin films, such as defects and grain boundaries, which may affect the inherent photophysical

dynamics of these materials.
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5.5 Conclusions

Our work shows that single-domain single crystals exhibit different dynamics from those re-
ported in thin films [12-14, 27]. Auger recombination was considered to be a negligible effect
in thin films [12]. However, in our measurement of bulk behavior of perovskite single crystals,
Auger recombination contributes significantly to the overall transient absorption signal at
all measured radiation fluences. Our theoretical calculations in Appendix A have suggested
that the two distinct sets of photogenerated populations observed in the TA measurements
are due to polaron formation rather than local spin polarization. Based on the difference
between our observations from CH3NH3PbBr3 single-domain single crystals and those from
perovskite thin films, we believe that, the high crystallinity of single-domain single crystals
may facilitate the polaron formation, which gives rise to the decoupled decay dynamics we

observed in the TA measurements.
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APPENDIX A
THEORETICAL CALCULATIONS ON PEROVSKITE BULK
SINGLE CRYSTALS

A.1 Theoretical calculations on possible hypotheses for the

observed two sets of carrier populations

The observations of two distinct sets of photogenerated populations that undergo second-
order decay and third-order Auger recombination separately are consistent across all per-
ovskite CH3NH3PbBrs single-domain single crystals we tested. One hypothesis for these
two distinct sets of carrier populations is that they are carriers with different spin textures
in spin split-off bands. Strong spin-orbit coupling in perovskites will induce local spin po-
larization such as Rashba and Dresselhaus effects [38]. The local spin polarization has been
predicted not only in non-centrosymmetric systems but also in inversion-symmetric bulk
crystals with symmetry breaking at individual sites [39]. We have calculated the relaxation
lifetimes of charge carriers with different spin textures near the band edge (details shown
in section A.2). These lifetimes are found to be on the order of femtoseconds (Figure A.2),
much shorter than the time scales of our measurements. Hence, the different spin texture
hypothesis is not likely to be the explanation for our observations.

The other hypothesis is that polaron formation may localize carriers giving rise to the
second population. The polaron formation in organic-inorganic lead halide perovskites has
been proposed by several papers [15, 17-23, 40]. The dipole moments of nearest neighbor
CH3NH§' may orient toward a single Pb?T, reducing the electrostatic potential energy of
electrons around the Pb2T and favoring the formation of a small polaron. The polaron forma-
tion will lead to localization of carriers, dramatically reducing the overlap between electron
and hole wavefunctions. Hence, the recombination will be slowed by polaron formation [40]

and decoupled from the recombination dynamics of the free carriers.
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To test this hypothesis, we have estimated the polaron stabilization energy in cubic
3x3x3 and 4x4x4 supercells representing crystalline CH3NH3PbBrsand CH3NH3Pbls. We
considered over 100 different CH3NH§ orientations to reduce the statistical errors. Two types
of geometries were created. The first one contains CHg,NH})F oriented in random directions,
which we call the random (R) geometry. The second type of configurations, which we call
the polaron (P) geometry, is based on the R geometry, but with the eight nearest neighbor
CH3NH§r pointing toward a single Pb2T at the center of the supercell(Figure A.1).

The electron polaron binding energy is given by Equation A.1

Ey=EL - gt (A1)

where E?D is the total energy of the system with net charge ¢ (negative one in this case)
in the P configuration, and E% is the total energy of the system with net charge ¢ in the R
configuration. We estimated the polaron binding energy by using single particle energies of

the neutral free carrier and polaron structures (Equation A.2):

Ey ~ 533:0 — 5%20 + AV (A.2)

where 5;13:0 is the Kohn-Sham energy of the lowest unoccupied molecular orbital (LUMO)
of the system with a net neutral charge in the P configuration, 5%20 is the Kohn-Sham
energy of the conduction band minimum of the system with a net neutral charge in the R
configuration, and AV is the potential alignment term. We will refer to Equation A.2 as
the polaron stabilization energy, which is an approximation to E; defined in Equation A.1.
We note that the use of Equation A.2 requires a common reference potential be obtained
to compare single particle energies (AV) but it avoids the technical difficulties associated
with computing energy differences of charged bulk systems. In Equation A.2 only energies
of neutral configurations are required; hence the evaluation of the potential alignment term

(AV) can be performed by simply computing the planar average potential far from the
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Figure A.1: Illustrative electron polaron geometries considered in the calculations. The red
isosurface represents the square modulus of the single particle wavefunction of the conduction
band minimum. White, tan, cyan, blue, and pink spheres represent H, Pb, C, N, and Br
atoms, respectively. Hydrogen atoms on the nearest CH3NH§‘ from the polaron site have
been removed from the Figure for clarity.
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polaron site in the supercell.

We found that orienting nearest neighbor CH3NH;)r toward a single Pb2T is sufficient
to localize a state below the conduction band minimum (Figure A.4), even when using a
semi-local functional such as PBE [41]. Our estimate of the polaron stabilization energy
with the largest models (4x4x4 supercell) at the PBE level of theory is 147 meV with a
95% confidence interval (118-169 meV). In addition, we calculated the total stabilization
energy (electron and hole) of several configurations of 4x4x4 CH3NH3PbI3 and obtained an
average stabilization energy of 70 meV (above kT at room temperature, 26 meV), which
is in agreement with Neukirch and coworkers [21]. The stabilization energies indicate that
electron polarons could form in both CH3NH3PbBrg and CH3NH3Pbl3 perovskites, but are
more pronounced in CH3NH3PbBrs. Our current calculations, however, do not support the
formation of hole polarons (detailed discussion shown in section A.2).

The CHgNHg near the Pb2t create an electrostatic potential that is attractive for the
electrons but repulsive for the holes. The electron and hole wavefunctions are then separated
spatially due to the electrostatic potential created by the CH3NHZ , demonstrated by the
computed spherical average of electron and hole wavefunctions in the polaron configuration
shown in Figure A.3. As a consequence, their overlap is decreased and so is the rate of
recombination. In addition, the presence of electron polaronic configurations favors the
stabilization of excitons, consistent with previous observations of excitons (could be polaron-
exciton in nature [23]) in perovskite bulk crystals [16, 42]. The formation of small electron
polarons increases the effective mass of the electrons and therefore the exciton binding energy,
as can be seen by considering a simple hydrogenic model: assuming Rydberg atomic units
the exciton binding energy is:

_ ERy

Ey = 22 K (A.3)

where Ep,=13.6 eV, ¢ is the static dielectric constant, and f is the reduced effective

MmpMme
mp+me

. The reduced mass will be enhanced by the electron polaron effective
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mass making the formation of excitons more likely in spatial regions where electron polarons
form.

We expect that the formation of electron polaron occur in specific locations within the
CH3NH3PbBrs perovskite lattice, depending on the local orientation of the CHgNH;. Free
carriers and electron polarons are likely to be spatially separated in different domains formed
by the collective orientation of CH3NH§)F ions [43]. Polaron lattice distortions will be energeti-
cally less favorable than free carriers in regions where CHgNHg+ have preferential orientations,
e.g. in ferroelectric domains.

The differences between the polaron stabilization energy of CH3NH3PbBrg and CH3NH3Pblg
can be explained by the differences in the optical dielectric constant. The long-range
Coulomb-like potential well created by the displacements of ions around an isolated point
charge is given by:

1 1 e

Vir)= _(50pt - Eopt + 5o>m (A.4)

where egp¢ is the optical dielectric constant (from the electrons) and &, is the ionic portion
of the dielectric constant. In our model ¢, is the same for the two systems but the optical
dielectric constant of CH3NH3PbBrg is smaller than CH3NH3Pbls, hence, the potential cre-
ated by the displacement of the CH3NH§)F to localize the polaron will be greater in magnitude
in CH3NH3PbBrs.

Although we considered CH3NH3PbBr3 and CH3NH3Pbl3, there is evidence in lit-
erature that the formation of polarons could be enhanced in mixed CH3NH3Pbls_,Cl,
perovskites. Recently, He and Galli found that the presence of chloride in mixed halide
CH3NH3Pbls_ . Cl; perovskite can displace CHgNHg_ cations and reduce the high frequency
dielectric constant [44]. This observation suggests that Cl-doped CH3NH3Pbl3 single crys-
tals may encourage polaron formation and could be a good system to employ the effects of

polaron formation in solar-cell device applications.
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A.2 Computational details

All density functional theory calculations were performed using the Quantum-ESPRESSO
software package. We used a plane wave basis set with a wave function energy cutoff of 80 Ry.
We used SG15 Optimized Norm-Conserving Vanderbilt (ONCV) pseudopotentials [45] and
the generalized gradient approximation with the PBE exchange-correlation functional [41].
Supercell calculations were performed at the gamma point of the Brillouin zone.

The CH3NH3PbBrj3 cubic structure (Pm-3m) is stable at room temperature with a lattice
constant of a = 5.914 (Table 5.1). Even though our simulations are performed at 0 K,
we used the experimental cubic structure with a lattice constant of 5.91 A and 6.276 A
for the CH3NH3PbBr3 and CH3NH3Pbl3 structures, respectively. CHgNH;_ configurations
were generated using random orientations and then used to point eight nearest neighbor
CH3NH§' toward a single Pb2T. Geometries with permanent dipole moments were included

in the results.

A.2.1 Relaxation lifetimes of carriers with different spin textures

We explored the possibility of different spin textures giving rise to two distinct populations.

We computed the relaxation time of excited carriers given by Equation A.5:

7 = (285 (w, T)) 71 (A.5)

Where Y. (w,T) is the imaginary part of the electron self-energy given by equation (8) of
Ref [46] We computed the electron self-energy using Wannier interpolation with the EPW
code [46]. We used a 14 x 14 x 14 fine k grid centered at the Gamma point, a 6 x 6 x 6
coarse k grid, 500 random ¢ points and a 2 x 2 x 2 coarse g-point grid. The calculations
were performed assuming a temperature of 300 K with a Gaussian broadening of 1 meV. We
found the relaxation lifetimes of charge carriers with different spin textures near the band

edges to be of the order of femtoseconds (Figure A.2), much shorter than the time scales of
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Figure A.2: Relaxation lifetimes of carriers with different spin textures for a single cross
section around the M point in the BZ of CH3NH3PbBr3.

our measurements. Hence the different spin texture hypothesis was discarded.

A.2.2  Wavefunction localization

As mentioned in section A.1, we verified that the electron wavefunction obtained for the
polaron geometry was localized. In Figure A.3, we present the spherical average of the
electron and hole wavefunctions for the polaron geometry. We found that the electron
wavefunction was localized by the surrounding CH3NH§' while the hole remained delocalized.
We also repeated this analysis with an additional electron added to the system and found the
systems exhibited a localized electron wavefunction upon charging. Our current calculations,
however, do not support the formation of hole polarons. or at least we did not find them
to be stable when considering the same lattice distortions as those considered for electron
polarons. We also oriented the CH3NH§ toward a single Br™ site and again did not find
hole localization. The hole wavefunctions remain delocalized throughout the system except
near the site where the CH3N H; were reoriented toward the Pb*t, as shown in Figure A.3.

This result appears to be physically sensible although further investigations with hybrid
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Figure A.3: Spherical averages of electron wavefunction (CBM, upper panel) and hole wave-
function (VBM, lower panel), centered at a Pb2T with nearest neighbor CH3NH§r pointed

toward the center Pb%t in the polaron geometry.

functionals would be necessary to draw definitive conclusions. It is not unconceivable that

using hybrid functionals one could find stable hole polarons.

A.2.3  Single particle energies

We verified that the conduction band minimum (CBM) is responsible for the reduction
in the electronic gap in the polaronic configuration by aligning the average electrostatic
potentials of the neutral polaronic and free charge configurations far from the Pb2+ where
the nearest neighbor CH3NH§ were reoriented. Figure A.4 is a plot of the single particle
energies for both the 3 x 3 x 3 and 4 x 4 x 4 supercells in the polaron and free charge

configurations. Similar to the work of Neukirch and coworkers [21], we expect the use of
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Figure A.4: Aligned VBM and CBM energies of random/polaron geometries of a 3 x 3 x 3
(left, calculated with SOC) and 4 x 4 x 4 (right, calculated without SOC) CH3NH3PbBrj
supercells.

single particle energies of the neutral bulk structures to underestimate the polaron binding
energy one would obtain by total energy differences of fully relaxed charged isolated clusters.
Most of our calculations were carried out without spin-orbit coupling but we performed one
calculation for a single 3 x 3 x 3 geometry and found the polaron stabilization energy to
be even larger than the one obtained without SOC. We expect the stabilization energy to
be underestimated by the PBE approximation; the use of hybrids with a judicious choice of
the fraction of exact exchange [47-49]will most likely further localize the conduction band

minimum (CBM) electronic wavefunction.

A.2.4 Band alignment

HOMO/LUMO energy eigenvalues of polaron and random geometries were aligned by com-
puting the average over all planar averages along one direction of the potential far from
the polaron site. The average difference in the planar average potential for the polaron and

random CH3NH§F configurations in a CH?,NHE))F supercell is plotted in Figure A.5.
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Figure A.5: Difference in the planar average potential along the x, y and z directions for the
polaron and random CH3NH§ configurations in a 4 x 4 x 4 supercell.
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CHAPTER 6
SCALABLE LIGAND-MEDIATED TRANSPORT SYNTHESIS
OF ORGANIC-INORGANIC HYBRID PEROVSKITE
NANOCRYSTALS WITH RESOLVED ELECTRONIC
STRUCTURE AND ULTRAFAST DYNAMICS

Colloidal perovskite nanocrystals support bright, narrow photoluminescence tunable over
the visible spectrum. However, bandgap tuning of these materials remains limited to laboratory-
scale syntheses. In this chapter, we present polar-solvent-free ligand-mediated transport
synthesis of high quality organic-inorganic perovskite nanocrystals under ambient condi-
tions with photoluminescence quantum yields up to 97%. Our synthesis employs a ligand-
mediated transport mechanism that circumvents the need for exquisite external control (e.g.,
temperature control, inert-gas protection, dropwise addition of reagents) required by other
methods due to extremely fast reaction kinetics. In the ligand-mediated transport mecha-
nism, multiple equilibria cooperatively dictate reaction rates and enable precise control over
NC size. These small nanocrystals exhibit high photoluminescence quantum yields due to
quantum confinement. Nanosecond transient absorption spectroscopy experiments reveal
a fluence-independent PL decay originating from exciton recombination. Two-dimensional
electronic spectroscopy resolves multiple spectral features reflecting the electronic structure
of the nanocrystals. The resolved features exhibit size-dependent spectral positions, further

indicating the synthesized nanocrystals are quantum-confined.

The research described in this Chapter has been published in: L. Wang, N.E. Williams, E.-W. Mala-
chosky, J.P. Otto, D. Hayes, R.E. Wood, P. Guyot-Sionnest, and G.S. Engel. Scalable Ligand-Mediated
Transport Synthesis of Organic-Inorganic Hybrid Perovskite Nanocrystals with Resolved Electronic Struc-
ture and Ultrafast Dynamics. ACS Nano, DOIL: 10.1021/acsnano.6b07574.
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6.1 Background information about perovskite nanocrystals

Organic-inorganic lead-halide perovskite materials have recently attracted extensive research
attention due to their extraordinary photophysical properties and performance in optoelec-
tronic applications. Previous studies have demonstrated that perovskite microcrystals and
bulk single crystals exhibit characteristics including large absorption coefficients [1], small
exciton binding energies [2], efficient photogeneration of free carriers [3, 4], high charge car-
rier mobility [5, 6], and bimolecular charge recombination dynamics [7, 8]. Solar cells using
organolead halide perovskite thin films as their active layer have achieved certified power
conversion efficiencies up to 23% [9-13]. Perovskites have also shown promise for applica-
tions in low-threshold optically-pumped lasers [14-16] and light-emitting diodes (LEDs) [17].
In perovskite microcrystals and bulk single crystals, excitons spontaneously dissociate into
free carriers due to the weak binding energy, which is ideal for solar cell devices. How-
ever, nonradiative recombination of the carriers limits the light-emitting performance of
perovskites [18]. Increasing the exciton binding energy through quantum confinement has
recently been explored to overcome the relatively weak photoluminescence (PL) of perovskite
microcrystals and bulk single crystals by fabricating nanostructured materials [19-23]. Per-
ovskite nanocrystals (NCs), both organic-inorganic (typically incorporating methylammo-
nium, MA™) and purely inorganic (typically incorporating cesium ions), demonstrate high
defect-tolerance, low density of detrimental mid-gap trap states, and high photolumines-
cence quantum yield (PLQY) at room temperature without additional surface passiva-
tion [19, 21, 24-26]. The narrow PL of these perovskite NCs is tunable over the entire visible
range (from 410 to 700 nm) by adjusting the size and halide composition [20, 22, 27, 28],
making these materials applicable to lasers [19, 28|, optical sensing [29], and color-tuning
displays [21].

Although perovskite NCs exhibit remarkable properties, bandgap tuning of these NCs is
usually realized via composition tuning subsequent to synthesis of pure perovskite NCs by

hot-injection [19, 30] or ligand-assisted reprecipitation (LARP) [18, 21, 24, 25, 31| methods.
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These methods are not readily adaptable to industrial scale preparations.These syntheses
demand delicate external control over reaction conditions due to the extremely fast kinetics
of NC formation and require the usage of polar solvents (e.g. DMF), which are detrimental
to the long-term colloidal stability and structural integrity of the NCs [26, 27, 32]. Moreover,
mixed-halide or iodide-based perovskite NCs are synthesized either under inert atmosphere
[21, 26] or via indirect postsynthetic anion exchange [20, 22]. The postsynthetic anion
exchange requires pure pre-synthesized NCs [20, 22] (usually bromide based) and introduces
an extra synthetic step.

Here, we present an atmospheric, room-temperature, ligand-mediated transport method
in non-polar solvent to prepare perovskite NCs with bright and spectrally narrow emission.
We focus on the synthesis of organic-inorganic perovskite NCs (MAPbX3, X = Br, I, mixed
halide). The ligand-mediated transport synthesis employs non-polar solvents (hexane or
toluene) containing a trace capping ligand (octylamine, protonated by oleic acid), which
are added to the mixed solid precursors (PbXs and MAX, X = Br, I, or mixed halide).
Then, through vigorous stirring, the colloidal NCs are formed as the ligands solvate the
lead salt and bring it into the solution phase. This strategy allows the direct synthesis
of mixed-halide and iodide-based perovskite NCs without inert atmosphere protection and
yields colloidal NC solutions at high concentrations. The resultant NCs demonstrate good
colloidal stability even at high sample concentration, enabling spectroscopic investigations
of their ultrafast dynamics by techniques including two-dimensional electronic spectroscopy
(2DES), which requires 102 - 10° times more concentrated solutions (about 0.2 OD in a
200 pm path length) than fluorescence measurements. Our broadband femtosecond 2DES
experiments on MAPDI3 NCs resolve multiple spectral features that shift with NC sizes
reflecting the electronic structure of these NCs, as well as ultrafast dynamics (including
relaxation and quantum-beating signals) after the initial excitation. Nanosecond transient
absorption (TA) spectroscopy experiments reveal a PL decay that is independent of radiation

fluence, indicating that the PL originates from exciton recombination.
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6.2 Ligand-mediated transport mechanism of MAPbXj

nanocrystal synthesis

Besides the practical advantages of performing NC synthesis at room temperature and under
ambient conditions, our ligand-mediated transport strategy offers better NC size control
compared to the hot-injection and LARP methods, due to slower nucleation and crystal
growth. In our synthesis, multiple equilibria cooperatively control NC nucleation kinetics
and growth rates, circumventing the high temperature kinetics of hot injection and the
prompt solubility changes in LARP that result in rapid product formation [24, 25]. The
reaction mechanism of ligand-mediated transport is illustrated in Figure 6.1, and compared
with those of hot injection and LARP in the Figure 6.2. In our synthesis, the mechanism
first involves the dissolution equilibria of the two precursors. Because non-polar solvents are
used, these equilibria strongly favor the solid phases. Trace ligands in the non-polar solvents
transport Pb into the solution phase (Step 1) through coordination, initiating nucleation
and subsequent nanocrystal growth (Step 2). The formation of these NCs in return drives
the dissolution equilibria to the solution phase, ensuring further NC growth. Because the
same ligands cap the NCs as aid dissolution of the lead, the kinetics become, to some degree,
self-limiting. Thus, the crystal growth can be finely controlled by reaction time and quenched
by removing the solid precursors. These equilibria cooperatively dictate reaction rates and
enable precise control over NC size, making the size distribution highly reproducible.

In addition to the benefits mentioned above, the ligand-mediated transport method im-
proves colloidal stability by allowing unreacted solid precursors to be easily removed via
filtration or centrifugation. Recent 2D-NMR studies have suggested that capping ligands
dynamically stabilize perovskite NCs synthesized via hot injection or LARP, exhibiting fast
exchange between bound and free states [33]. Thus, any unreacted MA™ would replace the
capping ligands, causing further, undesirable aggregation. In our ligand-mediated transport

synthesis, removal of solid precursors and exclusive use of non-polar solvents significantly
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Ligand-mediated transport mechanism

STEP 1: Dissolution equilibria STEP 2: Nanocrystal formation
Solid Phases Solution Phase Solution Phase
(non-polar solvent with trace Iigaqcisl (non-polar solvent with trace ligands)
o Anan g
ey el
N N e g SR
+ -— HH $ P i —_— b
e ® 0y e JOo ]
g N e g ~, et MAPbL,
Pbl JJr nanocrystal
2
Equilibria favor the solid phases over the non-polar solution phase Nanocrystal formation further drives the equilibria toward
Ligands coordinate to Pb and transport Pb salt into the solution phase the solution phase, ensuring crystal growth
(coordination octahedra not drawn for simplicity) Reaction quenched by removing the solid precursors

Figure 6.1: Illustrative reaction mechanism of the ligand-mediated transport strategy (using
the synthesis of MAPblg NCs as an example). Red, blue, brown, and white spheres repre-
sent Pb, I, C, and N atoms, respectively. The first mechanistic step (Step 1) involves the
dissolution equilibria of the two precursors (Pbly and MAI) between the solid and solution
phases. The equilibria strongly favor the solid phases over the non-polar solution phase.
However, the trace ligands help dissolve the Pbly by coordinating to the Pb center and
transport the Pb salt into solution phase to initiate the reaction. (Coordination octahedra
are not drawn in the figure for simplicity.) Step 2 presents the nanocrystal formation from
the dissolved precursors and ligands in the solution phase. The NC formation further drives
the dissolution equilibria toward the solution phase, ensuring NC growth. The reactions can
then be quenched by removal of the solid precursors via centrifugation or filtration.

suppress the presence of excess MA™T in solution and therefore the replacement of capping

ligands with MA™ | hence enhancing the colloidal stability of the resulting NCs.

6.3 Synthetic details of MAPbX3 nanocrystals

6.3.1 Synthesis of CH3NHs;Br

Methylammonium bromide was synthesized by the reaction between 40 wt.% methylamine
(CH3NH3) in methanol (TCI America) and 48 wt.% hydrobromic acid (HBr) in water
(Sigma-Aldrich). An equimolar amount of HBr was added dropwise to the CH3NHy so-
lution under ice bath and stirred for 2 h. The solvent was removed on a rotovap. The
resulting solid was further recrystallized in ethanol to yield snow-white CH3NH3Br crystals.

CH3NH3Br crystals were dried under vacuum to remove residual ethanol.
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Figure 6.2: Comparison between reaction mechanisms of the solid-extraction strategy versus
other strategies (using the synthesis of MAPbI3 nanocrystals as an example). (a) Illustrative
reaction mechanism of the solid-extraction strategy (same as shown in Figure 6.1). Red,
blue, brown, and white spheres represent Pb, I, C, and N atoms, respectively. The first
mechanistic step (Step 1) involves the dissolution equilibria of the two precursors (Pbly and
MAT) between the solid and solution phases. The equilibria strongly favor the solid phases
over the non-polar solution phase. However, the trace ligands help dissolve the Pbly by
coordinating to the Pb center and transport the Pb salt into the solution phase to initiate
the reaction. (Coordination octahedra are not drawn in the figure for simplicity.) Step 2
presents the nanocrystal formation from the dissolved precursors and ligands in the solution
phase. The NC formation further drives the dissolution equilibria toward the solution phase,
ensuring NC growth. The reactions can then be quenched by removal of the solid precursors
via centrifugation or filtration. (b) Illustrative reaction mechanism of the other strategies
(hot-injection and LARP). Step 1: In hot-injection or LARP method, precursors are usually
prepared in polar solvents (such as DMF) and the reaction starts in the solution phase
(combination of both polar and non-polar solvents). Size control is more difficult in these
methods due to the extremely fast reaction dynamics; in LARP, crystal growth is driven by
the prompt solubility change induced by solvent mixing, while in hot injection, the formation
rate is determined by the underlying ionic metathesis reaction at high temperature. Step
2: In the presence of unreacted precursors in the solution, the nanocrystals will slowly
aggregate to form microcrystals and eventually precipitate from the solution phase. For
colloidal perovskite nanocrystals, the capping ligands exchange between bound and free
states on the nanocrystal surfaces, dynamically stabilizing the nanocrystals. The remaining
MAT, if any, will replace the capping ligand and cause nanocrystal aggregation. Polar
solvents will quickly desorb the capping ligands and further facilitate the exchange reaction.
Hence, postsynthetic purification removing excess precursors is required to improve colloidal
stability.

217



6.5.2 Synthesis of CH3NH3I

Methylammonium iodide was synthesized by the reaction between 40 wt.% methylamine
(CH3NHj3) in methanol (TCI America) and 57 wt.% hydriodic acid (HI) in water (Sigma-
Aldrich). An equimolar amount of HI was added dropwise to the CH3NHy solution under
ice bath and stirred for 2 h. The solvent was removed on a rotovap. The resulting solid was
further recrystallized in ethanol to yield snow-white CH3NH3I crystals. CH3NH3slI crystals

were dried under vacuum to remove residual ethanol.

6.3.3 Synthesis of MAPbBrs nanocrystals

17.9 mg (0.16 mmol) CH3NH3Br and 73.4 mg (0.20 mmol) PbBry (98%, Sigma-Aldrich)
were added into a 4 mL scintillation vial. 1 mL toluene, 20 uL octylamine (99%, Sigma-
Aldrich), and 40 pL oleic acid (technical grade, 90%, Sigma-Aldrich) were added to the solid
precursors. The resulting mixture was stirred vigorously under ambient conditions for 1 h,
followed by centrifugation for 5 min at 6000 rpm to remove the remaining solid precursors. A
solution of MAPbBr3 nanocrystals with an average size of 3.0 nm (PLQY 92%) was obtained.
Similarly, the same amount of solid precursors in 1 mL toluene with 5 pli octylamine and
10pL oleic acid reacting for 3 h at ambient condition yielded MAPbBr3 nanocrystals with
an average size of 5.0 nm (PLQY 70%).The as-synthesized nanocrystal solutions were stored

at room temperature without further purification.

6.3.4 Synthesis of MAPb(1/Br)s nanocrystals

17.9 mg (0.16 mmol) CH3NH3Br, 36.7 mg (0.10 mmol) PbBrs, and 46.0 mg (0.10 mmol)
Pbly (99%, Sigma-Aldrich) were added into a 4 mL scintillation vial. 1 mL solvent (1:1 v/v
toluene/hexane), 20 uL octylamine, and 40 uL oleic acid were added to the solid precursors.
The resulting mixture was stirred vigorously under ambient conditions for 45 min, followed

by centrifugation for 5 min at 6000 rpm to remove the remaining solid precursors. A solution
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of MAPb(Br/I)3 nanocrystals with an average size of 3.6 nm (PL centered at 550 nm with
FWHM of 29 nm) was obtained. Similarly, 17.9 mg (0.16 mmol) CH3NHgBrand 92.0 mg
(0.20 mmol) Pbly in 1 mL solvent (1:1 v/v toluene/hexane), 20 uL octylamine, and 40 uL
oleic acid reacting for 45 min at ambient condition yielded MAPb(Br/T)3 with an average size
of 2.6 nm (PL centered at 580 nm with FWHM of 28 min). The as-synthesized nanocrystal
solutions were stored at room temperature without further purification. The presence of
both Br and I in the mixed-halide perovskite nanocrystals has been confirmed by energy-
dispersive X-ray spectroscopy (EDX) (Figure 6.3). The nanocrystals with PL centered at
580 nm contain significantly higher composition of I compared to the nanocrystals with PL

centered at 550 nm.

6.3.5 Synthesis of MAPbI3 nanocrystals

19.0 mg (0.12 mmol) CH3NH3I and 69.0 mg (0.15 mmol) Pbly were added into a 4 mL
scintillation vial. 1 mL hexane, 20 puL. octylamine, and 40 pL oleic acid were added to the
solid precursors. The resulting mixture was stirred vigorously under ambient conditions
for 1 h, followed by centrifugation for 5 min at 6000 rpm to remove the remaining solid
precursors. A solution of MAPDbI3 nanocrystals with an average size of 2.6 nm (PLQY
97%) was obtained. Similarly, 25.4 mg (0.16 mmol) CH3NH3I and 92.0 mg (0.20 mmol)
Pbly in 1 mL hexane, 20 pl octylamine, and 40 uli oleic acid reacting for 3 h at ambient
condition yielded MAPDbI3 with an average size of 5.0 nm (PLQY 52%). The as-synthesized

nanocrystal solutions were stored at room temperature without further purification.

6.4 Characterization of MAPDbX3; nanocrystals

6.4.1 Linear absoprtion and photoluminescence measurements

The linear absorption and PL spectra of ligand-mediated transport synthesized NCs are
shown in Figure 6.4.a. These NCs exhibit spectrally narrow (FWHM of 12 - 50 nm) and
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Figure 6.3: EDX spectra of MAPb(Br/I)g nanocrystals. Upper: Mixed-halide nanocrystals
with PL centered at 550 nm. Lower: Mixed-halide nanocrystals with PL centered at 580
nm.
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b) PXRD patterns
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Figure 6.4: Characterization of the as-synthesized organic-inorganic perovskite NCs. (a)
Linear absorption and photoluminescence spectra. (b) PXRD patterns. The top and bottom
panels are reference patterns simulated from the single-crystal structure of MAPbBr3 and
MAPDI3, respectively.

221



PL lifetime of MAPbI3 NCs (2.6 nm)
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Figure 6.5: TCSPC measurement of CH3NHgPbIgnanocrystals (2.6 nm) yield a PL lifetime
of 13 ns.

remarkably bright (QY up to 97% measured with an integrating sphere) PL with tunability
over the entire visible spectrum. We attribute the bright PL to increased exciton binding
resulting from quantum confinement.

The steady-state PL spectra of the perovskite nanocrystals were measured by a Horiba
Fluorolog-3 spectrofluorometer. The PLQY's were measured by the same spectro-fluorometer
with a calibrated integrating sphere (Quanta-phi, Horiba). The PL lifetimes were measured
by a time-correlated single photon counting (TCSPC) fluorescence lifetime spectrometer (ISS

chronosBH), with the PL lifetime measurement of MAPbI3 NCs (2.6 nm) shown in Fig. 6.5.

6.4.2 Powder X-ray diffraction (PXRD) measurements

Powder X-ray diffraction data were measured at 293 K on a Bruker D8 Discover GADDS
using a Cu-a source (40 kV, 40 mA) with a Vantec-2000 two-dimensional detector. The
as-synthesized perovskite nanocrystals (with no postsynthetic purification) were drop-casted
on glassed slides and subjected to PXRD measurements.

The powder X-ray diffraction (PXRD) patterns demonstrate the high crystallinity and
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TEM characterization of MAPbI, NCs (2.6 nm)
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Figure 6.6: TEM characterization on MAPbl3 NCs (average size 2.6 nm). (a) TEM image
of the MAPDbI3 NCs. (b) Magnified TEM image confirms crystallinity of these NCs. (c) Size
distribution of the MAPbI3 NCs shows an average size of 2.6 nm.

phase purity of these NCs (Figure 6.4.b). The PXRD pattern of the MAPbBrs NCs matches
their reference pattern (top panel in Figure 6.4.b), which is simulated from the bulk, cubic
single-crystal structure at room temperature (a = 5.9334(5) A, space group Pm-3m). The
PXRD pattern of MAPbI3 matches their simulated spectra (bottom panel in Figure 6.4.b)
as well, but the simulated pattern is obtained from the bulk, pseudo-cubic single-crystal
structure at high temperature (400 K, a = 6.3115(2) A, ¢ = 6.3161(2) A, space group P4mm),
as opposed to the room-temperature tetragonal phase (a = 8.8922(1) A, ¢ = 12.635(3)
A, space group Ij/m). As shown in Figure 6.4, the PXRD pattern shifts continuously
and deviates incrementally from the cubic phase toward the pseudo-cubic phase with the

composition change from Br™ to I7, due to the larger radius of I versus Br™.

6.4.3 Transmission electron microscopy of MAPbX3 nanocrystals

The size distributions of these NCs were characterized by high-resolution TEM. TEM images
were obtained by a FEI Tecnai F30 transmission electron microscope operating at 300 kV.
The as-synthesized nanocrystals were further diluted in hexane. A few drops of the resulting
solution were drop-casted onto a Formvar-coated lacy carbon grid, and further dried in air
for the measurements.

Figure 6.6.a shows the TEM images of MAPbI3 nanocrystals with PL centered at 635 nm
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Figure 6.7: TEM images and size distributions of the as-synthesized perovskite nanocrystals.
Color-coding is consistent with the color-coding used in the linear absorption and PL spectra
(as shown in Figure 6.4).
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Nanosecond transient absorption spectroscopy on MAPbI, NCs (2.6 nm)
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Figure 6.8: Nanosecond TA spectroscopy on MAPbI3 NCs (average size 2.6 nm). (a) TA
spectrum of MAPbI3 (2.6 nm). (b) Time traces extracted from the negative feature (570
nm) and the positive feature (635 nm). Absolute-valued normalized traces are shown in
the inset and demonstrate the same decay dynamics for both features. (c¢) Normalized time
traces of the positive feature under varied radiation fluences reveal power-independent decay

dynamics.
and an average size of 2.6 + 0.4 nm. The magnified TEM image demonstrates well-defined
lattice patterns, and further confirms the high crystallinity of these samples. The images

and size distributions of other perovskite NCs are attached in Figure 6.7.

6.5 Nanosecond transient absorption spectroscopy on MAPDbDI;

nanocrystals

We investigated the photophysical dynamics of our perovskite NCs using nanosecond TA
and broadband femtosecond 2DES. Transient absorption spectroscopy was performed on a
home-built apparatus with a narrowband pump (Ekspla P12210 Nd:YAG and OPO with a
pulse duration of 50 ps, centered at 600 nm) and a broadband super continuum fiber laser
probe (Leukos STM with a pulse duration of 700 ps, 500 - 700 nm). Time delays were
achieved using a delay generator (SRS DG535) externally synchronized to a 1 kHz master
clock from the pump laser. The signal was spectrally resolved via a spectrometer (Acton
Research Corporation Spectra Pro 2150i) and recorded with a line scan camera (Teledyne
Dalsa Spyder3 1k) at 1 kHz.

Nanosecond TA results from the MAPbIg NCs (2.6 nm) are shown in Figure 6.8. Two
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features are observed in the TA spectrum (Figure 6.8.a, plotted in transmitted light AT):
a negative feature due to excited-state absorption and a positive feature corresponding to
stimulated emission from the PL state. The time traces of these features (extracted at 570
nm and 635 nm, respectively) show exactly the same decay dynamics (Figure 6.8.b), sug-
gesting that both features arise from the same PL state. Single exponential fitting of the
decay shows a lifetime of 12.6 & 0.6 ns, consistent with the PL lifetime obtained from time-
correlated single photon counting (TCSPC) measurement (Figure 6.5). The decay of the PL
state exhibits no radiation fluence dependence (Figure 6.8.c), indicating that the PL is due
to the radiative recombination of excitons. In contrast, the dim PL of the bulk perovskites
is power-dependent and caused by charge-carrier recombination [8]. The calculated Bohr
radius for an exciton in MAPbI3 is 2.8 nm (5.6 nm in diameter) [34], larger than the size
of measured MAPbI3 NCs. Therefore, the observed radiation fluence-independent PL (ex-
citonic in nature) is most likely due to the increased binding energy generated by quantum

confinement of the exciton within the NC.

6.6 Femtosecond two-dimensional electronic spectroscopy on

MAPDI; nanocrystals

The nanosecond TA measurements can only capture the dynamics of the PL state. Better
temporal resolution is required to investigate other phenomena after initial photoexcitation.
We therefore performed femtosecond 2DES measurements on these NCs. 2DES can be
viewed as simultaneously performing multiple spectrally-resolved TA measurements with
different excitation wavelengths in a single experiment. Displaying signals as two-dimensional
frequency-frequency correlation maps as a function of time delay (T), 2DES can reveal
couplings between different electronic states, ultrafast coherent dynamics as well as detailed
energy transfer pathways.

In a 2D spectrum, the horizontal axis (excitation frequency) indicates the energy ab-
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sorbed by the sample, while the vertical axis (detection frequency) indicates the energy
emitted (or absorbed) by the sample after a certain waiting time (T). The two-dimensional
representation permits improved resolution of the underlying electronic structure. For exam-
ple, ground-state bleach signals will usually stay stationary, while the stimulated-emission
features will shift downward and appear as lower-diagonal crosspeaks as energy transfer oc-
curs. This separation resolves different features that would otherwise overlap spectrally in
the TA measurements.

2D electronic spectra were measured with a home-built phase-stabilized four-wave de-
scribed in Chapter 2 Section 2.1.3. The output from a regenerative amplifier was then
directed to a tube filled with argon gas (length: 2 m, pressure: 15 psi) to generate broad-
band white light. A cold mirror was used to filter the white light, yielding a spectrum with
FWHM from 550 nm to 680 nm. Multiphoton intrapulse interference phase scan method
(MIIPS) and a spatial light modulator (Biophotonic Solutions) were used to compress the
pulses to 12 fs at the sample position. Three ultrashort laser pulses interacted with the
sample and generated a third-order signal in the phase-matched direction. The signal was
heterodyne-detected with a local oscillator pulse and recorded on a CCD (Andor Newton)
thermoelectrically cooled to -50 °C. The time delay between the first two pulses is coherence
time (7). The time delay between pulse 2 and pulse 3 is referred as waiting time (T), similar
to the time delay in a typical TA measurement. The time delay between pulse 3 and the
third-order signal is rephasing time (t). Fourier transforms over both coherence time (7)
and rephasing time (t) domains yield two-dimensional electronic spectra in the frequency-
frequency domain. In the 2DES measurements on MAPbI3 nanocrystals, the coherence time
was scanned from -90 to 90 fs with a step-size of 1.5 fs. Two sets of waiting time were scanned
to capture the ultrafast dynamics, one from -20 to 1000 fs with a step size of 10 fs and the
other from -20 to 200 fs with a step size of 2 fs. All 2DES measurements were conducted at
room temperature. The perovskite NCs are measured with a concentration about 0.2 OD

in 200 pm path length and are stable for at least about two weeks experimental time under
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illumination.

The 2D spectra at T=1000 fs of MAPbl3 NCs with average sizes of 2.6 and 5.0 nm
are shown respectively in Fig 6.9. Three resolved spectral features are observed in the 2D
spectra of MAPbI3 NCs with both sizes. The spectral position of the lowest energy feature
within each spectrum is consistent with the corresponding PL state. Horizontal slices from
each 2D spectrum are shown in Fig. 6.9.b. The excitation energies of these spectral features
shifts with NC size, indicating that the probed NCs are quantum-confined and these three
spectral features reflect the inherent electronic structures of the NCs instead of vibronic
progressions [35].

We have shown a series of 2D spectra of MAPbI3 NCs (2.6 nm) at different waiting times
(10, 30, 50, 100, 500 and 1000 fs, respectively), the time traces extracted from three lower
diagonal crosspeaks exhibiting sub-50 fs relaxation dynamics, and quantum-beating signals
observed from the upper diagonal excited state absorption features in Fig. 6.10.

At T = 10 fs, the elongated lineshapes of the main diagonal features show that the system
maintains memory of its initial excitation frequency on the timescale of the pulse duration (12
fs). Such elongated lineshapes at early waiting times may arise from probing a system that
has either a complex electronic structure or an inhomogeneous distribution. To differentiate
and determine the origin of the features, we examine the longer waiting time spectra. As
the waiting time evolves, the elongated feature evolves into three features (marked as labels
1-3 in Fig. 6.10). The spectral position of feature 3 is consistent with the PL state. The
stimulated emission of features 1 and 2 clearly moves down as energy is transferred, resulting
in three crosspeaks (1-2, 1-3, and 2-3) on the 2D spectra. After T = 100 fs, the 2D spectra
remain almost unchanged. The growth of the lower diagonal crosspeaks indicates clearly
that these features all exist on the same NC. Thus, this crosspeak pattern demonstrates that
all the features shown on the main diagonal of the 2D spectrum at T = 10 fs are due to the
electronic structure of the NCs rather than an inhomogeneous distribution.

These resolved features demonstrate NC size-dependent spectral shift, indicating that the
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Figure 6.9: 2DES spectra of MAPbI3 NCs with different sizes demonstrate electronic nature
of the probed states. (a) Left: Absorptive 2DES spectrum of MAPbI3 NCs (2.6 nm) at T
= 1000 fs. Right: Absorptive 2DES spectrum of MAPblg NCs (5.0 nm) at T = 1000 fs. (b)
Horizontal slices from the 2DES spectra of MAPblg NCs shown in panel (a). Both slices
show three spectral features. The spacing between these spectral features shift with NC
sizes, indicating that the probed NCs are quantum-confined and the three spectral features
reflect the electronic structure of the NCs.
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Figure 6.10: Femtosecond 2D electronic spectroscopy on MAPbI3 NCs (2.6 nm). (a) 2D
spectra of MAPbI3 at different waiting times. (b) Upper diagonal crosspeaks show quantum-
beating signals. (c) Lower diagonal crosspeaks reveal sub-50 fs relaxation.

NCs are quantum-confined and the spectral features reflect the inherent electronic structure
of the NCs. However, due to the lack of the electronic structure calculations on the MAPbIg
NCs, it is challenging to assign these observed spectral features to certain electronic states
or transitions.

Time traces from the three lower diagonal cross peaks are shown in Fig. 6.10.c. The
growth of these crosspeak indicates ultrafast energy transfer dynamics. Exponential fits of
the time traces from the three crosspeaks yield relaxation time constants on the order of ten
femtoseconds.

Time traces from the upper diagonal regions exhibit quantum-beating signals. These
oscillatory signals extracted from different spectral regions of the 2D spectrum also yield
different beating frequencies. These oscillatory signals completely dephase after 100 fs and
show up predominantly in the upper diagonal spectral region rather than the lower diagonal
crosspeaks. At the lower right half of the 2DES spectrum, the coherent dynamics overlaps
with population relaxation (incoherent dynamics). The coherences, if originating from the

excited states, may be smeared/diminished by the ultrafast energy transfer and limited by
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Figure 6.11: Dephasing times fit to observed oscillatory signals shown in Figure 6.8. The
signals were fit to an exponential decay envelope and a single sinusoidal oscillation with
arbitrary phase.

the excited state lifetimes. This overlap effect might explain why the quantum-beating
signals are not significant in the lower diagonal features.

Due to the ultrafast dephasing of the observed coherences, as shown in Fig 6.11, the
ultrafast energy transfer process and spectral overlap at room temperature, it is impossible
to definitively assign the exact nature of these coherences (purely electronic or vibronic)
with our current experiment. Further work will be required to provide full assignments. We
believe that the analysis on the exact physical origin of the observed quantum-beating signals
requires further investigation such as low temperature resolved 2DES, in which spectral
features could be better resolved and coherences should last longer. The low temperature
resolved 2DES could provide a detailed beating map analysis on the prolonged coherences
and dissecting signals from electronic coupling and vibronic coupling. Polarization studies

may also be useful to fully assign these features.

6.7 Conclusions

We have developed a ligand-mediated transport synthesis of quantum-confined organic-
inorganic perovskite (MAPbX3) NCs that operates under ambient conditions. Due to its

robust reaction conditions and convenient external controls, this ligand-mediated trans-

231



port method moves this material closer to industrial realization. The dissolution equilibria
involved in the reaction allow precise control of size and composition, yielding quantum-
confined NCs with high PLQY. Nanosecond TA spectra reveal an excitonic PL decay that is
independent of radiation fluence, indicating direct radiative excitonic recombination. Fem-
tosecond 2DES spectra resolve spectral features that shift with NC size reflecting the inherent
electronic structure of the NCs. These observations confirm that our NCs are quantum-
confined. Additionally, we observe sub-50 fs excitonic relaxation and quantum-beating sig-
nals that dephase with lifetimes of about 40 fs. Further investigation is required to assign
these ultrafast dynamics and to understand the mechanisms of relaxation to the PL state.
Of particular interest would be whether energy relaxes to the PL state through a coherent

or incoherent mechanism.
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CHAPTER 7
FUTURE DIRECTIONS

The singly linked fluorescein heterodimers and the SWNT packing strategy described in
Chapter 3 have provided a straightforward and synthetically manipulable platform to control
the vibronic coherences in synthetic multichromophoric systems. However, there is still much
to be done to understand the role of vibronic coherences in the energy transfer mechanism
in depth and further employ the coherent mechanism in the application of artificial systems,
such as organic photovoltaics. In the first half of this chapter, I will discuss some new
synthetic systems that could be interesting and fruitful to test the coherent energy transfer
mechanisms in artificial systems via two-dimensional electronics spectroscopy. In Chapter
5, we demonstrate polaron formation in organic-inorganic perovskite bulk single crystals by
nanosecond transient absorption spectroscopy. In Chapter 6 , we present the development of
ligand-mediated transport synthesis of organic-inorganic hybrid perovskite nanocrystals and
their ultrafast dynamics probed by femtosecond two-dimensional electronic spectroscopy at
room temperature. However, the photophysical properties of perovskite materials, as both
bulk and nanocrystal forms, are not yet fully explored and deserve further investigations.
In the second half of this chapter, I will talk about future directions on the perovskite
materials that can take advantage of our broadband femtosecond 2DES to contribute to the

understanding of inherent photophysical properties of these materials.

7.1 Future directions for coherent dynamics studies on synthetic

small molecules

The series of singly inked fluorescein heterodimers described in Chapter 3 were designed to
test the synthetic requirements for vibronic coherences and control the presence of vibronic
coherences via packing the dimer on SWNT surfaces. To explore the design principles of

vibronic coherence, we intentionally create the heterodimers with weak electronic coupling
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between the two constituent monomeric units. That is, we wanted to measure the effects
of orientation and shared environment on the dynamics of an excited state resonant with
another excited state plus a vibration. To observe the effects, we specifically worked in the
weak coupling regime where energy transfer is rather slow compared to dephasing. However,
to test the role of vibronic coherences on the excited state energy transfer processes, one
should instead optimize energy transfer by creating stronger coupling between constituent

monomers so that more energy transfer occurs before the vibronic coherences dephase.

7.1.1 Rigid fluorescein heterodimers with shorter linker

One way to introduce stronger coupling between the two constituent monomers is to shorten
the linkage due to the R0 distance dependence of the dipole-dipole coupling. A proposed
synthetic route for creating double-linked fluorescein heterodimer with shorter linkers is
shown in Figure 7.1.The first step in this synthetic route is the Sy 2 allylation reaction of
fluorescein monomers with substituted groups (X=H, Me, Cl). These different substituted
groups are used to tune the electronic transition energies of these monomers. For halide
groups, Cl can be used because it is relatively inert for the Heck coupling reactions in the
later synthetic steps. However, Br and I are not ideal groups for tuning the energy levels
due to their relatively high reactivity.

Installing Br and I on fluorescein monomers needs careful thoughts to avoid side reactions
or difficulties in the purification of final products. For this Sy2 allylation reaction, the
desired product is the fluorescein diallyl ether, which is a minor product of the allylation
reaction. Large-scale synthesis is required for this step because the yield of fluorescein diallyl
ether is usually less than 10%. The major product (fluorescein allyl ether allyl ester) and
the minor product (fluorescein diallyl ester) can be easily separated via recrystallization.
Recrystallization of the crude reaction mixture in ethyl acetate yields pure fluorescein allyl
ether allyl ester. Evaporation of the remaining solution followed by recrystallization in

methanol yields pure fluorescein diallyl ether as a pale yellow solid. The above-mentioned
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(a) Allylation

NaHCOg,KI,I;_
4,
EtOH/H,0

Figure 7.1: Synthetic scheme for doubly linked fluorescein heterodimer with shorter linkages.
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separation protocol has been carefully tested and the 'H NMR spectrum of 2’,7-dichloro-
fluorescein diallyl ether in CDCljg is shown in Figure 7.2.

The second step in the synthetic scheme is a Claisen rearrangement reaction to install
both allyl groups on the 4’,5’-positions of the xanthene ring. This reaction has to be con-
ducted in the sealed tube with inert gas protection at 170 °C to avoid polymerization of
the fluorescein diallyl ether induced by Oo. This dual Claisen rearrangement reaction will
take longer time (>24 h) to completion compared to a single Claisen rearrangement. The
4’ 5'-diallyl fluorescein monomer can be further purified by chromatography. The 'H NMR
spectrum of 27, 7’-dichloro-4’,5’-diallyl fluorescein in CD30D is also attached in Figure 7.3 to
prove the feasibility of this dual Claisen rearrangement reaction shown in Figure 7.1.

The third step is to prepare diiodo-substituted fluorescein for the final Heck coupling
reaction. The two iodo groups should be installed on the 4’,5’-positions of the xanthene ring
to guarantee the favorable geometry for the Heck coupling. Meanwhile, for the choice of
fluoresceins in this step, the 2’,7’-positions of the xanthene ring should be protected by other
groups such as Me and Cl to inhibit iodination on these sites.

The final step is the Heck coupling reaction between 4’,5’-diallylfluorescein and 4°,5’-
diiodofluorescein. This reaction needs to be conducted in the sealed tube in the presence of
Pd catalyst under basic conditions and inert gas protection. Note that the carboxylic acid
groups of the two monomers need to be accounted when molecular ratio of the added base is
calculated. An alternative way to deal with the carboxylic acid groups is ester protection by
—CHsPh or Et groups. Ester protection will ease the purification procedure by increasing
the solubility of the final product in normal organic solvents such as chloroform and ethanol,
but will also introduce additional steps in the synthesis. Hydrogenation of this rigid dimer
may be necessary to remove the Z,E isomerism introduced by the C=C double bonds on the
linkages. If one chose to use CHoPh as the protected group for the carboxylic acid in the
Heck coupling reaction, the CHoPh protecting group could be removed simultaneously in

the hydrogenation reaction catalyzed by Pd/C with Hs.
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7.1.2  Synthetic heterotrimers

To test the role of coherence on the transport process to other constituent monomers, multi-
chormophoric systems other than the dimer systems are required. A feasible model of artifi-
cial multi-chromophoric system is synthetic fluorescein heterotrimers. The energy difference
can be varied by choices of different substituent groups. Halide substituent groups can
vary the electronic transitions by several nanometers, enough for disentangling the elec-
tronic transition from certain vibrational modes but insufficient to create an energy trap
within the molecule. If one desires an energy trap within the molecule to study the effect
of coherent energy transport, the easiest way to create such a trap is to use 4’,5-diiodo-
27, 7’-dinitrofluorescein as one of the constituent monomers. The nitro groups stay inert in
the Heck coupling but can be reduced to diaminofluorescein by Ho and Pd/C, as shown in
Figure 7.4, in which the amino groups redshift the linear absorption spectrum by tens of

nanometers.
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(a) Allylation and Claisen rearrangement

170 °C

sealed tube

R = Me, Et, Bu, CH;Ph

(c) Hydrogenation and cyclization

R'NH,
2 CH0
EtOH

Hy/Pd
—_

When R = CH,Ph, all R could be removed

Figure 7.5: Synthetic scheme for fluorescein isosceles trimers.

The synthetic scheme for isosceles fluorescein heterotrimers is shown in Figure 7.5. The
first few steps are allylation and Claisen rearrangements, similar to the procedures described
in Chapter 3. Ester protection is crucial for the synthesis of fluorescein heterotrimers. With-
out the ester protection groups, as more constituent monomers attached to the molecule, the
solubility of the molecule decreases severely in the solution, posing difficulties to further re-
action and purification. Heck coupling between 2 equiv of monoallyl fluorescein and 1 equiv
of 4’,5’-diiodofluorescein yields an open isosceles fluorescein heterotrimer. Hydrogenation is
required before cyclization to ensure the favorable geometry. A cyclic isosceles heterotrimer
can be obtained by cyclization via Mannich reaction.

The synthetic scheme for fluorescein full heterotrimer is shown in Figure 7.6. The first few
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steps are the same as those of singly-linked fluorescein heterodimer we described in Chapter 3.
Heck coupling between the singly linked fluorescein heterodimer with 4’,5’-diiodofluorescein
yield a full heterotrimer. The reaction yield of the last step may be low, but the solubility
difference among the monomer, dimer and trimer should be significant, which is convenient
for further purification via chromatography.

The syntheses of fluorescein heterotrimers might be difficult to realize. In my opinion,
the schemes I listed in this chapter are the most practical routes within the Engel Group.
One could also attempt to collaborate with expert synthetic chemists from other groups
to design other non-fluorescein based heterotrimers. Despite the difficulty associated with
the syntheses, I believe that probing the effects of coherent energy transfer in an artificial
multi-chromophoric system serve as both an interesting and an important aspect of our
research, which we can apply the lessons learned from the photosynthetic pigment-protein
complexes to other fields and exploit the importance/benefice of these coherences in future

device applications.

7.2 Future directions for the studies of ultrafast dynamics of

perovskite materials

Perovskites, as an extremely promising class of materials in optoelectronic devices, have at-
tracted extensive research attention to their extraordinary photophysical properties. Bulk
organic-inorganic hybrid perovskites as light absorber in solar cell devices have demonstrated
power conversion efficiency up to 23% [1], while perovskite nanocrystals exhibit bright and
narrow photoluminescence with quantum yield up to 97%, suitable for LED applications. In
Chapter 5 and Chapter 6, we present some interesting observations on the ultrafast dynamics
of both bulk single crystals and nanocrystals of organic-inorganic hybrid perovskite. How-
ever, more investigations are still needed to fully understand the photophysical properties

of perovskite materials. In this section, I will discuss some future directions on perovskite
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Figure 7.6: Synthetic scheme for fluorescein full heterotrimers.
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materials that are feasible in Engel Lab.

7.2.1 Colloidal perovskite nanocrystals

In Chapter 6, we demonstrate ligand-mediated transport synthesis of organic-inorganic hy-
brid perovskite nanocrystals with octylamine protonated by oleic acid as capping ligands.
It has been reported that capping ligands can affect the shape of perovskite nanomaterials
to afford nanocrystals (quantum dots), nanocubes, nanorods and nanoplatelets [2]. One
can employ the ligand-mediated transport syntheses with other capping ligands, such as
dodecylamine protonated by hexanoic acid, oleic acid or acetate acid. A comparison of the
electronic structure and ultrafast dynamics among perovskite nanomaterials with different
shapes would be important to understand the quantum confinement effects on these materi-
als. In the previous chapters, we focuse on organic-inorganic perovskites (methylammounium
based). One can also study the ultrafast dynamics of purely-inorganic perovskite nanocrys-
tals (Cesium based) and compare the results with organic-inorganic perovskites. The role of
methylammounium cations (associated with permanent dipoles) in the perovskite nanocrys-
tals could be an interesting future project because we know that the methylammounium
cations can reorient to induce polaron formations in perovskite bulk crystals while cesium
cations cannot [3].

The colloidal stability of perovskite nanocrystals might be a concern for our ultrafast
spectroscopy due to their sensitivity to humidity, which is caused by the ionic nature of the
crystal lattice. Recent studies have shown that heavily branched ligands can improve the
colloidal stability of these nanocrystals against polar solvents [4]. One can also incorporate
our ligand-mediated transport synthesis with branched ligands to further improve the stabil-
ity of the nanocrystals. This approach would significantly ease the time limit on the 2DES
measurements posed by sample stability, avoiding the scenarios that one must synthesize the
nanocrystals and troubleshoot the laser at the same time.

In Chapter 6, we have reported the femtosecond 2D spectra of CH3NH3Pbls nanocrys-
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tals at room temperature. These 2D spectra present some interesting observations, but are
insufficient to definitely assign the microscopic mechanisms of the observed coherences or to
assign specific transition/electronic states to the observed spectral features due to the ex-
tremely fast (sub-50fs) dynamics at room temperature. To unambiguously assign the origin
of the observed coherences (electronic vs vibronic), low-temperature 2DES would be neces-
sary to prolong the coherences and further resolve these spectral features. Unfortunately,
the common solvents for perovskite nanocrystals, such as hexane and toluene, are not good
candidates for glass formation at low temperature. Identifying a solvent that can form nice
glass at low temperature and afford perovskite nanocrystals at high concentration for 2DES
measurement might be a major challenge for this project.

Additionally, the choice of temperature and radiation power requires careful thoughts for
future 2DES measurements on perovskite nanocrystals. These nanocrystals will experience
phase transitions from cubic/pseudocubic phase (at room temperature) to tetragonal phase
to orthorhombic upon lowering the temperature [5, 6]. High radiation fluence may generate
multi-exciton effects and thus affect the lineshapes of the spectrum and the corresponding
dynamics [7]. A radiation-fluence dependent 2DES study on these nanocrystals at either
room temperature or low temperature is necessary to definitively assign the observed spectral
features to certain transitions/electronic states. The pulse power I used for CH3NH3Pblg
nanocrystals is 10 nJ/pulse with spectrum from 550 - 680 nm (FWHM). This power is
within the low to moderate range for typical nanocrystals 2DES measurements but might
still be at risk of multi-exciton generation due to the enormous cross section of perovskite
nanocrystal [8, 9]. However, the signal intensity recorded on the CCD camera is only about
2000 counts. Therefore, improving the signal-to-noise ratio in the Redfield lab would be a

prerequisite to obtain publication-quality 2DES data with extremely low radiation fluence.
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7.2.2  Perovskite thin films

Perovskite materials are usually applied in the optoelectronic devices as thin films, not in
colloidal solutions. Therefore, the studies of ultrafast dynamics of perovskite thin films are
more important because these materials may exhibit different photophysical properties as
compared to those in colloidal solutions. Two types of perovskite thin films can be considered
as possible subjects of study in Engel Group.

The first type is perovskite thin film of microcrystals. CH3NH3PbBrg and CH3NH3Pbl3
microcrystals thin films can be obtained by spin-coating precursor solutions (lead halide
and methylammounium halide, typically in DMF) of varied concentration, affording average
grains of sub-um to 10 pm [10]. The bandgap of Br-based perovskite thin films are typically
around 530 nm, not easily accessible with our femtosecond lasers. Whereas the bandgap
of I-based perovskite thin films are typically around 710 - 720 nm, suitable for our laser
bandwidth, but more care must be taken due to their sensitivity to humidity. Heterogeneity
of perovskite microcrystal thin films is an important factor for the 2DES measurement. As
mentioned before, the average grain size could range from sub-pym tol0 pgm. The beam size
of focus at sample position is usually 70-100 um. Hence, the probing area of the thin films is
extremely sensitive because it can either provide result of a single grain or ”ensemble” results
from several grains with different sizes, depending on the morphology of thin films. It has
been reported that the size and morphology of the microcrystals can significant affect the
corresponding ultrafast dynamics of the charge carriers [10]. Hence, conventional 2DES on
perovskite microcrystal thin films might be complicated by the heterogeneity and the mor-
phology of the films. However, due to the same fact, perovskite microcrystal thin films could
be perfect candidates for the Optical Resonance Imaging apparatus in Engel Group [11],
which can spatially resolve the morphology and temporarily resolve the ultrafast dynamics
of the perovskite thin films simultaneously.

The second type is perovskite thin film of nanocrystals, which is a suitable candidate
for conventional ultrafast 2DES due to its relatively homogeneous morphology. Perovskite
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nanocrystal thin films can be obtained by spin-coating a solution of pre-synthesized nanocrys-
tals on to a glass substrate. Ultrafast 2DES on thin films of CH3NH3Pblg nanocrystals, at
both room temperature or low temperature, is readily accessible with the current laser band-
width in the Redfield Lab and is a project worth pursuing. Another interesting project is
the ultrafast dynamics of mixed-halide perovskite nanocrystal thin films. The photolumi-
nescence quantum yields of colloidal mixed-halide perovskite nanocrystals are much weaker
compared to purely Br- or [-based nanocrystals, probably due to trap states associated with
composition mismatch. But the PL of mixed-halide perovskite nanocrystal is tunable across
a significant portion of the visible spectrum (540 to 630 nm). Hence, understanding the
electronic structure/trap states associated with these nanocrystals would be important for
future materials design and applications of these materials in light-emitting devices.

The anion exchange property of the perovskite nanocrystals may also enable real-time
observation of chemical reactions probed by ultrafast dynamics. Real-time observation of
chemical reactions has been proposed during the last several years in the Engel group, yet
finding a suitable system /reaction is challenging. We have attempted to conduct this type
of studies on the synthesis of PbS magic-size clusters, however, the concentration of colloidal
product is too low to generate any observable signals. Perovskite nanocrystals can undergo
anion exchange reaction both in solution and as thin films [12-14]. CH3NH3Pbl3 nanocrystal
thin films can be produced with sufficient optical density to generate 2DES signals. Hence,
the real-time observation on the chemical dynamics can be realized by conducting 2DES
measurements with GRAPS apparatus on a thin films of CH3NH3Pbls nanocrystals while
pumping solutions (containing Br anions) through the film to initiate the anion exchange
reaction. The reaction time can be adjusted by the concentration of Br anions in solution

to match with the experimental time required by 2DES.
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7.2.3  Perovskite bulk single crystals

In Chapter 5 we performed nanosecond transient absorption spectroscopy on CHg3NH3PbBr3
bulk single crystals and attributed the two observed decoupled populations to the coexistence
of free and localized carrier due to polaron formation. We have suggested that doping
CH3NH3Pbl3 bulk single crystals with Cl may improve the polaron formation effect because
the chloride can displace CH3NH§ cations and reduce the high frequency dielectric constant
[15]. Therefore, future studies on the doped perovskite bulk crystals would be interesting.
It is possible to synthesize doped perovskite bulk single crystals via the anti-solvent method
reported by Shi et al [16] with varied ratio of different halide precursors. T have successfully
synthesized CH3NH3PbBrg single crystals doped with I before. The doped crystals are darker
in color as compared to pure CH3NH3PbBrg single crystals, but the crystal lattice parameters
remain the same probed by X-ray diffraction. Hence, more sophisticated experimental design
on the doped-perovskite crystallization is required and the elemental analysis on these doped
crystals is necessary for characterization. Ultrafast dynamics of these perovskite bulk crystals
may suffer from the scattering caused by the crystal lattice, but still remains as an interesting

project for further studies.
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CHAPTER 8
CONCLUSIONS

Photosynthesis can harvest solar energy with remarkable quantum efficiencies. Since the
observation of long-lived quantum-beating signals in photosynthetic complexes with two-
dimensional electronic spectroscopy from 2007, much effort has been devoted to investigate
numbers of questions on these quantum-beating signals. These quantum-beating signals
were originally attributed to purely electronic coherences between different excited states.
The prolonged electronic coherences suggest that energy may migrate in a wave-like manner
in the photosynthetic complexes which accounts for the near perfect transfer efficiencies.
However, there is a huge debate over the microscopic origin of the observed beating signals
due to the existence of multiple vibrational modes in these photosynthetic complexes and
the coincident of a vibrational mode near the electronic energy gap.

One important question is the nature of these beating signals. Do they arise from purely
vibrational coherences, purely electronic coherences between different excited states, or co-
herences with vibronic character that arise from the non-adiabatic coupling between the
excited-state surfaces of the two chromophores? Purely vibrational coherences on the elec-
tronic ground state cannot impact the energy transfer while electronic and vibronic coher-
ences can. Unambiguous assignment of these observed beating signals is required before
claiming their biological significance. If these coherences are indeed electronic or vibronic in
nature, can they be reproduced in artificial systems? If so, what are the requirements for
molecular design?

In Chapter 3, I have endeavored to answer the aforementioned questions. The signal
observed in two-dimensional electronic spectroscopy is the summed signal from all accessible
pathways. Systems that can dissect contributions from vibrational, electronic and vibronic
pathways would be ideal to unveil the microscopic origins and design principles of these
coherences. In photosynthetic complexes, protein provides two coupled functionalities: finely

tuned excitation energy gaps of the individual chromophores and rigid structural support
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that holds chromophores in fixed spatial relationships. Therefore, photosynthetic systems is
not an ideal system for such studies due to the difficulty on tuning the electronic energy gap
away from vibrational modes without losing structural integrity.

I have designed and synthesized a series of synthetic fluorescein heterodimers instead
to differentiate coherences with different origins. The rich chemical variability in these
synthetic systems provide facile tunability of the electronic energy gap to match or deviate
from certain vibrational modes. These heterodimers are structurally flexible in solution with
a single linkage between the two constituent monomers that allows one monomer to rotate
freely relative to the other. But these heterodimers can experience fixed spatial relationship
between chromophores when packed on single-walled carbon nanotube surfaces, in crude
analogy to the protein environment in photosynthetic systems. With this molecular design,
I can dissect contributions of different coherences and test the impact of energy gap and
rigid structural support on coherences separately. By employing two-dimensional electronic
spectroscopy along with these synthetic controls, I demonstrate that the presence of vibronic
coherence can be controlled in artificial systems. The two prerequisites to generate vibronic
coherence in artificial systems are as follows: a resonant vibrational mode with the electronic
energy gap, and limiting the relative orientation of the chromophores. Our observation will be
informative for further investigations on coherent energy transport and biomimetic artificial
materials that could exploit coherent transport in photovoltaics.

In Chapter 4, I have presented the two-dimensional electronic spectra of a cavitand
molecular switch with a pair of functionalized BODIPY dyes attached on the opposite walls of
the backbone. This cavitand switch failed to meet the design principle of vibronic coherence
but is particularly useful for understanding the impact of nonradiative transition on the
overall Foster energy transfer efficiency, which is often neglected in typical steady-state and
time-resolved fluorescence measurements. Switching from vase to kite conformation increases
the donor-acceptor distance from 0.5 to 3 nm and affects FRET efficiency. By disentangling

different dynamics based on lifetimes in 2D spectra, I separate three processes associated with
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the donor of the cavitand: nonradiative relaxation, energy transfer (FRET), and residual
fluorescence. The 2D spectra for the vase and kite conformations demonstrate a 70% greater
change in FRET efficiency with donor-acceptor distance than that determined by standard
lifetime-based measurements. These observations suggest that nonradiative processes are
sensitive to the local chemical environment and must be taken into account when highly
accurate measurements of FRET efficiency are desired.

The studies in Chapter 3 and Chapter 4 are motivated by the efficient light-harvesting
processes in photosynthesis. Understanding the ultrafast dynamics and the energy transfer
mechanisms of these molecular systems are important for future biomimetic materials design
and their device applications. Solar energy can also be harvested by photovoltaics, although
usually with lower quantum efficiency compared to photosynthesis. Therefore, investigations
on the photophysical dynamics of functional materials used in the active layers of photovoltaic
devices will be crucial for understanding device performance.

The remarkable power conversion efficiencies demonstrated by photovoltaic devices using
perovskites (microcrystals thin films and bulk single crystals) as light absorbs have raised
broad scientific interests to these fascinating materials. What are the photogenerated species
in these materials? Are they excitons, free charge carriers, or polarons? How would these
photogenerated species impact the device performance?

In Chapter 5, I have sought to clarify some aspects of the fundamental photophysical
properties of perovskite bulk crystals. Previous research efforts were devoted to perovskite
thin films, in which nonintrinsic factors such as grain sizes and grain boundaries may ob-
scure the inherent photophysical dynamics of perovskite materials. I have performed the
first nanosecond transient absorption spectroscopy in a transmissive geometry on perovskite
single crystals. These single crystals are polished to ca. 70 pm thickness, ensuring detectable
probe light through the crystals. Compared to transient reflectance spectroscopy, transient
absorption signal in a transmissive geometry is sensitive to the bulk rather than crystal

surfaces. Through transient absorption experiments on perovskite crystals with varied radi-
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ation fluences, I observe the coexistence of two different sets of photogenerated populations
in bulk perovskites. One decays through second-order recombination while the other decays
through third-order recombination dynamics, differing from the observed carrier dynamics
in perovskite thin films. By performing ab initio calculations on perovskites, we find this
observation is best explained by the coexistence of localized carriers and free carriers in bulk
perovskites. Methylammonium cations can solvate electrons within perovskite, resulting in
polaron formation at specific locations within perovskite lattice. Polaron formation will lead
to localization of carriers and dramatically reduce the overlap between the electron and hole
wavefunctions. Hence, the recombination will be retarded by polaron formation and decou-
pled from the recombination dynamics of free carriers. Our calculations of perovskite polaron
stabilization energy on both CH3NH3PbBr3 and CH3NH3Pbls suggest that polarons will
form in both perovskites but are more pronounced in CH3NH3PbBr3. Our observation of
perovskite bulk carrier dynamics is an important step toward understanding the impact of
polarons on the transport and optical properties of perovskite.

While the spontaneous dissociation of exciton into carriers in perovskite bulk crystals and
microcrystals may be ideal for photovoltaics, the nonradiative recombination of these carriers
constrains their light-emitting performance. Nanostructured perovskites, which can increase
the exciton binding energy through quantum confinement and overcome the relatively weak
photoluminescence of bulk perovskite, have then attracted extensive research attentions.
Perovskite nanocrystals exhibit remarkably bright and spectrally narrow photoluminescence
tunable across the entire visible range, inspiring investigations on their photophysical prop-
erties. Important questions raised on perovskite nanocrystals include: Is the enhancement of
PL QY due to quantum confinement in the NCs? Will excitations stay as excitons or separate
immediately into carriers in perovskite nanocrystals? What are the electronic structures of
these perovskite nanocrystals? Is it possible to generate these quantum-confined nanocrys-
tals in large scale under convenient reaction conditions for future industrial applications?

In Chapter 6, I have answered some of the aforementioned questions by probing the ultra-
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fast dynamics of perovskite nanocrystals. Previous syntheses on perovskite nanocrystals via
ligand-assisted reprecipitation (LARP) and hot-injection methods require exquisite experi-
mental control, which constrains their scalability. The extremely fast nucleation dynamics
in LARP and hot-injection method also pose difficulty on precise size control and postsyn-
thetic purification. I have therefore developed a scalable ligand-mediated transport synthesis
of organic-inorganic perovskite nanocrystals. This synthesis operates at ambient conditions
and provides high quality (PL QY up to 97%) organic-inorganic hybrid perovskite nanocrys-
tals for 2DES measurements. The ligand-mediated transport synthesis employs a different
reaction mechanism from previous methods, circumventing the need for exquisite external
control (e.g. temperature control, inert-gas protection, dropwise addition of reagents). In
the ligand-mediated transport mechanism, multiple equilibria cooperatively dictate reaction
rates and enable precise control over NC size. Nanosecond transient absorption spectroscopy
on these perovskite nanocrystals reveals radiation fluence-independent PL decay, suggesting
that excitons are the primary photogenerated species and the bright photoluminescence is
due to quantum confinement of excitonic within these NCs. Femtosecond 2DES spectra of
these NCs resolve spectral features that shift with NC size, reflecting the inherent electronic
structure of these NCs. The ultrafast dynamics of these NCs, including sub-50 fs excitonic
relaxation and quantum-beating signals that dephase with lifetimes of about 40 fs, are also
observed. The existence of quantum-beating signals in these perovskite NCs is an interesting
observation, resembling the photosynthetic systems that also exhibit these quantum-beating
signals and near unity transfer quantum yields. Although it is difficult to assign the mi-
croscopic origin of these quantum-beating signals in perovskite NCs due to their ultrafast
dephasing at room temperature, our observation will certainly inspire future investigation
on the nature of these beating signals and their impact on energy transport. Of particular
interest will be whether the energy relaxes to PL state in a coherent or incoherent manner
and whether the observed coherences can help avoid ‘trapping’ in the local minima and

explain the high PLQYs in perovskite NCs. The knowledge we obtained is an important
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step toward depicting the electronic structure of the NCs and the energy transfer mechanism
within a NC.

In summary, we have investigated ultrafast dynamics of functional light-harvesting ma-
terials related to photosynthesis and photovoltaics. The molecular designs we have provided
and the photophysical properties of various materials we observed would inspire future design

of artificial light-harvesting materials in device applications.
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