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ABSTRACT

Electronic-vibrational coupling drives the relaxation of optically prepared excitations in
both carotenoids and semiconductor quantum dots (QDs). As a result of this electronic-
vibrational (vibronic) coupling, coherent wavepacket motions are observed during the
excitation relaxation processes. The first part of the dissertation describes the relaxation of
the optically prepared bright S; state to dark S; state via bridging intermediate, Sx. The
spectroscopic signature and the vibrational coherences of the intermediate state Sx
involved in the nonradiative decay were characterized using broadband multidimensional
spectroscopic techniques. Analysis of vibrational coherences shows that Sy undergoes
displacements along out-of-plane coordinates as it passes to the Si state. The second part of
the dissertation discusses the nonradiative relaxation in oleate-capped QDs. This process
involves excited-state coherent wavepacket motions through a cascade of conical
intersections between exciton potential-energy surfaces. Excited state wavepacket motions
are observed at frequencies matching the vibrational modes of the organic ligands. These
observations indicate that the ligand vibrations are quantum coherently mixed with the
core electronic states of the QDs. The third part of the dissertation presents the role
vibronic coupling in photoinduced charge transfer from the QD core to a surface ligand
electron acceptor molecule, methyl viologen dication (MV?2+). The observation of coherent
wavepacket motions is consistent with presence of a charge transfer intermediate with a
mixed QD-MV character, and this intermediate initiate photoinduced charge transfer from
the core of the QD to the surface acceptor molecule. These results raise new opportunities
for the engineering light-harvesting properties of materials through the control of

electronic-vibrational coupling and quantum coherences.
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Overview of the Dissertation

The purpose of the work presented in this dissertation is to address the role of
electronic-vibrational (vibronic) quantum coherences in nonradiative relaxation
mechanism of carotenoids and semiconductor quantum dots (QDs) as well as the
photoinduced charge transfer from QD core to an acceptor molecule. We employed
multidimensional spectroscopic techniques on samples of ketocarotenoid molecule,
canthaxanthin and CdSe QDs to understand the dynamics of nonradiative relaxation and
photoinduced electron transfer. The correlation nature of multidimensional spectroscopic
techniques enables us to determine the relaxation of excitation energy via a series of
excited energy levels. The vibronic coherences manifest as amplitude modulations in the
2D spectra, and their frequencies provide the structural information on the vibrational
motions involved in these processes. Using the time-evolution of the 2D spectra along with
the vibronic coherence characterization, we address the following questions:

1. What are the electronic and vibrational dynamics accompanying the formation of
intermediate, Sx in the nonradiative decay of Sz in the ketocarotenoid
canthaxanthin?

2. How do the vibrations of surface ligands and the QD core facilitate hot-carrier
cooling of electrons and holes in oleate-capped QDs?

3. Do vibronic excitons involving the core and ligand vibrational modes initiate
photoinduced charge transfer from the QD core to the acceptor molecule?

The dissertation is organized as follows:
Chapter 1 provides a brief introduction to carotenoids and semiconductor quantum

dots. This chapter discusses nonradiative relaxation in carotenoids and reviews relevant



literature. The second section provides an introduction to semiconductor quantum dots
and their previously suggested nonradiative relaxation mechanisms. In the final section of
this chapter, a brief introduction to third-order nonlinear signals is provided along with
experimental implementation of two-dimensional electronic spectroscopy (2DES).

Chapter 2 reports the results from the study of the nonradiative relaxation mechanism
in ketocarotenoid canthaxanthin using multidimensional spectroscopy. We report the
spectroscopic signature and vibrational coherence of the intermediate, Sy, that is involved
in the nonradiative decay of bright S state to the dark S; state. The results indicate that the
Sx evolves along out-of-plane coordinates of the isoprenoid backbone as it relaxes to Sy
state.

Chapter 3 presents the results from the multidimensional spectroscopy that determine
the coherent vibronic exciton mechanism of hot carrier cooling in oleate-capped CdSe QDs.
This process involves excited-state coherent wavepacket motions through a cascade of
conical intersections between exciton potential-energy surfaces. The results indicate that
the ligand vibrations are quantum coherently mixed with the core electronic states of the
QDs. Using coherence analyses we isolate the vibrational motions that aid the electron and
hole relaxation in these QDs.

In the Chapter 4, we present the results from the multidimensional spectroscopy that
determines the role of vibronic excitons on the photoinduced charge transfer from CdSe QD
core to a surface electron acceptor methyl viologen (MV). We observe coherent wavepacket
motions with frequencies of lattice-vibrations and the out-of-plane deformations of MV?+.

These observations are consistent with a charge transfer intermediate with a mixed QD-MV



character, and this intermediate initiates the photoinduced charge transfer from the core of

the QD to the surface acceptor molecule.



Chapter 1: Introduction to Carotenoids and Semiconductor Quantum
Dots

Nonradiative relaxation of excited states has been observed in both naturally existing
photosynthetic light-harvesting structures and energy materials such as semiconductor
quantum dots. The mechanism of nonradiative relaxation observed in these systems
involves relaxation of the optically prepared excited states via the coupling of electronic
and nuclear motions.1-3 This chapter covers the background of the nonradiative relaxation
observed in carotenoids, along with a review of the literature to date. The second part of
the chapter provides a background on semiconductor quantum dots and the previously
proposed mechanisms of nonradiative relaxation (hot-carrier cooling). We employed
multidimensional electronic spectroscopic techniques to address the nonradiative
relaxation mechanisms of these systems. The experimental implementation of this
spectroscopic technique is discussed in the final section of this chapter.

1.1 Nonradiative Relaxation Mechanisms

Photosynthetic light harvesting systems and solar energy materials consist of a
manifold of excited states including several vibrational energy levels. Upon an electric field
interaction from an optical pulse, a wavepacket is created in the excited state which
consists of both electronic and vibrational energy levels. This electronic-vibrational
(vibronic) wavepacket evolves through the excited state potential energy surfaces and lose
its excitation energy into vibrations in the form of nonradiative relaxation. The
nonradiative relaxation is considered as a nonadiabatic mechanism which occurs beyond
the Born-Oppenheimer regime.*-¢ In the Born-Oppenheimer regime, the motions of

electrons and nuclei evolve independently of each other owing to their large differences in



mass. However, in nonadiabatic mechanisms, the electrons couple to the nuclear motions
of the molecules that allow for energy relaxation. Nonadiabatic processes occurs in the
regions where the optically prepared wavepacket crosses the potential energy surfaces at
the intersections called conical intersections (CI).*7

Several powerful experimental techniques employing ultrafast lasers have been
applied to create and investigate excited states, enabling experimental investigations of the
relaxation of excited states through these nonadiabatic processes. Some of the
experimental techniques include transient absorption spectroscopy, multidimensional
spectroscopy, and single molecule spectroscopy. These mechanisms have been used to
explain several photophysical processes including coherent vibronic dynamics in energy
transfer mechanisms®8-11 and photochemical reactions.12-14

1.2 Orange Carotenoid Protein: An Overview

Carotenoid molecules are an integral component of light-harvesting systems in plants
and photosynthetic organisms.1516 In cyanobacteria, ketocarotenoids serve as
chromophores for ambient light sensing in the orange carotenoid protein (OCP).1517-23 The
OCP facilitates the nonphotochemical quenching of bilin chromophores in the core of light-
harvesting protein complexes, phycobilisomes.?3 The OCP consists of two protein domains,
C-terminal domain (CTD) and N-terminal domain (NTD). The ketocarotenoid is located at
the interface between the NTD and CTD. Upon excitation of the ketocarotenoid in the OCP
using mid-visible photons, it gets photoactivated from the resting orange state (OCP°) to
the active red state (OCPR). The absorption spectra of the OCPR exhibits a redshift of 50 nm
compared to that of the OCP9.2324 [n terms of protein structure, the process of

photoactivation involves translocation of the carotenoid molecule into the NTD and



displacement of the CTD.2325 The NTD of OCPR then binds to the core of the phycobilisome
to facilitate nonphotochemical quenching. The photoactivation process of OCP from OCP°
to OCPR involves significant changes in the conformation and position of the carotenoid
molecule.?326 However, the impact of photoactivation on the electronic structure of the
ketocarotenoid is still under investigation. As an initial stage, it's crucial to understand the
impact of photoexcitation on carotenoid molecules before delving into their response to
photoactivation in OCP. The next section gives an overview of the structure and
photophysical processes in carotenoids.
1.3 Photophysics of Carotenoids

Carotenoid molecules consist of a long-conjugated isoprenoid backbone with various
functional groups at their ends. Examples include canthaxanthin, 3-carotene, peridinin, and
zeaxanthin (Figure 1.1). Owing to the planar structure of these molecules, they fall under
the Cz2n symmetry group. Therefore, the ground state Sp has 1Ag symmetry, while the first
excited state, S1, and second excited state, Sz, have symmetries 2Ag and 1B.*, respectively.?”
The absorption spectrum of a typical carotenoid consists of a strong band in the mid-visible
region. The first excited state, Sy, is considered a dark state owing to the lack of dipole-
allowed transitions from the ground state, So. Consequently, the strong absorption band in
the mid-visible region of the absorption spectrum is attributed to the transition from the So
to the second excited state, S;.2829 These transitions are m — m* excitations of the long-
conjugated isoprenoid backbone.?7:30.31 The energies of these transitions are similar to the

particle-in-a box problem, where an increase in the conjugation length results in a decrease

in the energy gap.3? Additionally, most carotenoid molecules also exhibit vibronic
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structures in the absorption spectrum, which are attributed to the combination of
stretching motions of the C-C (1150 cm-1) and C=C (1530 cm-1) bonds of the polyene
backbone.
1.3.1 Nonradiative Decay in Carotenoids

In carotenoids, the optically prepared S; state exhibits a very short lifetime (<100 fs)
and relaxes to the S state via ultrafast nonradiative processes.33-35 Several studies have
shown that the decay of Sz to S1 involves an intermediate state that is detected in < 20 fs
after the optical preparation of S;.303637 The structural and spectroscopic nature of this
intermediate remains uncertain. One of the first experimental detection of the intermediate
state was with resonance Raman excitation studies of all-trans-spheroidene by Koyama et
al.38 Further studies using sub-picosecond time-resolved experiments on all-trans-
neurosporene, the group assigned the intermediate to a discrete 1By state340 as predicted
by Tavan and Schulten.*! Subsequent transient absorption (TA) experiments conducted by
Cerullo group using 15 fs pulses on -carotene and lutein revealed that the S; state decays
in 12 fs, giving rise to a distinctive electronic state called Sy, characterized by an excited
state absorption in the 800-900 nm range.3¢ Like earlier studies, this intermediate was also
attributed to the 1B, state. Two-dimensional electronic spectroscopy studies from Scholes
group on LH2 light-harvesting protein have detected the X state in the carotenoid. The X
state is attributed to the direct excitation of the 1By~ state and is considered to borrow
oscillator strength from the nearby S; state via the Herzberg-Teller coupling.4?43 The
assignment of the intermediate state to 1B,~ applies only to planar carotenoid molecules

with a C2n geometry. However, studies on the ground-state structures in vacuum, solution



and proteins show that these carotenoids have asymmetric conformations with distortion
along out-of-plane coordinates.31.44

Earlier studies from our group raised the possibility that Sy should be assigned to a
conformationally distorted Sz structure moving along the out-of-plane coordinates of the
isoprenoid backbone towards a conical intersection (CI) seam#* with the S; state.31.3435
Upon photoexcitation, carotenoid molecules undergo displacements along the bond-
alternation coordinates from the Franck-Condon geometry. These molecules then undergo
vibrational motions along out-of-plane coordinates, leading to a twisted conformation
(Figure 1.2). Fluorescence anisotropy measurements on [3-carotene in aprotic solutions at
room temperature show a 50° rotation of the emission transition dipole moment (TDM)
relative to the Franck-Condon S; state, implying that the torsional and pyramidal
distortions are initiated in the S state near the center of the isoprenoid backbone.?°
The first part of this dissertation addresses the nonradiative decay mechanisms of the
ketocarotenoid, canthaxanthin involving an intermediate state, Sy, using multidimensional
spectroscopic techniques. The nature of the bridging intermediate state, Sy, involved in the
nonadiabatic mechanism of decay of optically prepared S; state to dark S; state in the
ketocarotenoid is to be established. We address our proposal that Sx corresponds to
conformationally distorted molecules evolving along the out-of-plane coordinates of the
isoprenoid backbone near a low barrier between the planar and distorted conformations
on the Sz potential surface. The spectroscopic signature, electronic and vibrational

dynamics of Sx formation will be addressed in the Chapter 2.
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Figure 1.2. Schematic representations for the potential energy surfaces for the singlet
states of a carotenoid, plotted here as a function of a reaction coordinate composed of
sequential displacements from the Franck-Condon geometry of the optically prepared Sz
state with respect to the C-C and C=C stretching and out-of-plane (¢) coordinates of the
isoprenoid backbone. Planar and distorted conformations are divided by a low barrier at
the structure marked # on the reaction coordinate axis. The mixed S, S1, and So surfaces
are proposed to converge near the geometry of the S; minimum owing to a conical
intersection (CI) of the diabatic surfaces. Arrows indicate vertical optical transitions from
planar and distorted conformations to the S; state. Adapted from Gurchiek et al.??
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1.4 Semiconductor Quantum Dots

Semiconductor materials have a fixed energy gap (or band gap) between the conduction
band (CB) and valence band (VB), depending on the composition of the materials. However,
when these semiconductor crystals are < 10 nm in size, their bandgaps are no longer fixed.
In this size regime, semiconductor crystals exhibit quantum size effects and are therefore
called quantum dots (QDs). QDs contain anywhere from 100 to 10000 atoms per
nanocrystals. They can be viewed as materials between the molecules and bulk materials.
Quantum effects are observed when the size of the nanocrystals is comparable to or
smaller than the spatial separation between the electron and hole or the Bohr exciton
radius (Figure 1.3). Their size-dependent electronic energy gaps have been modeled using
the particle-in-a-sphere approximation.#>46 The energy of a particle in a sphere of radius R
is strongly dependent on size and is proportional to 1/R?2. The wavefunctions of the particle
in a sphere are similar to the atomic orbitals of H-atom. Thus, they are labeled by quantum
numbersn (1, 2,...), [ (S, P, D, ...), and m. According to the derived selection rules, optical
transitions occur only at energy levels with the same I quantum numbers. Owing to the
quantum confinement in these particles, smaller QDs exhibit optical properties in the blue
region of the spectra compared to larger ones.

QDs can be composed of single elements like Si or C, binary compounds of [I-IV (e.g.
CdSe, CdTe, ZnS, etc.), III-V elements (InP, GaN, GaP, etc.), and IV-VI elements (PbSe, PbTe,
GeTe, etc.). Several synthetic approaches have been devised to prepare QDs with identical
shapes, sizes, and properties. These approaches include physical processes such as

molecular-beam-epitaxy (MBE)48-50 and metalorganic-chemical-vapor-deposition
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Figure 1.3. [llustration of the quantum confinement compared to the bulk semiconductor.
When the spatial extent of wavefunction is smaller than the Bohr exciton radius (ap), size-
dependent optical properties are observed. Adapted from ref 47.47
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(MOCVD)>%51 and chemical methods such as colloidal nanocrystalline synthesis.>2-54

This dissertation focusses on colloidal CdSe quantum dots. Colloidal CdSe quantum dots
(QDs) have been widely recognized as a model system for the fundamental research of
electronic and optical properties of QDs.>> This is primarily because they can be
synthesized with ease, resulting in high-quality, monodisperse QDs.
1.4.1 Electronic Structure and Surface of Colloidal CdSe QDs

To obtain a complete picture of the electronic structure and size-dependent optical
properties, several optical spectroscopic techniques have been employed, including
transient differential absorption,>¢-60 photoluminescence excitation>661-63 and fluorescence
line narrowing.646> In QDs, the VB contains a high density of states and the CB has a lower
density of states. This means that the hole energy levels in the VB are closer to each other
than the electronic energy levels in the CB. The electronic energy levels in the CB and the
hole energy levels in the VB are shown in Figure 1.3. Electronic transitions following
selection rules occur from the S and P states in the VB to the corresponding S and P states
in the CB. The lower-energy exciton (153,2 1S.) is often termed as the band-edge exciton.
Due to their tunable size-dependent energy gap, narrow-linewidth emission, surface
chemistry, and charge transport properties, they have wide range of applications.*” Some of
the QD applications include their use in displays,°°-69 lasers,”%-72 optical sensing and
imaging,73-75 solar cells,’6-78 and photo and electrocatalysis.”?-81

In colloidal solution, the surface of the quantum dots is passivated with organic
molecules called surface capping ligands (Figure 1.4). These ligand molecules satisfy

valencies of the surface atoms of the nanocrystal, protect the surface from the
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surroundings, and control nucleation and kinetics during the colloidal synthesis.84-86 QDs

have large surface-to-volume ratio and spatially confined excitonic wavefunctions.
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Figure 1.4. [llustration of different surface capping ligands and their possible coupling of
vibrational modes with QD core electronic states.82 (a) Ligands, alkylamine (I),
trioctylphosphineoxide (TOPO)(II), and alkylcarboxyl group (III), where R represents the
alkyl chain, interacting with the surface of CdSe QDs. (b) Possible coupling of energy levels
of ligand (solid line and dashed line representing bonding orbital and antibonding orbital,
respectively) to core electronic states and (c) exciton manifold for excitons (electron hole
pair) X1 to X4, as labelled. (Reproduced from Ryan Tilluck’s dissertation.83)

Therefore, the properties of QDs can be significantly altered largely by modifying their
surface using capping ligands. Surface-to-ligand bonding characteristics are classified into
three categories by exploring the photoluminescence quantum yield dependence on
ligands.82:86-88 They are L-type, X-type and Z-type based on Green’s Covalent Bond
Classification.?® The L-type ligands are neutral two-electron donors with lone pairs such as
amines and phosphines. These ligands donate two electrons to the vacant orbitals of the

metal ions. X-type ligands are one-electron Lewis bases, such as carboxylates, chlorides,
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and sulfides. Two X-type ligands can coordinate with a divalent cation such as Cd?* or Pb2*
to form covalent bonds.8¢ In larger quantum dots, a surface monolayer of divalent cations is
formed, which can coordinate with two X-type ligands to form MX; complexes, where M2+ is
the divalent cation known as the Z-type ligand.?® Due to the different types of interactions
of ligands to the electronic core, the coupling strengths between the vibrational modes to
electronic wavefunctions would be quite different.
1.4.2 Hot Carrier Cooling in QDs

Charge carriers are considered to be ‘hot’ when they occupy energy levels higher than
the bandgap upon photoexcitation. They lose this excess energy via a nonradiative process
called hot-carrier cooling. In a photoexcited quantum dot, the electrons that occupy higher
energy levels (1P.) above the band gap relax very quickly (subpicosecond regime) and
nonradiatively to a lower energy state.”! Consequently, due to the irreversible loss of
excitation energy, quantum dots exhibit low photoconversion efficiency in photovoltaic
applications.?? Understanding the mechanisms of hot carrier cooling are of very high
importance to ensure better performance of these materials in light harvesting
applications.?3 Several mechanisms were proposed to understand the nature and
mechanism of hot carrier cooling in recent years.?1.94-9 Early theoretical studies proposed
that the nonradiative relaxation is mediated by coupling of the exciton to lattice phonons.?*
But, the intraband spacings in the quantum dots are in the order of hundreds of meV while
the energy of phonons is tens of meV (for example, phonons have an energy of 30 meV in
CdSe QDs) which suggests that the relaxation could be a slow multiphonon process known
as phonon-bottleneck.?7.98 Alternative mechanisms proposed for the hot carrier cooling

include nonradiative relaxation facilitated by Auger recombination.®19¢ Auger
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recombination occurs when the excess energy of photoexcited electron is transferred to
hole in the valence band. The Auger process is mediated by strong Coulombic attraction
between electrons and holes.??100 The high density of states in the valence band of the QDs
would facilitate the hole relaxation to the band edge. The hole relaxes nonradiatively by
transferring energy to the lattice vibrations/phonons through a multiphonon process. In
contradiction to Auger recombination mechanism, the hole relaxation rates observed in
smaller quantum dots with higher energy gaps were much faster than larger quantum
dots.91,100-102

Further studies on hot carrier cooling studies on CdSe QDs with different surface
modifications using inorganic and organic molecules revealed that surface ligands play an
important role in the process.?® These results have initiated investigations on the role of
surface and surface-capping ligands in the hot carrier cooling. Guyot-Sionnest and
coworkers studied the rates and mechanism of intraband relaxation in QDs capped with
several ligands using transient absorption spectroscopy.?>103 They performed transient
absorption studies on CdSe QDs capped with trioctylphosphine oxide (TOPO), oleic acid,
oleylamine, thiols and concluded that the intraband relaxation rates are ligand-dependent
in nature. They proposed that the intraband relaxation occurs via incoherent energy
transfer to the vibrational modes of the surface ligand via dipole-dipole interaction.103,104

Kambhampati group has shown that the electronic-to-vibrational energy transfer and
Auger recombination mechanism are highly sensitive to QD’s structure and surface
chemistry. Their study shows that the intraband relaxation can be slowed down by

decoupling the electronic states of the QD with vibrational states of the ligands using ZnS

16



layer.105106 They point out that the surface vibrations induce nonadiabatic pathways for the
hole relaxation in colloidal CdSe QDs.105

Owing to spatially confined excitonic wavefunctions, the core electronic states are
quantum mechanically mixed with ligand vibrational modes by bonding interactions, which
leads to the delocalization of core electronic states to the surface of the QDs (Figure 1.4).
Therefore, our group proposed that hot-carrier cooling in semiconductor quantum dots is
mediated by a nonadiabatic radiationless mechanism, in which branching or promoting
modes principally involve vibrational modes of surface capping ligands. In Tilluck et al.,107
we provided the first evidence that coherent vibronic wavepacket motions involving mid-
frequency modes of the surface ligands promote hot carrier cooling of electrons to the band
edge by a nonadiabatic mechanism. The study involved understanding the mechanism of
hot carrier cooling in hexadecylamine-capped CdSe QDs.

In the Chapter 3 of this dissertation, the nature of the structural, vibrational, and kinetic
processes involved in the vibronic exciton mechanism of the nonradiative relaxation of
excitons in oleate-capped QDs will be addressed. As an extension of the vibronic exciton
mechanism, we propose that photoinduced charge transfer from the QD core to the surface
ligand acceptor molecule is initiated via a coherent intermediate. In Chapter 4, the nature
of the electronic-vibrational coupling that initiates charge transfer in the QD-acceptor
complex needs to be established.

Studies of exciton relaxation dynamics in QDs were predominantly carried out using
conventional spectroscopic techniques, such as time-resolved fluorescence studies and
transient absorption spectroscopy using pulses of about ~100 fs long.91.95.99,103,104 Recently,

several groups have employed two-dimensional electronic spectroscopy (2DES) to study
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the energy transfer mechanisms in semiconductor nanocrystals.108-113 Advantages of 2DES
over conventional pump-probe spectroscopy are described in the experimental section.
Several groups have detected electronic coherences between exciton levels of QDs and
vibronic coherences arising from electron-phonon coupling.109.110.114115 Earljer studies
have also demonstrated the capability to distinguish the fine structure resulting from single
and biexciton excitations in CdSe quantum dots, even in the presence of significant line
broadening caused by variations in size and shape.116-118

In the next section, the experimental methods used to study the nonradiative relaxation
mechanisms in carotenoids and semiconductor quantum dots are discussed. This section
provides a brief introduction necessary for interpreting the results obtained from the
multidimensional spectroscopy. An overview of third-order nonlinear signals, such as
ground state bleaching, stimulated emission, excited state absorption, and quantum
coherences and their corresponding Feynman diagrams will be discussed. Subsequently,
the experimental implementation of the 2DES is described.
1.5 Multidimensional Electronic Spectroscopy

Two-dimensional electronic spectroscopy (2DES)121-125 js a powerful technique to
study the energy transfer mechanism in photosynthetic light harvesting11.126-131 and
semiconductor quantum dots.107,108,111,113,116,132 Additionally, 2DES has also been employed
to investigate the quantum coherences in ground and excited states in several systems. As
discussed earlier, many studies on carotenoid photophysics and QDs have been conducted
using ultrafast (~100 fs pulses) transient absorption and transient grating spectroscopy.
2DES offers several advantages over conventional transient absorption spectroscopy or

femtosecond pump-probe spectroscopy. As a correlation spectroscopy technique, 2DES
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projects out the correlation between the excitation energy and emitted energy, which is
crucial for studying the energy transfer mechanisms in light harvesting. The exciton
relaxation pathways manifest as the time evolution of off-diagonal crosspeaks in the 2D
spectra.l?1.123 The broadband laser spectrum used to perform 2DES can span several
excited states simultaneously. This enables us to probe the excitation energy flow through
a cascade of energy levels and the subsequent relaxation to the ground state. The short
pulses employed in 2DES provide partial relief from the inhomogeneous broadening of
spectral features. Furthermore, short pulses that are smaller than the electronic dephasing
of energy levels allow us to probe the electronic coherences. These short pulses also aid in
accessing time-resolved vibrational coherences of energy up to 3000 cm-1.
1.5.1 Excitation Pulse Sequence in 2DES

Two-dimensional electronic spectroscopy is a nonlinear spectroscopic technique
performed using three very short pulses of duration, 6-7 fs scanned over two different time
delays (Figure 1.5). The time delay between the first and second pulses is the coherence
time 7, and that between the second and third pulses is the population time T. The first two
pulses are the excitation pulses, and the third pulse is the probe pulse. The first two pump
pulses are generated and the time delay between them are controlled using an adaptive
pulse shaper. When the first pulse interacts with the sample, a coherence is created in the
sample. Coherence is a linear superposition of ground and excited states. The coherence
evolves with respect to the coherence time 7 and undergoes free-induction decay. In the
meantime, the second pulse interacts with the system and drive the evolving coherence
into a population. The population created by the pulse pairs evolves along the population

time T, after which a third pulse and a probe pulse interact with the system. This pulse
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creates another coherence that in turn emits an electric field. The emitted signal travels

along the probe beam and is detected as a pump-induced change in the probe transmission.

I v \‘” I ' ' \

Figure 1.5. Broadband pulse sequences in the 2DES experiment. The red Gaussian pulse
envelopes depict the excitation pulses in the pulse sequence. The blue signals represent the
coherences emitted from the sample after the interaction of the pulses. The first pulse
creates coherence that evolves over time, followed by the interaction of the second pulse to
create a population. The third pulse interacts with the system to create another coherence
and an evolving electric field (blue) is emitted from the sample. (Reproduced from Ryan
Tilluck’s dissertation,®3 adapted from work by the Jonas group.121.133)

1.5.2 Third-Order Nonlinear Optical Responses

The three types of signals detected using 2DES are: ground-state bleaching (GSB),
stimulated emission (SE), and excited-state absorption (ESA).122.133 The theoretical
formulation for two-dimensional electronic correlations were developed by Jonas group
and Fleming group.121.122,133,134 The phenomenological interpretation of the signals is
adapted in this section are based on the works of Mukamel,!35> Hamm, and Zanni.13¢ In
order to provide a brief description of the above-mentioned signals, Albrecht wave mixing
energy level diagram (WMEL)!37 and double-sided Feynman diagrams will be used in this
section. In the WMEL diagrams, a system with three energy levels is used to understand the
origin of the signals. The horizontal lines in the WMEL represent different energy levels in
the system. The energy levels are labeled as ‘g’ for ground state, ‘1’ for the first excited

energy level, and ‘f’ for the second excited state at a higher energy level. The red arrows in
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the WMEL represent the interaction of each laser pulse electric field with the system. In
WMEL, the time progresses from left to right.

In the double-sided Feynman diagram, the left side represents the ket part of the
wavefunction, whereas the right side represents the bra part of the wavefunction. The
vertical lines show the evolution of the wavefunctions with each field-matter interaction.
The field-matter interactions are represented by solid arrows and the emitted signal is
represented by dashed arrows. The momentum vectors are represented by k., where n is
the order of their interactions with the system. To draw a connection between the two
representations, the solid arrows within a WMEL represent a field matter interaction on
the left side or ket side of the Feynman diagram, while the dashed arrow represents an
interaction on the right side or bra side of the Feynman diagram.

Ground state bleaching (GSB) is the signal emitted by the system after the preparation
of the population in the ground state during the first two pump interactions (Figure 1.6).
The ground state is represented as gg in the system. The first interaction with the pump
pulse creates a coherence in the system, where gg evolves to 1g or g1. The system evolves
to 1g when the field-matter interaction occurs at the ket side of the Feynman diagram
whereas the interaction at the bra side results in g1. This coherence evolves with respect to
the coherence time 7. After a short interval of time, the second pulse interacts with the
system and converts the evolving coherence into a population in the ground state,
represented by gg. The third pulse creates another coherence 1g or g1 in the system which
emits an electric field signal that can be detected. Depending on the phase of the two
coherences created in the system, there are two types of pathways: rephasing and non-

rephasing. When the coherences induced by the first and third pulses are of the same
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phase, the resulting pathway is termed as non-rephasing pathway. In contrast, when the

coherence has an opposite phase, the pathway is referred to as the rephasing pathway.
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Figure 1.6. WMEL diagram (top) and Feynman diagram (bottom) of ground-state
bleaching signal. The figures on the right correspond to the non-rephasing pathway,
whereas those on the left correspond to the rephasing pathway. In the WMEL diagram,
time evolves towards the right, and the field matter interactions are numbered as 1, 2, and
3 with marked time delays. The solid arrows represent the field-matter interaction on the
ket side of the Feynman diagram, whereas the dashed arrows represent the interaction on
the bra side. The dotted line in the WMEL and dashed arrow in the Feynman diagram
represent the emitted signal after a series of field-matter interactions. The vertical line in
the Feynman diagram represents the evolution of the time.

22



Stimulated emission (SE) is the signal emitted by the system after the preparation of the
population in the excited state during the first two pump interactions (Figure 1.7). The first
interaction with the pump pulse creates a coherence in the system where gg evolves to 1g
or g1. The second pulse interacts with the system and converts the evolving coherence into
a population in the excited state, which is represented by 11. The third pulse drives an
interaction downwards and creates another coherence 1g or g1 in the system; this
coherence emits an electric field signal that can be detected as SE.

For excited state absorption (ESA), the first interaction with the pump pulse creates a
coherence in the system, where gg evolves to 1g or g1 (Figure 1.8). The second pulse
interacts with the system and converts the evolving coherence into a population in the
excited state represented by 11. The third pulse drives the population in the excited state to
another excited state, f, to create coherences, 1f or f1, in the system. This coherence emits
an electric field signal with a frequency of the energy difference between states 1 and f.
This signal corresponds to the absorption from the first excited state of 1.

By applying the law of conservation of momentum, the signals after three field-matter
interactions can be detected along the directions, k1 — k2 + k3 for nonrephasing pathways
and —k1 + k2 + ks for the rephasing pathways. In practice, the beams are arranged in a
boxcar geometry for the detection these signals. In boxcar experimental implementation,
the first three pulses are aligned such that they form the corners of a box, while the signal is
emitted along the fourth corner of the box. To detect the rephasing and nonrephasing

pathways, the ordering of the first two pulses is interchanged.
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Figure 1.7. WMEL diagram (top) and Feynman diagram (bottom) of stimulated emission
signals. The figures on the right correspond to the non-rephasing pathway, whereas those

on the left correspond to the rephasing pathway.
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Figure 1.8. WMEL diagram (top) and Feynman diagram (bottom) of the excited-state
absorption signal. The figures on the right correspond to the non-rephasing pathway,
whereas those on the left correspond to the rephasing pathway.

1.5.3 Quantum Coherences in 2DES

The broadband spectrum accompanied by short pulses in the 2DES experiments spans
a wide range of electronic states and vibrational states within both excited and ground
states which allows us to monitor the evolution of coherent wavepacket motions.138-141 [n
2DES experiments, various kinds of coherences can be detected, including electronic

coherence, vibrational coherence, and vibronic coherences.121.123,142,143 These coherences
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exhibit distinct characteristics, such as differences in damping times and their position in
the 2D spectrum.

Electronic coherences are observed in strongly coupled chromophores with a common
ground state. They can be identified by the crosspeak positions and the frequency
oscillations. For example, consider two electronic states, 1 and 2, with a common ground
state g. The first field-matter interaction creates coherence g1, followed by a second
interaction that drives the system to 21. In this case, a coherence is created between the
excited states 1 and 2 which evolves along the population time, T. The frequency of this
electronic coherence is equal to the energy difference between states, 1 and 2 (Figure 1.9).
Since electronic coherences are observed owing to the superposition of electronic states,
they are detected at the crosspeaks of the two states involved in the coherence in 2D
spectra. The electronic coherences appear symmetric with respect to the diagonal. The
damping times of these coherences are typically a few tens of femtoseconds.

Vibrational coherences, unlike electronic coherences, are observed between the
vibrational energy levels in both the ground and excited states. Depending on the Franck-
Condon overlap of the excited state energy levels, vibrational coherence peak patterns can
be observed throughout the 2D spectrum.144145 The peak patterns are spaced according to
the vibrational quanta along the detection axis in the 2D spectrum. They exhibit a greater
intensity along the lower energies of the excited states.144146.147 As an example for the
origin of vibrational coherence in the excited state or vibronic coherence, consider a two-
level system with ground electronic state g and excited state 1 with vibrational levels v =0,

1 (Figure 1.10).

26



NR R
2 vy : 2 7
1 Y § 1 ; .
gg igl| 21 | g2 gg |1g: 12 | g2
- v 3 E :
g g
1—>2i>3t—> ‘|—T>2l>3t—>
2 * 2 A
1 ; 1 T
99 12|12 | g2: gg [2g i 21 | g
- : - v
J T .t J T
1—>2—>3— 1— 2 —>3 —

Figure 1.9. Example WMEL diagram for electronic coherences between excited electronic
states, 1 and 2. The figures on the right correspond to the non-rephasing pathway, whereas
those on the left correspond to the rephasing pathway.
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Figure 1.10. Example of WMEL diagram for vibrational coherences between ground and
excited electronic state, 1. Vibrational states are indicated by vo and vi. The figures on the
right correspond to the non-rephasing pathway, whereas those on the left correspond to
the rephasing pathway.

The first interaction drives the system to the first vibrational state of 1 represented by
1190, and the second interaction drives the system to 1;1¢. After the second interaction, a
coherence is created between the vibrational states of the first excited state, 1. This
coherence evolves with respect to the population time T in the excited state, with the
frequency of the energy difference between the two vibrational states. Vibronic coherences
are characteristics of the excited state. They provide information on the vibrational
motions activated in the excited states upon excitation. The damping times of vibronic

coherences are dependent on the coupling between the electronic states and vibrational

motions and the lifetime of the excited states.148149 We have previously detected rapidly
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damped vibronic wavepacket motions in the excited states in several light-harvesting
systems undergoing rapid relaxation processes from the excited states.11.107.131 Some of the
vibronic coherences are long lived and can be detected at the product states after the

relaxation of excitation to the lower energy states.150
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Figure 1.11. Example WMEL diagram for ground-state vibrational coherences (stimulated
Raman) between ground and excited electronic state. Vibrational states are indicated by vo
and v1. The figures on the right correspond to the non-rephasing pathway, whereas those
on the left correspond to the rephasing pathway.

Ground-state vibrational coherences are observed when the first two excitation pulses
create coherences in the ground vibrational states of the system. An example of ground-
state coherence is stimulated Raman signals (Figure 1.11). The first interaction drives a
coherence between the go and 1y, and the second interaction creates a population in the 1,
state. The third interaction drives the system to 1¢g;. This interaction creates a coherence
between the vibrational levels in the ground state. The coherence that evolves with respect
to T exhibits the frequency of vibrational motion in ground state with a damping time of

vibrational dephasing (several hundreds of fs).
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The natural light-harvesting systems are significantly complex in terms of presence of
multiple electronic states and vibrational states. Hence, the vibronic coherences in these
systems are much more intricate. The 2DES presents an additional advantage over TA to
understand the vibronic mechanism of nonradiative relaxation by correlation of the
coherences to excitation and detection energies. Short pulses aid in detection of a wide
range of coherences from low to high frequencies which would not be resolved with 100 fs
pulses.

1.6 Instrumentation

The earlier implementation of 2DES involved a diffractive optics-based approaches
from the Miller group25151.152 agnd Fleming group.122 The current 2DES setup in this thesis
is based on the approach by Zanni and coworkers153154 and Ogilvie and coworkers155
where a pump-probe geometry is implemented (Figure 1.14). In the pump-probe
configuration, the momentum vectors k1 = k;; therefore, the signal travels along k3, which
is the direction of the probe beam. In addition, the signal detected in pump-probe geometry
is the sum of both nonrephasing and rephasing pathways. An adaptive pulse shaper is
programmed to create a pulse pair in the pump beam.?>¢ The detection scheme in the
current experimental setup employs a lock-in detection method following the work from
Zigmantas and coworkers.157

The excitation pulses are obtained from a Yb laser (Spectra-Physics Spirit-4W) with a 4
W output at 100 kHz repetition rate centered at 1040 nm. The noncollinear optical
parametric amplifier (Spectra-Physics Spirit-NOPA-3H) pumped by the Yb laser is used to
generate broadband pulses in the visible region. Inside the NOPA, the fundamental beam is

split into two, one-part passes through a white light continuum and the second part passes
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through a series of second harmonic generation (SHG) and a third harmonic generation
(THG). The third harmonic is mixed with the white light continuum at two amplification
stages involving nonlinear crystals to generate a broadband (520-700 nm, centered at 600
nm) laser spectrum for the experiments (Figure 1.12).

The output beam from the NOPA is further split into two beams using a broadband
dielectric beamsplitter (Layertec, Mellingen) to generate the pump and probe beams. Each

pump and probe beams are processed using a programmable adaptive pulse shaper1>¢
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Figure 1.12. An example broadband laser spectrum in the range of 510-710 nm used in
2DES experiments. The full width at half maximum (FWHM) is 120 nm and the transform
limited pulse duration was 6.8 fs.

(FemtoJock and FemtoJock P, Biophotonic Solutions Inc.). The pulse shapers consist of 128-
pixel spatial light modulators (SLM) that are used to manipulate the phase and amplitude
of the transmitted pulses. The FemtoJock on the pump beam contains two SLMs that are
used to manipulate both the phase and amplitude of the pulses, whereas FemtoJock P has

only one SLM that is used to manipulate only the phase of the pulses. Using the FemtoJock,

31



the pump pulses are split into two identical pump pulses, and the delay between them are
varied by manipulating the phase and the amplitude of the electric field.

A detailed derivation of the pulse splitting to create a pulse replica and vary the time
delay between them is provided in Ryan Tilluck’s dissertation. In short, to create a pulse
replica of incoming electric field, Ein(w) and with a time delay 7 and a phase difference
¢ between them, a phase and amplitude function, M (w) is applied such that,

Eou(w) = M(w) Ein(w) (1.1)
where M(w) = |cos(wt + ¢)| and phase mask, ®(w) = arg [1 + e~{«@T*¥)] and
transmission mask, T(w) = [1 + e~ {@T+¢)]2,

The adaptive pulse shapers use multiphoton intrapulse interference phase scan (MIIPS)
to measure and compensate for the chirp on the pulses.15¢ The output from thin second
harmonic generation (SHG) crystal, beta-Barium borate crystal at sample position is used
for the MIIPS scans. The pulse duration of the compressed pulses is characterized by
interferometric autocorrelation of the pump pulse pairs. The SHG-frequency-re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>