
THE UNIVERSITY OF CHICAGO

SEEKING DESIGN PRINCIPLES FOR CONTROL OF ULTRAFAST ENERGY

TRANSFER IN SYNTHETIC LIGHT HARVESTING SCAFFOLDS

A DISSERTATION SUBMITTED TO

THE FACULTY OF THE DIVISION OF THE PHYSICAL SCIENCES

IN CANDIDACY FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

DEPARTMENT OF CHEMISTRY

BY

RICHARD J. MAZUSKI

CHICAGO, ILLINOIS

AUGUST 2020



Copyright © 2020 by Richard J. Mazuski

All Rights Reserved



to Pan



TABLE OF CONTENTS

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

1 SYNTHETIC LIGHT HARVESTING SYSTEMS: THEORY, APPLICATIONS, AND
STUDIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Inspiration from Photosynthesis: Design Principles Towards Efficient Energy

Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.1 Placement of Chromophores and Directional Energy Transfer . . . . . 4
1.1.2 Ability to Handle Multiple Excitations . . . . . . . . . . . . . . . . . 9
1.1.3 Use of Different Energy Transfer Mechanisms . . . . . . . . . . . . . 11

1.2 Current State of Synthetic Light Harvesting Systems . . . . . . . . . . . . . 17
1.2.1 Dyes on DNA Scaffolds . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.2.2 Other Synthetic Systems . . . . . . . . . . . . . . . . . . . . . . . . . 21

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2 EXPERIMENTAL METHODS IN ULTRAFAST SPECTROSCOPY . . . . . . . 32
2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2 Theory of Nonlinear and Ultrafast Spectroscopy . . . . . . . . . . . . . . . . 32

2.2.1 Time-Dependent Quantum Mechanics . . . . . . . . . . . . . . . . . . 32
2.2.2 Density Matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2.3 Time-Dependent Perturbation Theory . . . . . . . . . . . . . . . . . 35
2.2.4 Feynman Diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.3 Experimental Realization of Two-Dimensional and Pump-Probe Spectroscopy 39
2.4 Data Analysis in 2DES and Pump-Probe Spectroscopy . . . . . . . . . . . . 41
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3 ULTRAFAST ENERGY FLOW IN EXTENDED FRET NETWORKS . . . . . . 47
3.1 Introduction to FRET-based Dye-DNA Networks . . . . . . . . . . . . . . . 47
3.2 Spectroscopic Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 49
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4 ULTRAFAST EXCITATION TRANSFER IN CY5 DNA PHOTONIC WIRES DIS-
PLAYS DYE CONJUGATION AND EXCITATION ENERGY DEPENDENCY 56
4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2 Introduction to Molecular Photonic Wires . . . . . . . . . . . . . . . . . . . 56
4.3 Steady-State Specroscopy Results . . . . . . . . . . . . . . . . . . . . . . . . 60
4.4 Ultrafast Spectroscopy Results . . . . . . . . . . . . . . . . . . . . . . . . . . 66

iv



4.5 Discussion of Mechanism Leading to Fluence-Dependence . . . . . . . . . . . 70
4.6 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.7 Supplementary Information . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 OPTICAL RESONANCE IMAGING: AN OPTICAL ANALOG TO MRI WITH
SUB-DIFFRACTION-LIMITED CAPABILITIES . . . . . . . . . . . . . . . . . . 99
5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.2 Introduction to Ultrafast Subdiffraction-Limited Imaging . . . . . . . . . . . 99
5.3 Results and Discussion of Theoretical Simulation of ORI . . . . . . . . . . . 102
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.5 Methods to Generate Simulations . . . . . . . . . . . . . . . . . . . . . . . . 113
5.6 Supporting Information for ORI . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.6.1 The ORI Third-Order Response Function . . . . . . . . . . . . . . . . 118
5.6.2 Kostenbauder Matrix Calculations . . . . . . . . . . . . . . . . . . . 120
5.6.3 Fourier Optics Simulation . . . . . . . . . . . . . . . . . . . . . . . . 121

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6 FUTURE DIRECTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.2 Realizing the First Optical Resonance Image . . . . . . . . . . . . . . . . . . 130
6.3 Future Directions of Synthetic Light Harvesting and Ultrafast Spectroscopy . 132
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

v



LIST OF FIGURES

1.1 Solar Spectrum in Vacuum and on Earth’s Surface . . . . . . . . . . . . . . . . 3
1.2 Optical Properties and Structure of LH2 of Rba. sphaeroides . . . . . . . . . . . 5
1.3 Structural properties of Phaeospirillum molischianum and Rhodopseudomonas

acidophila . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Exciton-exciton annihilation and the mapping of ultrafast energy transfer in LH2

of Rba. sphaeroides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 Schematic describing various parameters for FRET between two small organic dyes 14
1.6 Variety of structures possible using templated ds-DNA . . . . . . . . . . . . . . 20

2.1 Double-Sided Feynman Diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.2 Mock 2D Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.3 Experimental Set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1 Structural Characteristics of the Four-Arm Star . . . . . . . . . . . . . . . . . . 48
3.2 Fluorescence of the Four-Arm Star . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.3 Long-time 2DES on the Four-Arm Star . . . . . . . . . . . . . . . . . . . . . . . 50
3.4 2D Waiting Time slice of Four-Arm Star, T = 100 fs . . . . . . . . . . . . . . . 51
3.5 Fluence dependent femtosecond waiting time traces of the Four-Arm Star . . . . 52

4.1 Overview of fluence dependent response seen in Cy5 Molecular Photonic Wires . 57
4.2 Schematics of the experimental DNA MPWs and dye-labeled DNA strands . . . 60
4.3 Spectra of MPWs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4 Kinetic pump-probe spectra of the Dimer MPW . . . . . . . . . . . . . . . . . . 67
4.5 Mechanistic details of the changes in energy transfer in the Dimer MPW arising

from variable fluence and temperature . . . . . . . . . . . . . . . . . . . . . . . 72
4.6 Schematic of Control 1R and 2R structures . . . . . . . . . . . . . . . . . . . . . 77
4.7 Attachment chemistries of End and Internal Cy5 DNA insertion. . . . . . . . . . 77
4.8 10 % PAGE gel of MPW structures and individual DNA. . . . . . . . . . . . . . 78
4.9 Fluorescence lifetime anisotropy spectra . . . . . . . . . . . . . . . . . . . . . . 78
4.10 Fluorescence lifetimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.11 Spectra of MPW and controls of Dimer dye structures. . . . . . . . . . . . . . . 80
4.12 Relative fluorescence intensity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.13 Dimer absorption spectral components. . . . . . . . . . . . . . . . . . . . . . . . 81
4.14 Fluence dependent kinetics of End MPW . . . . . . . . . . . . . . . . . . . . . . 83
4.15 Fluence dependent kinetics of Internal MPW . . . . . . . . . . . . . . . . . . . . 83
4.16 Fluence dependent kinetics of Control 1R Internal . . . . . . . . . . . . . . . . . 84
4.17 Fluence dependent kinetics of Control 2R dimer . . . . . . . . . . . . . . . . . . 85
4.18 Fluence dependent kinetics of Dimer MPW, RT glycerol . . . . . . . . . . . . . 86
4.19 Fluence dependent kinetics of Control 2R dimer, RT glycerol . . . . . . . . . . . 87
4.20 Fluence dependent kinetics of Control 1R Internal, RT glycerol . . . . . . . . . . 88
4.21 Fluence dependent kinetics of Control 2R Dimer, 77K glycerol . . . . . . . . . . 89
4.22 Fluence dependent kinetics of Control 1R Internal, 77K glycerol . . . . . . . . . 90

vi



5.1 ORI Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.2 Ultrafast Realization of ORI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.3 ORI Signal Capture Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.4 Resultant Guassian from Kostenbauder Simulation . . . . . . . . . . . . . . . . 121
5.5 First Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.6 Second Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
5.7 Final Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.1 Initial Apparatus Design for ORI . . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.2 Test and First samples for ORI . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.3 Preliminary Beat Map of Four-Arm Star . . . . . . . . . . . . . . . . . . . . . . 134
6.4 Beating at Cy3 Dye Site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

vii



LIST OF TABLES

1.1 Basic geometrical parameters of B-DNA . . . . . . . . . . . . . . . . . . . . . . 19

4.1 Selected Structural and Photophysical Properties of the MPWs . . . . . . . . . 61
4.2 Biexponential Fit Values of the GSB Kinetic Feature from Pump-Probe Experi-

ments on Cy5 Controls and MPWs . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.3 DNA sequences and melting temperatures . . . . . . . . . . . . . . . . . . . . . 76
4.4 Descriptions of MPW constituents utilized in the study . . . . . . . . . . . . . . 76
4.5 Fitting parameters for anisotropy data . . . . . . . . . . . . . . . . . . . . . . . 79
4.6 Averaged fluorescence lifetimes . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.7 Fitting parameters for Dimer MPW GSB recovery (665 nm). . . . . . . . . . . . 81
4.8 Fitting parameters for Control 2R Dimer GSB recovery (665 nm). . . . . . . . . 82
4.9 Fitting parameters for Control 1R Internal GSB recovery (665 nm). . . . . . . . 82

5.1 List of Simulation Values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

viii



ACKNOWLEDGMENTS

My time during graduate school was supported by the National Science Foundation Graduate

Research Fellowship Program (NSF-GRFP) under grant No. DGE-1746045. Additional

support for the research presented was made possible by the U.S. Naval Research Laboratory

(NRL), the NRL Nanoscience Institute for base funding, and the Laboratory University

Collaborative Initiative (LUCI). The work at Engel Group at the University of Chicago was

supported by the Vannevar Bush Faculty Fellowship Program (Grant No. N00014-16-1-2513

and N00014-15-1-0048), the Air Force Office of Scientific Research (AFOSR) (FA9550-18-1-

0099 and FA9550-16-1-0347) and the NSF (under grant no. 1900359).

First, I thank my research advisor, Professor Gregory S. Engel for his support and en-

thusiasm during the past five years. Research can sometimes take years to bear fruit, so

I truly appreciate the reassurance Greg grants all his students even when progress takes a

long time to be apparent. I will always remember my time at the University of Chicago

fondly and I believe that future students from the Engel Group will continue to find success

due to Greg’s trusting approach. Beyond research, Greg has been a great mentor in terms

of professional development and is always happy to have his students forge their own paths

both during their time researching, as well as in preparation for whatever career path they

choose. This has made it possible to investigate future plans and potential careers without

needless stress.

The Engel Group as a whole was a very welcoming place to research. In particular, I wish

to thank Dr. Marco Allodi for his help in our first project on Optical Resonance Imaging

and for really teaching me about ultrafast spectroscopy. Additionally, I was very lucky to

have a wonderful, smart peergroup who kept me honest and instilled a great atmosphere

in the lab. Dr. Ryan Wood and Lawson Lloyd were instrumental in helping to set up the

Redfield Lab for my samples and got me through many, many different fluences of pump

probe. The atmosphere of scholarship and academic rigor was evident from the very first

ix



summer of research, and I wish to acknowledge Engel group alumni for having nurtured such

an environment, namely Dr. Peter Dahlberg, Prof. Moira Flanagan, Prof. Sara Massey, Dr.

John Otto, Dr. Brian Rolczynski, Dr. Ved Singh, Dr. Sara Sohail, Dr. Lili Wang, Dr. Nick

Williams, and Dr. Haibin Zheng. I also wish to thank the rest of the Engel Group who

provide a fun and supportive atmosphere to conduct research, particularly Sami Abdulhadi,

Elizabeth Bain, Jake Higgins, Polina Navotnaya, Siddhartha Sohoni, Po-Chieh Ting, and

Sarah Zinn.

I am grateful for my defense committee members, Professor David Mazziotti and Profes-

sor Bozhi Tian for their support and accommodating my defense under trying circumstances.

I thank my collaborators at the Naval Research Lab, Dr. Sebastian Diaz and Dr. Igor

Medintz, for constructing the DNA-dye samples and assisting in the preparation of our

manuscript on the Cy5 molecular photonic wires.

Finally, my family as a whole has constantly been a great source of inspiration. My

parents have always provided my siblings and me with love, stability, and reassurance to

follow our own paths. My three siblings have provided great role models, and in particular

my two sisters, Cristina and Andrea, who both completed PhDs before me, have been a

constant source of inspiration. Last, but certainly foremost, I wish to thank my partner, Pan

Xiao for her loving support for as long as we have been together. It was upon her suggestion

that I applied and ended up attending University of Chicago, as I hadn’t considered it a

possibility. This one example is a microcosm of the thought and support she grants me

everyday, and looking forward to our future, I hope to repay her in full for all the time and

effort she has spent encouraging me throughout these past five years.

x



ABSTRACT

Using solar energy as an efficient renewable energy source is one of the grand challenges

for science in the 21st century. Chemistry has succeeded in synthesizing a vast library of

tailor-made light harvesting molecules, but tethering these molecules in a useful way that

creates a system more than the sum of its parts has proven to be a challenge. Photobiology,

on the other hand, has succeeded at using only a few chromophores to create efficient light

harvesting networks due to their protein scaffolds, which hold and modulate the photoac-

tive components with unmatched precision. Synthetic light harvesting seeks to mimic this

approach, with dyes on double stranded DNA becoming a standard means of studying funda-

mental energy transfer properties as well as having applications in many bio-applied sciences.

While creating new synthetic machinery and divulging energy transfer properties through

spectroscopy and process of elimination is valuable, it is an indirect means of characterizing

an exciton, while an ultrafast microscopy would enable the direct viewing of excitons and

charge carriers. Coupled together, this research seeks a fundamental understanding of the

photophysics driving light harvesting and manipulation. In dye-DNA work, the existence of

an ultrafast nonradiative trap state in a molecular photonic wire composed of Cy5 dimers

was determined to be linked to macroscale dynamics of the molecular photonic wire as a

whole, where both the trap state and the overall dynamics were tied to fluence and tempera-

ture. In complementary work, a novel technique called ORI was theorized, which could lead

to the direct imaging of ultrafast energy transfer through excitons. Finally, preliminary work

on a more sophisticated system, the four-arm star, is presented, in which incipient fluence

dependence is seen.

xi



CHAPTER 1

SYNTHETIC LIGHT HARVESTING SYSTEMS: THEORY,

APPLICATIONS, AND STUDIES

Solar energy is a plentiful radiative energy source which reaches the earth at a maximum

power of 120,000 TW. Although only a fraction of that can be used for photovoltaic appli-

cations (due to sub-optimal land coverage, weather conditions, etc.), the total power still

dwarfs the energy expenditure of the world from 2018, 18 TW. Photosynthesis has evolved

over billions of years to efficiently harness photonic energy from the Sun and harvests 130

TW of solar energy into biomass each year. A grand challenge of science has been to take

inspiration from photosynthesis to better use the renewable power of the Sun for humanity’s

energy needs. [1, 2, 3]

Synthetic light harvesting systems are designed to harness the powerful radiation from the

Sun towards useful work. The use of the words ‘light harvesting’ is deliberate as these devices

seek to emulate the efficient excitation energy transfer seen in photosynthetic complexes,

which generally make use of peripheral light harvesting (LH) antennae to siphon photonic

energy downhill towards reaction centers (RC). Photosynthesis has a multi-billion year head

start compared to synthetic light harvesting, whose first studies only appeared a few decades

ago. Therefore, any foray into solar energy harnessing, if it is to be efficient, must be informed

by our understanding of photosynthetic design principles. [4, 5]

In the following research, we draw inspiration from photosynthesis to efficiently and

thoroughly study the energy transfer properties of sythetic light harvesting media, primarily

composed of molecular dyes attached to double-stranded (ds) DNA scaffolds. This scheme

is analogous to photosynthetic complexes, in which photoactive chromophores are embedded

in a protein scaffold. Spectroscopic studies into the design principles of photosynthesis are

quite numerous,[6, 7, 8] but beyond the scope of this thesis. A basic review of several

outstanding energy transfer schemes, however, will be helpful to understand the motivation
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behind the types of constructs studied and the spectroscopic methods employed in this

research. Following this cursory introduction into multiple photosynthetic design principles,

a brief review of synthetic light harvesting systems will follow.

1.1 Inspiration from Photosynthesis: Design Principles Towards

Efficient Energy Transfer

Scientific advances have always arisen from humanity’s desire to understand the world around

us. Given society’s current need for a renewable and reliable source of energy, it makes sense

for newest generations of energy harvesting media to be inspired by photosynthesis. The

solar spectrum (Figure 1.1) shows several key characteristics which influence our methods

of understanding light harvesting in photosynthesis. First off, there is a large bandwidth

of wavelengths between 400-700 nm which remains near flat (as in, no discernible spikes of

intensity). Additionally, the absorption bands of water play a key role in determining which

wavelengths reach the surface. This becomes even more pronounced considering aquatic

photosynthesis, since scattering affects bluer wavelengths much more severely than redder

wavelengths. [9, 10]

The initial absorption and energy transfer events in photosynthetic organisms are simply

the first step in a larger, slower process that culminates in the synthesis of stable carbon

compounds towards the creation of biomass. For a full discussion of the mechanisms of

photosynthesis, readers are advised towards Professor Robert Blankenship’s book, Molecular

Mechanisms of Photosynthesis.[12] Briefly, following initial absorption by antenna complexes,

energy is funneled spatially from many peripheral complexes towards fewer numbers of core

complexes and finally even fewer reaction centers. This spatial funneling is typically accom-

panied by a similar energetic funneling, in which energy absorbed at bluer wavelengths is

transferred downhill towards redder wavelengths. Following energy transfer to the pigment-

protein complex known as the reaction center, the primary pigment of the reaction center

2



Figure 1.1: Total irradiance of solar spectrum as seen in vacuum and at the Earth’s surface,
as collected by the American Society for Testing and Materials (ASTM) Terrestrial Reference
Standard. Important features of this spectrum include the absorption due to prevalent gases
in the Earth’s atmosphere as well as the redistribution of wavelengths due to Rayleigh and
Mie scattering. Adapted from [11] within conditions set by Creative Commons license CC
BY-SA 3.0.
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enters an excited state, and this energetic state is transformed into an electron transfer

mechanism through an electron donor-acceptor reaction. Following this primary electron

transfer, the stabilization and separation of positive and negative charged species is neces-

sary, and occurs through various secondary reactions. The final step of photosynthesis is

the creation of stable bio-products, which typically involves the creation of NADPH from

NADP+. Overall, the entire process of photosynthesis from start to finish takes seconds

to complete, although the initial absorption and energy transfer events only take femto-

to picoseconds (10−15 to 10−12 s). As spectroscopists, we seek for design principles from

the initial energy absorption and transfer events which lead to the remarkable stability and

efficiency of photosynthesis.[12]

As expected, this over-simplification of photosynthesis hardly encompasses the vast ar-

ray of organisms, from pond scum to redwood trees, that use it to stay alive. Similarly,

energy transfer during the initial steps of photosynthesis varies widely from simpler funnel-

like structure, to more rugged and complex landscapes which allow for multiple excitonic

pathways and secondary quenching reactions.[13, 14, 15] Despite these wide differences, there

are some common motifs which can be extracted from previous studies in photosynthesis and

extrapolated towards our understanding of synthetic light harvesting systems. These include

dense packing of the same chromophore to achieve directional energy transfer, the ability

to handle differing levels of light, and constructive use of different energy transfer schemes

based on inter-chromophore distance.

1.1.1 Placement of Chromophores and Directional Energy Transfer

Purple bacteria make ideal model systems for spectroscopically studying photosynthesis due

to their inherent simplicity (at least when compared to higher plants) and the robust growth

conditions. In particular, Light-Harvesting Complexes 1 and 2 (LH1 and LH2) of Rhodobac-

ter sphaeroides have been studied due to their well-defined spectral signatures and facile

4



Figure 1.2: Linear absorption spectrum and cyrstal structures of the LH2 complex. The two
bands in the absorption are due to two distinct rings of BChl a, one strongly coupled at 850
nm and another less strongly coupled at 800 nm. A higher-lying excited state of B850 is also
responsible for the slight shoulder seen at 770nm. Figure adapted, with permission, from
[17].

isolation.[16] LH2 is composed of two concentric rings of the pigment bacteriochlorophyll a

(BChl a), the outermost having 9 weakly coupled pigments, while the inner is composed of

18 strongly coupled pigments. These two rings have optical signatures at 800 nm and 850

nm and are aptly known as the B800 and B850 rings. The optical spectrum and structural

diagram are shown in Figure 1.2.

Within this simplest of organisms, many design principles begin to emerge. The ulti-

mate goal of any peripheral light harvesting complex is to transfer energy to the reaction

center, where actual electrochemical change can begin to occur. The logical way that Rba.

sphaeroides achieves this is by using downhill energetics to ensure that exciton flow from

5



LH2 (absorption 800 nm or 850 nm) to LH1 (absorption at 875 nm) to the reaction center

(absorption at 870 nm) is energetically favorable or at least, in the final LH1 to RC case, not

highly unfavorable. Although this simplicity can be masked in the more energetically rugged

realm of higher plants, the same funneling can still be seen to occur, although it has been

hypothesized that the energetics are optimized for photoprotection rather than efficiency.

Two important regimes of pigment placement are considered when spectroscopists look at

photosynthetic compounds, system-system coupling and system-bath coupling. System-bath

coupling can involve any number of interactions that the pigment (system) undergoes within

its protein-scaffold (bath), such as vibrational damping and electrostatic effects brought on

by hydrogen bonding.[18] System-system interactions involve energetic couplings brought on

by dipole-dipole interactions, orbital mixing, and other electronic effects. In the following

work, the energetic couplings between cooperative chromophores were the primary regime

of study, and thus, although they are quite important, system-bath couplings will not be

discussed in greater detail.

Since energy transfer within photosynthesis and light harvesting material is by its very

definition the transfer of excited state energy (via a quasiparticle known as an exciton)

from one system to another, it is important to consider different parameters that quantify

this system-system coupling. Typically, coupling is quantified with an energetic constant

which describes the cross terms in the excitonic Hamiltonian. One way to theoretically

calculate inter-system coupling uses an excitonic Hamiltonian and reproduces absorption

spectra. Practically, this inter-system coupling can describe how collectively a photosynthetic

construct operates during energy transfer events. For example, in Rba. sphaeroides, the B800

ring is canonically described as weakly coupled due to each BChl a have a coupling strength

of ∼20cm−1, whereas the B850 ring consists of strongly coupled pigments at a value of ∼300

cm−1. In part, the greater coupling of the B850 ring can in part explain the redshifting of

the absorption.[19, 20]
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A closer look at LH2 demonstrates several factors determining the strength of coupling.

First, inter-chormaphore distance plays the most critical role in determining the strength

of coupling. In LH2’s red-shifted B850 ring, BChl a are separated by 3.4-3.9 �A, while

the distance is almost an order of magnitude greater in the B800 ring, with around 22

�A separation. In addition to distance, orientation plays many roles within the inherent

success of photosynthetic light harvesting. Recent discoveries by Massey et al. resolve the

transfer of excitation between the B800 and B850 rings using polarization-controlled two-

dimensional electronic spectroscopy (2DES) to find that excitations originally on the B800

ring have access to be transferred to an excited state of B850 (termed B850*) through their

orientational dynamics. [21]

While the full extent of chiral and orientational effects on the efficiency of energy trans-

fer remains an open research question, many of the simplest of photosynthetic species

still demonstrate great sensitivity to even minute perturbations. Photosynthetic quench-

ing, which is discussed in Section 1.1.2, also exhibits dramatic sensitivity to orientation

perturbations.[22, 23] Figure 1.3 shows such orientational effects in LH2, which shifts the

placement of carotenoid when found in Rhodopseudomonas acidophila versus Phaeospirillum

molischianum. Beyond differences in symmetry, where Rps. acidophila has nine-fold symme-

try (the exact same as Rba. sphaeroides) while Ph. molischianum has eight-fold symmetry,

a major deviation in these organism arises from the relative orientation of the BChl a in

the ring. In the former case the B800 BChls are perpendicular to B850 BChls, the latter

case has a less perpendicular arrangement. Additionally important is the fact that these

orientations also impact the overlap with the carotenoid located in between the two rings.

From these quick case studies of the simplest of photosynthetic organisms a few design

principles emerge. First, an energetic and spatial funneling is used to facilitate downhill

energy transfer. This funnel is created often using the same pigments which are arranged in

specific orientations and set distances to provide the necessary energetics to make this down-
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Figure 1.3: PDB structures of the LH2 α/β heterodimers from (A) Ph. molischianum (left)
and (B) Rps. acidophila (right) in which BChl a’s are highlighted in blue and carotenoids
are highlighted in orange. In each heterodimer, one carotenoid is in electrical contact with
three BChl a. Figure adapted, with permission from [23].
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hill transfer possible. Within this domain of specific orientation, dipole-dipole interactions

are tuned along a spectrum between the strong and weak coupling limit. Finally, we have

seen the use of orientational factors to couple higher lying excited states and also to create

different schemes of photoprotection.

1.1.2 Ability to Handle Multiple Excitations

The robustness of any functional material can be seen as its ability to adapt to chang-

ing conditions and environmental stressors. In photosynthesis, the changing conditions are

mainly due to increased and decreased light fluence. Given the previously discussed spatial

and energetic funneling into RCs exhibited in many photosynthetic organisms, the develop-

ment of photoinhibition mechanisms is necessary to prevent any unnecessary damage due to

over-excitation. Damage due to over-excitation can usually be traced to highly reactive oxy-

genic species that may cause chemical change in the organism if they are not quenched.[24]

Cyanobacteria contain an Orange Carotenoid Protein (OCP) which can provide a mecha-

nism for non-photochemical quenching (NPQ).[25] Current research points to the OCP as

functioning in a wide variety of roles, including as initial light sensor, a signal propagator

for photoprotective measures, and the site of energy quenching.[26] It is clear from the wide

variety of roles that one simple carotenoid molecule can fill that nature has carefully tuned

the protein environment to adapt to a wide variety of conditions, and that for synthetic

light harvesting materials to achieve any widespread utility, they should also seek similar

capabilities.

Beyond simply photoprotection, multiple excitation dynamics (also termed fluence de-

pendent dynamics) play a key role in studying photosynthetic material. Recent results from

Dahlberg et al. have shown the utility of fluence-dependent measurements as a means of

mapping ultrafast energy flow. Figure 1.4 shows fluence-dependent waiting time traces taken

from the maximum of the positive feature of LH2 from Rba. sphaeroides. It is important to

9



Figure 1.4: (A) Absorptive 2DES spectrum of LH2 at relatively high fluence. (B) Waiting
time traces picked from the maximum ground state bleach/stimulated emission feature.
Shaded regions represent mean plus one standard deviation. The anticorrelation between
increased fluence and resulting lifetime is emblematic of exciton-exciton annihilation. Dashed
traces represent a random walk simulation made from a sheet of 8-by-8 LH2 molecules, where
fluorescence lifetime is 250 ps and average energy transfer time is 2.7 ps. Adapted with
permission from [27] and within Creative Commons Attribution 4.0 International License.
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note the clear anti-correlation between increased fluence and excited state lifetime, or in other

words, the fact that as fluence is increased, lifetime decreases. This is due to, in most part,

the prevalence of exciton-exciton annihilation (EEA) in strongly coupled multi-chromophore

systems as excited state species increase.

Dissipative measures such as photoprotection and EEA are just some examples of multi-

photon effects, as many different events can take place prior to fluorescence, which include

internal conversion (IC) among many others.[28] It has been theorized that the rugged excited

state terrain in the light harvesting complexes of higher plants has been tuned to deal with

multiple excitations in these different ways. Indeed, in many cases, science’s understanding

of molecular aggregates aids in the understanding of chlorophyll-chlorophyll interactions,

which in turn aids the creation of synthetic light harvesting systems. Similarly, the use of

fluence-dependent ultrafast spectroscopy in the same sense opens up photosynthetic media

to changing environments while also informing the underlying energy transfer mechanics.

1.1.3 Use of Different Energy Transfer Mechanisms

Excitation energy transfer (EET) encompasses the initial step of photosynthesis in which

photonic energy is captured by antenna complexes. Modeling and understanding EET has

been the fundamental research topic into photosyntehsis for the past fifteen years, and as

is usually the case, as more work is put in, more questions emerge. In this section, I will

introduce two energy transfer models, Förster Resonance Energy Transfer (FRET) and Red-

field Theory, and briefly explain a third, coherent energy transfer. The first two theories

represent opposite sides of the inter-chromophore coupling spectrum, with FRET being used

to describe energy transfer between distinct chromophores with little excited state mixing

whereas Redfield Theory describes energy transfer when inter-chromophore coupling is much

stronger when compared to chromophore-bath coupling. Even within the simple structure of

the LH2 of Rba. sphaeroides, both these mechanisms play important roles, where Redfield
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Theory more accurately describes energy transfer within the individual rings, particularly

the B850 ring, and FRET describes inter-LH2 hopping.[29] Coherent energy transfer repre-

sents a case where coupling between environment and chromophores is roughly equal and it

is neceassary to treat the system quantum mechanically. Although there have been repeated

experimental observations and theoretical descriptions of coherent energy transfer, the na-

ture of the coherences and their overall impact on photosynthetic efficiency has been fiercely

debated over the past decade.

Förster Resonance Energy Transfer

FRET is an incoherent, nonradiative energy transfer mechanism. FRET describes energy

transfer which occurs between distinct chromophores and typically occurs in the single

nanometer regime (approximately 2-10 nm for most chromophores). The rate of energy

transfer is determined by dipole-dipole interactions and is characterized by a strong distance

dependence (r6).[30] In the simplest case, FRET can be described as a first order kinetics

equation describing the following situation:

1

τDA
= kDA = kD,f + kD,nr + kET (1.1)

where in Equation 1.1, τDA is the excited state lifetime of the donor-acceptor moiety, and

kD,f , kD,nr, and kET are the rates of fluorescence, nonradiative excited state quenching, and

energy transfer, respectively. While the key aspect of Equation 1.1 is the competition between

corresponding rates of nonradiative pathways and fluorescence with the energy transfer rate,

it is important to describe the energy transfer rate in greater detail, particularly with respect

to distance between donor and acceptor. This equation is as follows:

kET =
1

τD
×
(
R0

r

)6

(1.2)
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where τD is the fluorescent lifetime of the donor and the R0
r is the quotient between the

nominal FRET distance where efficiency is 50% (R0), and the donor-acceptor distance (r).

The r6 dependence on this quotient makes for a steep drop-off in FRET rate as the distance

between donor-acceptor exceeds the FRET distance. The nominal FRET distance itself is

determined from Fermi’s Golden Rule and can be expressed in the following equation:

R6
0 =

2.07

128π5NA

κ2QD
n4

∫
FD(λ)εA(λ)λ4dλ (1.3)

where NA is Avogadro’s number, κ2 is the orientation factor for the transition dipoles (typ-

ically set at 2/3 for freely rotating species), QD is fluorescence quantum yield of the donor

absent the acceptor, n is the refractive index, and the integral represents the spectral overlap

of the donor’s fluorescence and the acceptor’s absorbance as a function of wavelength, where

FD(λ) is the overlap spectrum normalized to an area of one, εA(λ) is the acceptor molar

extinction coefficient, and λ itself is the wavelength. The full integrand from equation 1.3

is commonly referred to as the J-integrand and is the metric by which different fluorophore

pairs are compared for FRET efficacy.

In practice, beyond simply being a model to understand energy transfer in the weak-

coupling limit, FRET is also a tool used in many fields, but most notably biology, to measure

distances with single nanometer resolution.[32] FRET networks have also been constructed

to manipulate photonic energy on the nanoscale.[33] To best utilize FRET as a means of

energy transfer, orientation, distance, and energetics have to be considered. Figure 1.5 shows

various configurations of FRET’s viability, including spectral overlap (a), distance (b), and

orientation (c).

Redfield Theory

Whereas FRET can best describe states where localized energetics of single chromophores

transferring energy between one another, Redfield Theory better describes delocalized en-
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Figure 1.5: (a) Spectral overlap between donor emission and acceptor absorbance must exist.
This overlap is quantitatively described by the J-integrand in Equation 3. (b) Typically,
nominal FRET distances are between 2 - 10 nm. When distance is less than 2 nm, strong
electronic coupling causes other transfer schemes to become much more prevalent. Above
10 nm, typically dipole-dipole coupling falls significantly. (c) Perpendicular arrangement of
transition dipoles will lead to no energy transfer. Adapted with permission from [31]

.
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ergetic states occupying sites of multiple chromophores. Redfield Theory is originally used

to describe coupling terms in Nuclear Magnetic Resonance spectroscopy (NMR), and has

since been applied to strongly coupled optical systems, such as photosynthetic organisms. A

key assumption in using Redfield Theory to explain NMR is that the relaxation times are

several orders of magnitude longer than the correlation times driving relaxation processes.

Typical NMR relaxation times could be on the order of milliseconds, whereas water-sample

correlation times due to tumbling and vibrational damping are on the picosecond timescale,

so overall, Redfield Theory would be valid. Moving by analogy over to the optical regime,

when system-bath interactions (such as proteins damping photonic energy, or solvent effects)

are much slower than system-system interactions, a major source of the relaxation could be

described by Redfield Theory.[34]

The rate describing relaxation between two delocalized states |A〉 and |B〉 is described

by the following equation:

kA→B = 2γABC̃
Re(ωAB) (1.4)

where important parameters include the energy mismatch between states |A〉 and |B〉, ωAB ,

spatial overlap and vibrational correlation of these delocalized states, γAB , and purturbative

treatment of the surrounding environment, C̃Re. This perturbative treatment of coupling

to the surrounding environment is one of the key aspects of Redfield Theory, and should a

more advanced treatment of the environment be necessary, as is often the case in model-

ing spectroscopic results in photosynthesis research, modified Redfield theory can be used.

Modified Redfield Theory invokes both strong excitonic coupling as well as strong vibronic

coupling without treating either as a perturbation. Additionally, FRET (see section 1.1.3)

can be expanded into Generalized FRET Theory, which applies to domains of delocalized

states that are weakly coupled to one another. While another theory other than General-

ized FRET would be necessary to explain energy transfer within the domains themselves,
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Generalized FRET can account for inter-domain energy transfer and is useful in the study

of molecular aggregates as well as photosynthetic pigment clusters.[35]

Coherent Energy Transfer

Coherent energy transfer expands on any of the previously discussed theories of energy trans-

fer by treating every portion of the excitation quantum mechanically. Using FRET or Refield

Theory to accurately describe empirical evidence of spectroscopy on photosynthetic organ-

isms is inaccurate, failing to account for the rapid energy transfer rate. In the intermediate

regime of electronic coupling, the dynamics of donor-acceptor electronic energy exchange

can be explained by quantum coherence. While the degree to which quantum coherence af-

fects overall photosynthetic efficiency is still debated in the field,[36] quantum coherence has

been shown in both theory and experiments to be a major factor in overall energy transfer

when electronic coupling is similar in magnitude to exciton-bath coupling.[37] The excitonic

wavefunction will evolve phase due to resonance between different pathways and interfer-

ence from the bath. Whereas a more classical approach deals with single excitonic paths,

under coherent energy transfer theory many paths can be sampled at the same time and

the resulting exciton dephases. In contrast to random, diffusive motion such as FRET hops,

coherent energy transfer is based on quantum probability amplitudes, and thus points to a

more directed and controllable method of energy manipulation.[38, 39]

Dexter Energy Transfer

Beyond singlet energy transfer, it is important to consider other excited state species such as

triplets. A new theory for energy transfer of ”forbidden” transitions (or optical transitions

not reachable in the dipole-approximation) was proposed by D.L. Dexter from the Metallurgy

Division of the U.S. Naval Research Lab (NRL) to describe energy transfer within crystalline

lattices of phosphors. The distance dependence of Dexter Energy Transfer is much more
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stringent than even FRET, with an exponential (e−αr) dependence. The factor α concerns

orbital overlap, so spatial arrangement and proximity becomes the overwhelming factor

for Dexter Energy Transfer. This theory can be used to describe close range transport

of triplets in crystalline pentacene, but taken together with FRET, it does not present a

unified theory.[40]

Overall, in terms of photosynthetic design principles, we have seen the use of multiple

energy transfer schemes used to describe the initial steps of photon capture and transfer. It

would thus stand to reason that any synthetic materials would follow such an example and

seek to multiplex over many regimes, from strong to weak coupling and from short to long

range transfer.

1.2 Current State of Synthetic Light Harvesting Systems

The history of chemistry has seen the synthesis of new molecules being one of the key methods

to overcome challenges. Photosynthesis, by contrast, manipulates the arrangement of a small

array of pigments around a protein scaffold to achieve near unity quantum efficiency. In LH2,

two distinct rings of BChl a were used to create an energetic and spatial funnel. Synthetic, or

artificial, light harvesting systems stand to benefit from both our fields understanding of how

to create new chromophores along with insight from physical chemists on how to arrange

these molecules into efficient light harvesting manifolds. Although the field of artificial

photosynthesis is vast and encompasses light harvesting, charge separation, and catalysis,

for the purposes of this thesis I will only discuss the first step, light harvesting.

Within synthetic light harvesting, two families of molecules first came to the forefront

for use as active chromophores, porphyrins and phthalocyanines.[41, 42] Both are planar,

conjugated hydrocarbon dye molecules which closely resemble chlorophyll and its derivatives.

Long chains of these molecules were some of the earliest test cases for light harvesting due to

efficient π → π∗ energy transitions. Indeed, this is the same transition which drives exciton
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diffusion in organic photovoltaic (OPV) devices.[43] Unfortunately, such simplicity comes at

a cost. While this means of exciton diffusion is efficient and effective in pristine samples, any

structural defect or break in conjugation can lead to a collapse in device performance.[44]

Indeed, the very issue which photosynthesis excels at (namely the spatial manipulation of

chromophores to ensure effective exciton transport) is the stumbling block for many emergent

technologies.

Spatial funneling also plays an important role within artificial light harvesting media,

similar to purple bacteria. Simple arm-like structures towards a ’reaction center’ at the

center have been employed as well as dendrimeric structures. Similarly, metal coordination

compounds utilize metal-to-ligand charge transfer (MLCT) which facilitate low absorption

excitation harvesting.[45] In summary, all the photosynthetic design principles outlined in

previous sections have been found to play a role in constructing materials with desirable

properties. Funneling is used in terms of geometric designs, multiple excitations are used to

test robustness, and electronic and exciton-vibrational coupling are used as tools to under-

stand which designs work, and which do not.

1.2.1 Dyes on DNA Scaffolds

Organic dyes (also named molecular dyes elsewhere) on double stranded (ds) DNA scaffolds

have emerged as a useful intermediate step between effective synthetic light harvesting ma-

terials and biological photosynthesis.[46, 47] The ds-DNA scaffold acts analogously to the

protein environment of light harvesting modules of photosynthetic organisms, while chem-

istry’s vast array of dye molecules can function as the photoactive pigments. Many attractive

qualities, such as commercial availability, base-pair specificity for placing dyes, and facile

solubility, make using ds-DNA scaffolds with dyes an active research area for both applied

photonics as well as fundamental properties of energy transfer. B-form DNA is the most

common structural base component of dye-DNA structures, and its important features are
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Geometry Feature B-DNA Value

Helix orientation right-handed
Rotation/bp 34.3°
Base pair separation 3.4�A
Diameter 20�A

Table 1.1: Basic geometrical parameters for B-DNA, as reported from [48]

shown in the following table.

The field of DNA based nanotechnology is vast and encompasses research from bio-

therepeutics[49] to logical nanocomputing[50]. First emerging during the 1980s,[51] the field

has seen a boom in research interest due to the commercial viability and sheer amount of

malleability in terms of both the DNA structures themselves as well as the positioning of

photonically active media. Figure 1.6 shows the wide array of research interests within DNA

nanostructures. A wide variety of material can be conjugated or attached to DNA scaffolds,

ranging from small organic dyes to much larger nanocrystals (NCs). Figure 1.6 also displays

some of the possibilities using structural DNA nanotechnology, from the simple ds-DNA

strands to cubes that can function similarly to construction blocks. Small dye fluorophores

can be attached in a variety of ways, namely direct synthetic insertion, intercalation, and the

DNA labeling. Direct synthetic insertion occurs at phosphoramidite bases on the DNA and

requires a fluorescent analog to bind to it.[52] Modified DNA will display a thiol or other

reactive binding site with a complementary fluorophore being used,[53] and intercalation

involves native DNA and the insertion of planar dyes between adjacent base pairs.[54, 55]

Beyond fluorescent dyes, larger nanocrystals (NCs) such as quantum dots (QDs) and gold

plasmonic NCs have been used to create networks of increasing photonic complexity.[56]

These networks often involve multiple domains including FRET-based transfer between

fluorescent dyes terminating in a NC. The ability to bind these materials, as well as ds-

DNA’s intrinsic chiral properties have made the construction of chiral plasmonic materials

a possibility.[57]
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Figure 1.6: (A) Hydrogen bonding dictates the pairing of DNA’s bases which forms its
well-known double-helix shape. (B) Junctions and aggregates allow for the close tuning of
fluorophores and the creation of larger scale cubes. (C) DNA origami creates structures
many orders of magnitude greater than a single DNA strand reliably and without added
energy. (D) Taking it a step further, smaller repeatable structures can be combined into
large-scale constructs through simple addition. Figure from [47] and used with permission
within Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0)
License.
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One of the most important areas of DNA nanostructure research, however, is with regards

to the attachment of small fluorophores. As the technology has greatly improved since the

1980s, nanometer specificity and great orientational control are now possible. This makes

the construction of aggregates and long, highly- efficient molecular photonic wires (MPWs)

an area of increased study. MPWs allow for sub-diffraction limit manipulation of light and

give repeatable and highly stable structures. These nanostructures can be self-assembled

and a wide array of designs are possible. One such design includes a four-arm star which

is extended upon in a later chapter. This structure involves long stretches of homoFRET

MPWs at blue wavelenghts (around 500 nm), which terminates in a cluster of Cy 6.5 dyes

for emission in the NIR.[58]

Although efficiency remains a top concern, these technologies are inherently limited by the

very thing that makes them function, FRET. To increase FRET efficiency, distance between

fluorophores must decrease, but at a certain point, FRET theory breaks down and the dyes

begin to exhibit strongly coupled dynamics which unfortunately includes novel nonradiative

traps. This issue is expanded upon in my research into a family of ds-DNA homoFRET

MPWs consisting of Cy 5 dyes.

1.2.2 Other Synthetic Systems

Although my research has solely focused on the light harvesting properties of synthetic

systems, it is important to emphasize that the initial light harvesting step is only the first step

in artificial photosynthesis. Once light has been harvested, it can be transported as a means

to produce electrical current through photovoltaic devices, or be used to catalyze reactions

through photocatalysis. Both of these aims have strategic strengths and weaknesses.

For photovoltaics, harvesting and harnessing energy has been studeied and optimized,

but storage remains an outstanding issue.[59] Renewable battery sources and large-scale elec-

tric grid studies have been used to confront this issue, however the crucial factor remains
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that batteries are far less dense energetically when compared to chemical fuels.[60, 61] Pho-

tocatalysis seeks to use solar energy to drive chemical reactions towards the synthesizing of

stable fuel products. Within this artificial photosynthesis (AP) community, issues remain

with regards to stability and efficiency of devices.There is also a dearth of fundamental un-

derstanding of the photodynamics in these devices, which makes it an intriguing space for

physical chemists and ultrafast spectroscopists.
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CHAPTER 2

EXPERIMENTAL METHODS IN ULTRAFAST

SPECTROSCOPY

2.1 Overview

The use of ultrafast spectroscopy to study the variety of biological and material samples

is only possible due to the theoretical framework given it from time-dependent quantum

mechanics and statistical mechanics. Although a full treatment is not the aim of this section,

basic tenets and formalisms will be presented to explain design implementations in the laser

lab. My research was evenly distributed between pump-probe and two dimensional electronic

spectroscopy (2DES), so I will first present the formalisms of a third-order four-wave-mixing

experiment and then delve into the experimental attributes of each experiment. This chapter

will then conclude with a brief section concerning data workup and analysis.

2.2 Theory of Nonlinear and Ultrafast Spectroscopy

2.2.1 Time-Dependent Quantum Mechanics

The study of complex materials using spectroscopy necessitated the development of two

fields, time-dependent quantum mechanics and statistical mechanics. In condensed phase

systems, samples for study will necessarily be an ensemble, which is most efficiently treated

with statistical mechanics. The light-matter interaction which defines spectroscopy can only

formally be treated with an understanding of time-dependent quantum mechanics. The

central equation for time-dependent quantum mechanics is the time-dependent Schrödinger

Equation[1]

i~
d

dt
|Ψ〉 = Ĥ|Ψ〉 (2.1)
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where Ĥ is the Hamiltonian operator of the system and Ψ is the overall wave-function of the

system. To analyze this equation, it is necessary to first understand the time-independent

Schrödinger Equation, where molecular eigenstates |n〉 of Ĥ0 are found by solving

Ĥ0|n〉 = En|n〉. (2.2)

When subject to no laser pulse, the solution to the time-dependent Schrödinger Equation is

|Ψ(t)〉 =
∑
n

cne
−iEnt/~|n〉. (2.3)

When there is a laser pulse hitting a sample, the Gaussian pulse-shape of light (or a Gaussian

perturbation) constructs a coherent linear superposition of states within the molecule which

has its own time dependence, which is called the molecular response, R(t). When there are

multiple molecular responses in phase with one another (such as from excitation via a laser

pulse), the phenomenon of this collective behavior and its subsequent dynamics are known

as the macroscopic polarization, P (t). We can now begin to treat our system, Ψ, with a

laser pulse, E(t). A simplified laser pulse is given by the following equation:

E(t) = E′(t)cos(ωt) (2.4)

where E′(t) is the pulse envelope function. Spectroscopy is the relation between the electric

field and the molecular dipole, so we can write an interaction operator for the light matter

interaction

Î(t) = −µ̂E(t) (2.5)

where µ̂ is the dipole operator. From here, following conventional quantum mechanics, we

could calculate an expectation value of the transition dipole operator acting on our sample

in a time dependent way, revealing the macroscopic polarization. The following equation
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shows this formalism:

P (t) = 〈µ〉 = 〈Ψ(t)|µ̂|Ψ(t)〉 (2.6)

which can be analytically written using equation 2.3 and assuming that the molecule can be

expressed as a linear combination of eigenstates |a〉 and |b〉, a more complete macroscopic

polarization can be written as

P (t) = (cae
iEat/~〈a| − icbeiEbt/~〈b|)µ̂(cze

−iEat/~|a〉+ icbe
−1Ebt/~|b〉

= cacb〈a|µ̂|b〉sin(ωabt) + ca
2〈a|µ̂|a〉+ cb

2〈b|µ̂|b〉
(2.7)

where ωab is defined as Ea−Eb
~ . Also, ca and cb are the coefficients representing population

in the |a〉 and |b〉 states respectively.

2.2.2 Density Matrices

As shown, it quickly becomes difficult to treat our system as a state vector because it can

be acted on by many operators and have many statistical states (including mixed state)

possible. For this reason, when talking about three pulse experiments, the density matrix

formalism has been adopted to describe the statistical state of a system, which in our case is

the non-linear response function of our sample. The elements of a density matrix are defined

by the following equation:

ρ =
∑
i,j

pij |ψi〉〈ψj | (2.8)

where the probability of element |ψi〉〈ψj | is accordingly givein by pij . Some fundamental

properties of density matrices include normalization, Tr(ρ) = 1, and being Hermitian, ρij =
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ρ∗ij . The expectation value of an operator is likewise calculated by taking the trace:

〈Â〉 = Tr(ρ̂Â) (2.9)

Time dependence is introduced to the treatment of a density matrix by taking the derivative

of a density matrix in a basis representation, yielding two terms:

ρ̇ij =
∑
k

dpk
dt

cicj
∗ − i

~
[Ĥ, ρ]ij (2.10)

where the first term represents the statistical mechanical treatment of density matrices and

leads to population relaxation and dephasing (controlled by off-diagonal elements of a density

matrix) and the second term leads to the Liouville-von Neumann equation, which ends up

being one of the central constructs in time-dependent perturbation theory.

A full treatment of time-dependent perturbation theory is beyond the scope of this thesis,

but a more detailed mathematical treatment can prove useful when trying to theoretically

model nonlinear events in spectroscopy. One of the most complete treatments can be found

in Professor Shaul Mukamel’s book, Principles of Non-linear Optical Spectroscopy, [2], while

other sources such as Concepts and Methods of 2D Infrared Spectroscopy [1] and Professor An-

drei Tokmakoff’s online notes on nonlinear spectroscopy[3] provide a more curated approach

towards the experimentalist in this admittedly dense topic.

2.2.3 Time-Dependent Perturbation Theory

The central equations needed to mathematically depict a non-linear spectroscopy experiment

are the polarization and response function. The macroscopic polarization, which is the

observable we are after, is found by calculating the expectation value of the dipole operator

µ̂,
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P (t) = Tr(µ̂ρ(t)) = 〈µ̂ρ(t)〉 (2.11)

and the nth-order polarization is given by:

P (n)(t) = 〈µ̂ρ(n)(t)〉 (2.12)

where ρ(n) is the nth-order density matrix created by perturbatively expanding in the in-

teraction picture. The end result is that for light-matter interactions taking place at times

{t1, t2, t3} the third-order polarization is:

P (3)(t) ∝
∫ ∞

0
dt3

∫ ∞
0

dt2

∫ ∞
0

dt1E3(t−t3)E2(t−t3−t2) ·E1(t−t3−t2−t1) ·R(3)(t1, t2, t3)

(2.13)

where

R(3)(t1, t2, t3) ∝ −i〈µ̂(t3 + t2 + t1)[µ̂(t2 + t1), [µ̂(t1, [µ̂(0), ρ(−∞)]]]〉. (2.14)

2.2.4 Feynman Diagrams

This mathematical treatment has the array of timings and laser pulses (represented by

electric field E(t)) necessary to explain ultrafast experiments. It however obscures the range

of interactions that can occur during a four-pulse experiment. To make the interactions of

light and matter during a multipulse experiment more clear, Feynman diagrams are used,

which in a ladder-like manner illustrate the passing of time as demarcated by light matter

interactions. Momentum is seen by the direction at which the arrows are pointing, and the

status of the system at each moment is seen through the use of ket and bra components of

the density matrix.
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A brief enumeration of conventions for reading and drawing Feynman diagrams follows,

which is adapted from [1].

1. The left and right vertical bars represent time evolution which passes in the upwards

direction. Horizontal rungs represent time points when light matter interactions occur.

2. The electric fields creating the light matter interactions themselves are represented by

arrows, where an arrow heading from left-to-right has positive wave-vector and phase,

whereas the opposite is true for arrows heading from the right-to left.

3. Excitation into the system is represented by an inwards arrow while de-excitation is

represented by an outwards pointing arrow.

4. A population state (in the case of a two state system, when either |0〉〈0| or |1〉〈1|) must

be the final state, and it must be preceded by an emission.

Figure 2.1 shows six primary Feynman pathways, with arrows showing the progression

of time on the left. These pathways are divided into nonrephasing and rephasing pathways,

and are differentiated by whether phase is continued to be acquired in the same direction or

reversed during time periods τ and t. Whereas a photon echo is emitted following rephasing

time, a free induction decay will be emitted at t = 0 in a nonrephasing pathway. In most

cases, experimentally, it is useful to convert to from absolute time {t0 → t3} to relative time

{τ, T, t} as this gives the time evolution of each state. These three time periods are named

coherence time, waiting time, and rephasing time respectively and are shown in the lower

arrow in Figure 2.1.

In certain techniques that focus to lines rather than a point (such as GRadient Assisted

Photon Echo Spectroscopy, GRAPES),[4][5] the issue of independently acquiring, phasing,

and analyzing these different types of signal is much more important than in a typical point-

by-point BoxCARS setup.
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Figure 2.1: (Top) Rephasing pathways that emit a photon echo (Bottom) Nonrephasing
pathways which result in a free-induction decay (Left) Ground state bleach pathways, in
which an evacuated ground state population is allowed to evolve during waiting time T
(Center) Stimulated emission pathways, also a positive pathway and distinguishable from
GSB only through waiting time dynamics. (Right) Excited state absorption pathways, in
which an excited state is probed. Yields a negative signal.
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2.3 Experimental Realization of Two-Dimensional and

Pump-Probe Spectroscopy

To experimentally achieve ultrafast spectroscopy, the requirement is to have laser pulses as

close to the impulsive limit (as in, their duration is instantaneous) as possible. To achieve

this, broadband laser pulses are used due to the Fourier relationship between time and energy.

Broadband pulses have the additional benefit of exciting a broad manifold of states, making

it possible to excite and probe many electronic states in our systems.

A second requirement is to have precise control over the timing of these pulses. Two-

dimensional spectra, as well as pump-probe spectra, are built as arrays of different timings:

{τ, T, t}, and the coherence and rephasing time series are Fourier transformed to give the

excitation and detection axes which constitute a traditional 2D heat-map. Waiting time

itself is preserved as a time series typically, although it can also be Fourier transformed

over to provide a ‘beat map,’ which shows any vibrational beating during the waiting time.

This fine control over timings is achieved using optomechanical delay lines which can achieve

femtosecond precision over laser pulses due to the fact that light travels in air at a known

speed.[6] Light travels approximately 300nm/fs, so having reliable coverage of 5 nm gives

single-digit femtosecond control. An additional requirement is of course repeatability, which

these optomechanical delay lines are also able to achieve.

All three beams, along with a fourth beam called the local oscillator (LO) are focused

onto the sample from a ’box’-like shape, where the signal emerges in the direction of the

local osciallator, as predicted by the conservation of momentum. As the signal emits at a

direction absent the other beams, 2D in a BOXCARS geometry is said to be background

free.[7] This is in stark contrast to pump-probe spectroscopy, where the signal will emit in

the direction of the probe beam, so subtraction from the actual camera image needs to take

place to get a full read on the data. Signal detection in 2DES is acquired on a commercially

available spectrometer and CCD camera. First the signal and LO are passed through a slit
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Figure 2.2: Mock 2D spectrum pointing out the Fourier pairs of Coherence Time with the
horizontal axis and Rephasing Time with the vertical axis. Positive and negative signals are
possible in 2D, although using the BOXCARS geometry requires phasing.

so as to reduce the amount of stray light enterring the spectrometer, then they are dispersed

by a grating before being captured by pixels of the CCD camera. The signal and oscillator

create an interferogram across frequency and this image is then saved. A new time delay is

chosen (generally a spectrum at one waiting time will be taken before moving on to the next

waiting time) and the process repeats itself.

Figure 2.2 shows a mock 2D spectrum. Important features of 2DES spectra include

on-diagonal features, which represent energy-in being the same as energy-out, off-diagonal

features represent some coupling between excited states, such as excited state absorption

(ESA) or an energy transfer feature. Line width analysis also plays an important role within

2DES data analysis, as static variation in the sample can lead to broader signals along the

diagonal. This would mean that there exist permanent subpopulations contributing to this

broader signal. When spectral features do not feature such an elongation, this is referred to

as homogenous broadening. In this case, environmental factors lead to the wider distribution

of energy. [8]

Each point of a 2D spectrum, (ωτ , ωt), can reveal a waiting time trace. In this case, the
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magnitude of that point is plotted against the waiting time slice it came from. Analysis of

these traces can reveal energy transfer dynamics, ground state bleach recovery, and other

dynamics. [9, 10] Line shape analysis also enables for measurements such as center line slope

(CLS) analysis which allows for a closer look at frequency-frequency correlation as well as

system-bath interactions.[11]

All of my ultrafast experiments were conducted on a point-by-point all reflective 2D

spectrometer and pump-probe spectrometer as outlined by Zheng et al.[12]. Ultrafast pulses

are generated in a commercial Coherent Legend Elite system using the chirped pulse am-

plification technique developed by Maine et al.[13]. Upon exiting the apparatus, the 5 kHz

pulse train, centered at 800 nm and with a 38 fs pulse width, is focused into a 2-m-long tube

of argon, where it undergoes self-phase modulation to produce a supercontinuum of light

ranging from 500 nm to 900 nm.[14] Self-phase modulation is a uniquely non-linear optical

effect which occurs when optical pulses propagate through dispersive, non-linear media.

A pulse emerging from a tube of Argon will be quite messy with respect to dispersion,

so it is compressed trimmed using an optical filter and compressed using a pulse shaper, in

our case a MIIPS made by Biophotonics Inc. Pulse-widths will typically be around 9 fs at

the sample of our spectrometers, described in Fig 2.3.

2.4 Data Analysis in 2DES and Pump-Probe Spectroscopy

Data acquired on the CCD comes in the form of a wavelength-resolved plot which relates to

the Rephasing Frequency axis of the final 2D plot. The first step of 2D data analysis is to

Fourier Transform this Rephasing Frequency axis into a Rephasing Time axis. Once this has

been achieved, a (τ, T, t) cube is seen and scatter can be subtracted by signal windowing.

There are many resources on signal processing,[15, 16, 17] but our basic tenet is weighing

on one hand the ability to create high-quality spectra while on the other not wanting to clip

signal or manipulate the data.
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Figure 2.3: Following ejection from the MIIPS, for 2D, ultrafast pulses are split into four
pulses by beam splitters (BS) and compensating glass (CW) is used to compensate for
differing amounts of material dispersion. Retro-reflectors (RR) ensure that a beam will exit
and enter a translation stage (TS) on the translation axis, to prevent walking. The innovation
of this all-reflective design is the all-reflective interferometric delay system (ARID), which
allows for sub-femtosecond precision in timing delay. Off-axis parabolic mirrors (PM) focus
and collimate the beams before and after the sample cell (SC) respectively. Beam blocks
block all pulses except for the emitted signal and the local oscillator. In pump-probe, a 90:10
beam splitter sends the pump (dashed) and much less powerful probe in different paths. The
pump is sent to a delay line and eventually is sent through an optical chopper (OC), which
allows for acquisition of probe-only spectra on every other laser shot. Pump and probe
beams are focused onto a sample and signal along with the probe pulse are sent to a line
scan camera. Figure adapted from [12] with permission.

42



Once 2D data has been processed, much analysis such as the methods prescribed above

can follow, however, since our spectra are acquired in the BOXCARS geometry, they lose

phase information and therefore need to be phased through independently acquired pump-

probe. Fortunately, pump-probe is a much faster measurement compared to 2D, taking as

little as 30 minutes to capture a full waiting time scan compared to 8 hours for 2D. Likewise,

pump-probe data is fairly straight forward to process compared to 2D. For short time scans

(for example, anything under a picosecond, e.g. waiting time from 0 to 1000 fs in steps of

10 fs) scatter can be used to find exact timings and signal can be windowed in the optical

frequency domain. Otherwise, full pump-probe spectra are constructed fairly directly from

the raw data.

Phasing itself involves the mapping a summed representation of the 2D data (which is

summed onto the rephasing axis) to the pump-probe data. The theory behind this transfor-

mation comes from the Projection Slice Theorem, which is used in many medical imaging

techniques such as CT scans.[18] The equation governing the Projection-Slice Theorem es-

sentially states that the Fourier transform of a projection is the same as a slice of a higher

dimensional Fourier transform, or put mathematically:

F1P1 = S1F2 (2.15)

for a two-dimensional image, where F1 and F2 are one- and two-dimensional Fourier Trans-

forms, respectively. For our case what this means is that a projection of the 2D spectrum

should be matched to the slice of the corresponding pump-probe data. Many phasing algo-

rithms exist in the literature,[19] and the uncertainty and time-sink of phasing makes 2DES

in the pump-probe geometry an attractive alternative to the classic BOXCARS geometry.[20]
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CHAPTER 3

ULTRAFAST ENERGY FLOW IN EXTENDED FRET

NETWORKS

3.1 Introduction to FRET-based Dye-DNA Networks

Structural DNA technology allows for the construction of unique structures and the pre-

cise placement of fluorophores. Many of these structures can be used for applications such

as biosensing and nanoscale computing.[1, 2, 3, 4, 5] Light harvesting is also an attrac-

tive possibility for DNA-based nanotechnologies, owing to advantageous properties such as

scalability, self-assembled synthesis, and the diverse quantity of commercially-available flu-

orophores available for use.[6, 7, 8] Molecular photonic wires composed of double-stranded

(ds) DNA with bound small molecular dyes have seen increased study as they are able to

transfer excitonic energy up to 30 nm. HomoFRET, which involves Förster Resonance En-

ergy Transfer between identical fluorophores, has been seen to increase effective excitation

energy distance. Of course, using homoFRET will decrease the overall efficiency of trans-

port, as adding a random walk component will decreases directionality of FRET, but adding

these homoFRET areas makes longer excitation energy transfer distances possible. [9]

One strategy to increase overall efficiency is to add redundant paths in a device. Figure

3.1 shows one such design, from Klein et al., which makes use of four identical arms leading

on a downward energy gradient towards a Cy5.5 nexus. The redundancy of adding The

overarching goal of this structure would be to capture blue light and down-convert toward

red fluorescence of a Cy5.5 dye. In work by Klein et al. [10], the observed anywhere-to-

end efficiency of the Four-Arm Star measured experimentally under-performed the efficiency

calculated theoretically using semi-empirical models. Additionally, multiexcitonic effects

within the realm of dye-DNA structures are still not understood. While fluorescence and

absorption work to explain coupling of spectral features, such as the J-integrand for each
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Figure 3.1: (Right) Double-stranded DNA is represented as parallel where dyes are repre-
sented by stars. (Left) Space-filling diagram showing the same progression of dyes. The
number of dyes (Cy3-Cy3.5-Cy5-Cy5.5) is (4-4-4-2).
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Figure 3.2: The Four-Arm Star is found to have 16.5 ± 2.4% end-to-end efficiency. This is
found by exciting the sample at 466 nm and studying the resulting steady-state fluorescence.

step of FRET, the mechanics of transfer efficiency such as dye-to-dye energy transfer, can be

disentangled from final fluorescence using ultrafast spectroscopy. Given the wide bandwidth

of dyes visible, the potential coupling between each adjacent dye, and the desire to see what

multiple excitations would detail about overall device robustness (such as possible exciton-

exciton annihilation), two-dimensional electronic spectroscopy (2DES) was performed on a

samples of the Four-Arm Star (Figure 3.1) at multiple fluences.

3.2 Spectroscopic Results and Discussion

Figure 3.2 shows one piece of optical characterization, steady-sate fluorescence. End-to-end

transfer efficiency in the samples is a parameter describing their transmitting capabilities,

or in other words, how well do they move excited state energy from blue wavelengths to red

wavelengths. Anywhere-to-end transfer efficiency is a measure of the sample’s collecting, or
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Figure 3.3: Three time traces and a 2DES frame of the Four-Arm Star taken on the picosec-
ond timescale. Negative features below the diagonal indicate double-excitations on the same
Four-Arm Star, indicating that the fluence this measurement was carried out at (around 20
nj/pulse) was sufficient to begin to see multiexcitonic behavior

harvesting, capabilities. Typically these measurements are carried out under white light,

giving another reason to use 2DES, which is a broadband technique.

In this work, we use 2DES to study the energy transfer dynamics of a novel dye-DNA

construct, a Four-Arm Star. Figure 3.3 shows waiting time traces taken over the picosec-

ond regime of three primary diagonal peaks corresponding to the main absorption feature

of Cy5.5, Cy5, and Cy3.5, taken from (ωτ , ωt) = (595nm, 595nm), (651nm, 640nm), and

(683nm, 673nm). Initial fitting to a biexponential (R2 > .95) reveals two time constants,

the first lasting around 20-30 ps and the second about 1 ns. The first is attributed to non-

radiative relaxation, while the second is the fluorescence liftetime. Many different fluences

were taken at these long times, and all revealed roughly the same dynamics, with very little

to no energy transfer seen between the dyes. The potential to take 2D which probed mul-
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Figure 3.4: Frame taken at waiting time 100 fs when overall pulse power was 28 nj/pulse.

tiexcitonic behavior was confirmed by the presence of a negative peak below the diagonal,

which is emblematic of a doubly-excited sample.

Having confirmed that these constructs could sustain higher fluences, and to better un-

derstand the nature of coupling (if any exists) between the different cyanine dyes, short-time

fluence-dependent 2DES was taken from -100 to 1000 fs waiting time in 10-fs step-sizes.

Three data runs were completed at fluences of 5, 10, and 28 nj/pulse. Analysis of 2D frames

was inconclusive, although crosspeaks were visible to grow in on the 50 fs timescale in the

higher fluence runs. Figure 3.4 shows a sample 2D frame, at 100 fs Waiting Time, showing

such cross peaks. It should be noted that phasing, an integral part of 2D data work up where

the absolute phase of a BOXCARS 2D acquisition is corrected with the phase of pump probe

was not possible for the short time runs.

Preliminary comparison between time traces was completed, and centered around the

Cy5-Cy5.5 nexus due to the strength of the overall signal at that region. Figure 3.5 shows

two fluence-dependent traces from the Cy5.5 diagonal peak and the Cy5-Cy5.5 lower diagonal

peak. While these results are preliminary and would need to be supported with repeat 2D
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Figure 3.5: Fluence dependent waiting time traces taken at the the Cy5.5 diagonal peak and
the Cy5-Cy5.5 lower crosspeak. A much steeper decay with Cy5.5 lifetime is seen for the
low fluence measurement, while a more rise is seen in the crosspeak traces
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acquisitions, there does seem to be some underlying dynamical differences between the lowest

power run and the two higher power runs, namely, a less steep drop-off of Cy 5.5 excited

state liftetime and a slight rise within the crosspeak. Whether these are inherent differences

or run-dependent needs to be verified, but it could point an ultrafast mechanism within

the Cy 5.5 nexus which is sensitive to the number of excited Cy5 dyes. This would have

implications for the principle of redundancy within the Dye-DNA construction community,

as perhaps cramming more dyes next to each other within the desired core of transmission

might hurt more than it helps.

This result correlates with work from which this sample is derived by Klein et al. [10]

where an eight-arm star was seen to have poorer energy transfer properties compared to a

Four-Arm Star. In that publication, this phenomenon was explained by the poor formation

yield of the eight-arm star (around 30% compared to 90% for the Four-Arm Star). While

formation yield could certainly explain decreased transfer efficiencies, the clustering of Cy5.5

dyes around the core could also lead to novel non-radiative decay pathways. This area is

further explored in my MPW project (Chapter 6) whereas next steps for this research are

explored in Future Directions (Chapter 7).
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CHAPTER 4

ULTRAFAST EXCITATION TRANSFER IN CY5 DNA

PHOTONIC WIRES DISPLAYS DYE CONJUGATION AND

EXCITATION ENERGY DEPENDENCY

4.1 Overview

The following chapter is adapted from Mazuski et al.[1] with full permission.

While our studies on the four-arm star showed little coherent transfer of energy, we

redesigned the homoFRET portion into singular MPWs and took new strategies to account

for differing ligature and binding techniques. The most interesting sample we ended up with

was a 10-dye MPW consisting of four strongly energetically coupled dimers (eight dyes total)

along with vestigial dyes (two in total) on either side. Using two more complete MPWs (five

dyes each) in differing attachment chemistries along with smaller controls, a series of fluence

dependent pump probe measurements were taken. We adjusted temperature and solvent to

control for system-bath interactions and were able to show evidence for a non-radiative trap

dissipating energy in our dimeric MPW. Finally, we hypothesize that FRET frustration,

which until now has only been seen in multiphoton microscopies, may play a role in the

increased lifetimes seen in the dimeric MPW at higher fluences.

4.2 Introduction to Molecular Photonic Wires

DNA-based nanophotonics, which utilize a DNA scaffold with bound organic dyes, have

emerged in the past decade as a useful medium for both biologically compatible applications[2,

3, 4, 5, 6] and easily tunable platforms for photophysical research into the effects of aggre-

gation and strong electronic coupling on excitation energy transfer.[7, 8] Interest in these

devices encompasses a breadth of applied photophysics, including optoelectronics,[5, 9, 10]
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Figure 4.1: Fluence based pump probe spectroscopy reveals novel dynamics in which in-
creased fluence is correlated with increased excited state lifetime. This is in stark contrast
to conventional materials and photosynthesis research in which fluence and lifetime are anti-
correlated.

sensing,[11, 12] biocommunications,[13] and logic-based computing,[14, 15] among others.

Given the recent boom of research into DNA-based nanostructures, these complexes now

range in size from simple double-stranded (ds) DNA wires displaying single dyes to large

constructs interspersed with a wide variety of photonic materials.[2, 16] Analogous chemi-

cal model systems in which chromophores are covalently linked are useful for fundamental

studies[17, 18] but limited in the expanse of structures that can be efficiently synthesized.

In contrast, DNA as a template more closely approximates the biological medium found

in nature and further allows for programmable designer structures of any arbitrary two- or

three-dimensional shape with a multitude of chromophores placed with up to 1 nm preci-

sion based on a variety of bioconjugation strategies.[19, 20] DNA molecular photonic wires

(MPWs) represent an optimal structure to begin to study the interplay of strongly and

weakly coupled regimes. These one-dimensional arrays have been used for directional energy

transfer from one end to the other and are used to extend the effective energy transfer length

of devices of increasing architectural complexity.[21, 22]

As this field advances, evidence is growing that the positioning of the dye molecules,

in the way they interact with the DNA[23] and, perhaps more importantly, with other dye
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molecules,[24, 25] is the crucial variable in producing efficient light conducting systems.

Most DNA-based photonic systems to date have exploited Förster resonance energy transfer

(FRET) between different dyes to control the energy migration. More recent advancements

have implemented FRET between chromophores of the same type (HomoFRET) to extend

the effective energy transfer distance using one-dimensional excitonic diffusion in a random

hop process.[26, 27] As the spectral overlap remains constant in HomoFRET, the process

is not energetically lossy, allowing energy transfer to continue until a nonradiative trap

is reached or the radiative lifetime of excitation has elapsed. Here the distance between

fluorophores and the orientation of their dipole moments remain as key parameters to tune

the HomoFRET efficiency.

Although numerous dye families have been developed over the years for all manner of

biological applications, cyanine dyes remain one of the most popular families of organic dyes

for use with DNA photonics. They have optimal photophysical properties, are readily con-

jugated using a multitude of linkage strategies, function as prime FRET pairs, and perhaps

most pertinently, DNA strands incorporating cyanine dyes are commercially available from

multiple vendors.[28] The more recent developments include the observation that cyanine

dimers can form J-like or H-like dimers and that these result in drastically different proper-

ties (e.g., fluorescence lifetimes and spectral shapes) between the two types of dimers as well

as in comparison with the monomer.[8, 29] Our current interest lies in deciphering whether

the conjugation strategy of identical dye molecules, in our case Cy5, can modify the ET ef-

ficiency, particularly if we can create strongly coupled systems for improved ET. Within the

literature there are multiple studies of the photophysics of Cy5 dye molecules[30, 31, 32] but

an extremely limited number of studies of DNA-scaffolded Cy5 dimers[8, 29] with almost no

insight into their ET properties. Additionally, experimentation on similar systems to date

has remained ambiguous with regard to multi- and single excitonic behaviors, even though

relevant studies on biological light-harvesting complexes and synthetic photonic materials
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systems have shown key fluence-dependent photophysical discrepancies.[33] It is important

to note that the former are the very types of function that DNA-based nanophotonics seek to

emulate. Multiexcitonic effects within light-harvesting media are being increasingly studied

to derive insights into fundamental principles of light harvesting, including measurement of

the robustness of a light-harvesting material’s performance, the ability of excitons to explore

the material’s vibronic potential energy surface, and effects, if any, on nonradiative decay

mechanisms that may govern the exciton diffusion length and lifetime.[34, 35, 36]

Here we utilized an MPW as a linear DNA nanostructure designed in the form of five

identical units of a double-crossover motif. Within each motif, Cy5 dye molecules were con-

jugated either on the 3’ end, internally, or as a double-labeled DNA dimer (see the schematics

in Figure 1). We found a large discrepancy in the maximum energy transfer efficiency along

the wire, with the end-labeled MPW being 3 times more efficient than the internally labeled

version and the dimer system having only trace transfer because of ultrafast nonradiative

decay mechanisms. Utilizing ultrafast pump–probe spectroscopy, we observed control over

the trap-mediated decay of excited-state energy transfer in the dimer with increased exci-

tation density. This result was atypical because in classic multiphoton materials systems,

increasing the excitation density results in shorter lifetimes of excited states as second-order

and multibody effects dominate the excited-state dynamics.[35, 37, 38] Suppression of the

ultrafast relaxation channel with increased excitation density, which was also observed at

cryogenic temperatures, and subsequent analysis point toward a manifold of control mecha-

nisms for modifying the FRET processes within the Cy5 MPWs. In the MPW configuration,

multiexcitation fluences can increase the apparent excited-state lifetimes through an inher-

ent mechanism of individual Cy5 dimers and the collective Cy5 dimer effect of HomoFRET

frustration. This HomoFRET frustration arises at greater excitation fluence since multi-

ple excitons occur on a single wire and excited Cy5 or Cy5 dimers are not efficient FRET

acceptors.
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Figure 4.2: Schematics of the experimental DNA MPWs and dye-labeled DNA strand for (A)
End attachment, (B) Internal attachment, and (C) Dimer attachment. (top) Molecular ren-
derings of the MPWs with space-filled Cy5 molecules shown in orange for 3’ end-conjugated
dye molecules. (middle) Two-dimensional renderings of the MPWs showing the five repeat-
ing motifs within each structure and the associated Cy5 molecules. (bottom) Molecular
structures of the Cy5-conjugated oligomers with zommed-in atomic structures denoting the
dye-dye distances within the DNA MPWs.

4.3 Steady-State Specroscopy Results

The MPWs were designed exploiting a double-crossover motif originally proposed by Seeman[39]

and used previously when studying HomoFRET systems.[21, 24, 40] The full list of strands,

structural formulations, and modifications can be found in Tables 4.3 and 4.4 and Figure

4.7. The MPW is designed to be a two-helix-wide DNA structure containing five copies of

Cy5-containing crossover motifs (see Figure 4.2). Within each motif, Cy5 could be either

conjugated to the 3’ end through a three-carbon-linker phosphodiester bond to the end nu-

cleotide (End attachment), inserted between the middle bases via a double phosphodiester

linkage (Internal attachment), or a double-labeled DNA strand with both an end and in-

ternal Cy5 (Dimer attachment). Samples were prepared in 2× phosphate-buffered saline

(PBS) supplemented with 5 mM Mg2+. Glycerol was added in a 3:1 ratio with buffer when

realizing cryogenic measurements. Characterization of the freely diffusing strands not bound

60



Attachment: End Internal Dimer

No. attached Cy5 5 5 10

Distance [nm]a 2.8-3.6 3.4-4.0 3.5/0.9b

Exptl Distance [nm] 3.9 ± 0.5 4.5 ± 1.0 -c

Quantum Yieldd 0.48 0.35 0.07
Lifetime (τ) 1.90 ± 0.10 1.29 ± 0.11 1.12 ± 0.11

Table 4.1: aBased on PDB structures. bIntradye/interdimer distance. cDetermination of
distances was not feasible with fluorescence lifetime anisotropy. dQY estimates have uncer-
tainties of ∼5%. eValues are amplitude-averaged lifetimes.

within the MPWs is available in Figure 4.9 and 4.10 and shows the change in anisotropy and

lifetime upon incorporation into the DNA MPW. Determination of the MPW formation effi-

ciency was confirmed spectroscopically as well as through polyacrylamide gel electrophoresis

(PAGE) (Figure 4.8). We estimate ∼90% MPW formation for all three structures, with

∼10% imperfectly or partially formed MPWs and trace amounts of free dye-labeled DNA

observed in the gels. Using basic molecular models of the structures, we could determine

the dye separations within the MPWs (see Table 4.1), which were compared to the values

obtained by fluorescence lifetime anisotropy (values in Table 4.1, decay curves in Figure 4.9,

and fitting parameters in Table 4.5). The Dimer MPW has a similar separation for the dye

molecules with the same conjugation strategy, i.e., the internal Cy5s are 3.5 nm apart and

the end-labeled Cy5s are 3.5 nm apart, but the end label of one motif within a structure

is in close proximity (<1 nm) to the internal label of the previous motif, allowing coupled

Cy5 dimers to form. The Dimer MPW can be particularized as four Cy5 dimers with single

internal and end labels on the extreme ends of the MPW.

Room temperature (RT) steady-state spectra of the three MPW structures were obtained

as part of the initial characterization (see Figure 4.3). The absorbance spectra in Figure 4.3A

show that the End and Internal Cy5 had equivalent absorbance characteristics, while the

coupling of the Cy5 dye molecules in the Dimer MPW is clearly observed in the enhanced

vibronic shoulder at 600 nm. The lack of any observable excitonic splitting of the 0–0 absorp-
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tion peak suggests that the Cy5–Cy5 dimers are inhomogeneous in distance and orientation.

The heterogeneity of the dimers obscures sharp features (e.g., the splitting) as a result of the

spectral broadening. The steady-state RT fluorescence spectra of the three MPWs are shown

in Figure 4.3B. The normalized spectra overlapped almost perfectly, and the difference in the

relative intensities is quantified in Table 4.1 by the difference in quantum yields (QYs). The

End MPW had the brightest fluorescence of the three, with the Dimer MPW being the least

fluorescent by a considerable margin. The fact that the spectra overlapped, even in the case

of the Dimer MPW, suggests that much of the observed fluorescence came from monomeric

Cy5. On the basis of the recent work of Huff et al. on coupled Cy5 pairs, the decrease in QY

to the point of almost complete quenching is the result of a strong increase in nonradiative

pathways (which they postulated to be nonadiabatic S1–S0 and S0–S0 transitions).[8]

Additionally, we determined the amplitude-averaged fluorescence lifetimes,〈τ〉, and as

would be expected, 〈τ〉 was correlated with the QY of Cy5 in the different MPWs, in that the

lifetimes were ordered as End MPW Internal MPW Dimer MPW (see Figure 4.3C). However,

compared with the difference in the QYs, we observed a longer 〈τ〉 for the Dimer MPW than

we would have predicted and that we later observed in the pump–probe experiments (vida

infra). All of the lifetimes were best fit with biexponential functions, but the Dimer MPW

demonstrated distinct short (<300 ps) and long (1.7 ns) τ components, while the End and

Internal MPWs presented τ components in the 1.0–2.0 ns range. The longer than expected

〈τ〉 and distinct τ components provide additional support for the heterogeneous nature of

the Cy5 dimers in the Dimer MPW, and the small proportion of higher-QY monomers in

the sample likely caused the deviation of the determined 〈τ〉 to larger values.

For a greater understanding, we looked at control structures containing only one or two

copies of the repeating Cy5 motif (not technically MPWs but similar in the DNA microen-

vironment around the Cy5), labeled as Control 1R and 2R, respectively (see Figure 4.6 for

a schematic, Figures 4.9 and 4.10 for data, and Tables 4.5 and 4.6 for fitting values). Un-
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Figure 4.3: Samples were at RT and in aqueous buffer, unless otherwise noted. (A) Ab-
sorbance spectra (normalized to the Cy5 peak). (B) Steady-state fluorescence spectra, with
excitation at 590 nm. (C) Fluorescence lifetime decay curves and 〈τ〉 values. Samples were
excited at 532 nm, and detection was centered at 680 nm. (D) Normalized absorbance spec-
tra (solid curves) and fluorescence spectra (excitation at 560 nm; dashed curves) of the MPW
dimer structure at 295 K in PBS (black), at 295 K in 3:1 glycerol/buffer (green), and at 77
K in 3:1 glycerol/buffer (purple). The shaded areas denote the respective spectral overlaps.
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der the elementary assumptions of HomoFRET, transfer within the structure’s equivalent

Cy5 dye molecules should not modify the fluorescence output. However, when the control

structures were tested, the addition of more dye molecules was found to decrease the relative

steady-state fluorescence. We interpret this to occur because the presence of additional dye

molecules increased the probability that one of the dye molecules within the MPW would

act as a nonradiative trap, and the HomoFRET allowed this trap to be sampled by all ex-

citations. The Internal and End MPWs underwent similar decreases in fluorescence, ∼10%

in going from one to two Cy5 molecules and ∼40% in going from one Cy5 to the full MPW,

while the fluorescence of the Dimer system decreased almost 90% in going to the full MPW

(see Figure 4.12). For the Dimer system, the changes were even more marked: in the ab-

sorbance spectra, the vibronic shoulder increased as the number of dimer motifs within each

structure increased (MPW > 2R > 1R), while the normalized absorbance spectra of the End

and Internal systems were unmodified (see Figure 4.11).

These initial characterizations provided considerable information and allowed quantita-

tive estimates of the theoretical transfer efficiency. On the basis of work by Cunningham et

al.[41] and the Dimer MPW absorbance spectra, the overall distance between intradimer dye

molecules was quantified to near 1 base pair (bp) separation, given that the ratio of the 0–1

to 0–0 absorption features was roughly 0.9 when the spectral components of the vestigial

dye molecules were subtracted out (see Figure 4.13), though again we note that the Cy5

pairs were heterogeneous in their distance distribution. To provide quantitative estimates of

the theoretical transfer efficiency, we utilized a random-walk model of HomoFRET[26] and

determined the fluorescence lifetimes and FRET rates using data from fluorescence lifetime

anisotropy. The fluorescence lifetimes and FRET rates for the End MPW were 〈τ〉= 1.9

ns and kET = 7.5 ns−1, while the Internal MPW had values of 1.29 ns and 4.6 ns−1, re-

spectively. In this model, which measures an excitation entering at one end of the MPW

and being extracted from the other, we assumed unity injection and extraction of an exci-
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ton. Inputting the experimentally determined values resulted in a large discrepancy in the

theoretical transfer efficiencies of the End and Internal MPWs (70% vs 23%, respectively)

along the wire. The considerable difference between the efficiencies of the two MPWs arises

from the shorter fluorescence lifetime of the Internal MPW along with the greater experi-

mentally determined dye–dye distance, as shown in Table 4.1. Using similar assumptions

for the Dimer MPW (though we recognize that treating the Cy5 dimers as single relays may

not be fully valid) and the estimated values 〈τ〉 = 1.1 ns and kET = 2.8 ns−1, we compute

a transfer efficiency of less than 4%.

Previous work has shown an increase in MPW efficiency as well as Cy5 aggregate fluores-

cence lifetime under cryogenic conditions by suppression of phonon-mediated nonradiative

relaxation pathways and the cis–trans isomerization of Cy5.[40] In Figure 4.3D we compare

the ground-state absorption and fluorescence spectra of the Dimer MPW sample at RT in

PBS and at 77 K in 3:1 glycerol/buffer to facilitate vitrification. We observe considerable

spectral shifts, with the main peak of fluorescence shifting by 20 nm (from 662 to 682 nm).

A portion of the shift (∼10 nm) was due to the change in solvent, which had different vis-

cosity and polarity due to inclusion of glycerol, yet further red shifting was observed upon

cooling to 77 K. Of note is the change in the relative intensities of the two peaks observed in

the absorption spectrum, which correspond to the 0–0 and 0–1 vibronic energy progression

within Cy5 constructs. The intensity of the 0–1 peak is greater at RT than under cryogenic

conditions. Conversely, the vibronic shoulder is much more pronounced in the cryogenic

fluorescence spectrum relative to the RT spectrum, and this was independent of the solvent

as it was not observed in the RT glycerol determination. This suggests considerable changes

in the coupling of the dye molecules and the energetic pathways available to the Cy5 dimers

between RT and 77 K. With regard to the increased energy transfer efficiency, it is impor-

tant to note that the cryogenic conditions reduced the spectral overlap (J = 2.02 × 1016

and 6.30 × 1015nm4M–1cm–1 at RT and 77 K, respectively). The QY of the dye is con-
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siderably increased at cryogenic temperatures (0.07 to ∼0.25 on the basis of pump–probe

lifetime determinations discussed below), but because of the diametric changes the Förster

distance (R0) was almost unchanged (5.5 ± 0.3 and 5.5 ± 0.5 nm for RT and 77 K, respec-

tively). Since the dye–dye distances were on the order of ∼4 nm, this suggests that the

theoretical dye–dye FRET efficiency was 0.87 ± 0.05 for both sets of conditions. Using the

above-mentioned random-walk model, we would expect the transfer efficiency to increase

only from 4% determined for RT to ∼12% for the Dimer MPW under cryogenic conditions.

4.4 Ultrafast Spectroscopy Results

Ultrafast pump-probe spectroscopy was used for further characterization, focusing on the

Dimer MPW system. Ultrafast pump-probe spectroscopy provided the necessary spectral

resolution to track the 0–0 and 0–1 vibronic peaks and temporal resolution to map the

kinetics governing the sub-100 ps decay seen in the fluorescence lifetime. Furthermore, the

pump power and therefore the number of excitations present on each MPW were varied to

explore the excitation dynamics, which might be influenced by the energetic landscape. The

fluence in terms of excitations per MPW was calculated as the product of the measured pump

power at the focal spot size at the sample and the overlap of the absorption spectrum and

the pump laser spectrum divided by the number of MPWs excited in the focal spot size. The

full equation and measurement method are provided in the Supporting Information. Briefly,

the excitation power measured by a coherent LabMAX-TOP power-meter was varied from

12 to 250 µW, and the diameter of the pump-probe overlap spot was measured to be 150

µm.[42] To fully excite the manifold of states within MPWs, broadband pump-broadband

probe spectroscopy was used. Figure 4.4 shows a representative RT broadband pump-probe

spectrum as well as kinetic maps taken from the major ground-state bleach (GSB) feature

measured at 665 nm for the dimer MPW at RT and 77 K. Full sets of fluence-dependent

pump-probe experiments for the other MPWs along with fits are available in Table 2 and in
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Figure 4.4: (A )Broadband pump-probe spectrum of the Dimer MPW at the lowest fluence.
(B) Normalized pump-probe signal of the GSB at 665 nm for the Dimer MPW at RT in PBS.
Inset: ratio of time constant weights (A1/A2) as a function of the number of excitations per
MPW. (C) Normalized pump-probe signal of the GSB at 665 nm for the Dimer MPW at 77
K in 3:1 glycerol/buffer. Inset: ratio of time constant weights (A1/A2) as a function of the
number of excitations per MPW. 67



Sample and Measurement Conditions A1 [%] τ1 [ps] A2 [%] τ2 [ps] 〈τGSB〉 [ps]a

2× PBS + 5 mM Mg2+

Control 1R Iternal, RT, 0.5 excitations/MPW 12 ± 2 53 ± 8 88 ± 2 1136 ± 645 1001 ± 592
Dimer MPW, RT, 0.5 excitations/MPW 68 ± 13 36 ± 6 32 ± 13 472 ± 18 168 ± 64
Dimer MPW, RT, 5 excitations/MPW 43 ± 7 47 ± 9 57 ± 7 758 ± 115 450 ± 136

3:1 Glycerol/Buffer
Dimer MPW, RT, 0.25 excitations/MPW 65 ± 13 150 ± 7 35 ± 13 1538 ± 947 642 ± 237

Dimer MPW, RT, 6 excitations/MPW 18 ± 6 100 ± 25 82 ± 6 1600 ± 64 1333 ± 126
Dimer MPW, 77 K, 0.5 excitations/MPW 42 ± 14 58 ± 17 58 ± 14 855 ± 73 522 ± 200
Dimer MPW, 77 K, 5 excitations/MPW 39 ± 8 54 ± 6 61 ± 8 833 ± 69 525 ± 132

Table 4.2: Biexponential fits of the GSB kinetic feature from pump-probe experiments on
the Cy5 controls and MPWs. a 〈τGSB〉 is the amplitude-averaged decay time of the GSB
feature from the pump–probe experiments. This is to distinguish it from the fluorescence
lifetime measurements.

Tables 4.7,4.8, and 4.9, and Figures 4.14, 4.15, 4.16, 4.17, 4.18, 4.19, 4.20, 4.21, and 4.22.

No sample bleaching or destruction was observed even at the higher excitation powers, and

this was confirmed by looking at the kinetic curves scanning the probe excitation from later

to earlier times (i.e., looking at the 750 ps delay first and then observing the 5 ps delay first)

and obtaining the same spectral results.

The resulting decay curves were best fit to a biexponential function (R2 > 0.99), and

the resulting constants revealed a sub-100 ps time constant (τ1) along with a longer time

constant (τ2 > 400 ps). Under the low-excitation-fluence conditions, we attribute the short

(<60 ps) time constant to strongly coupled dimers with ultrafast nonradiative decay, whereas

the longer time constant (400-800 ps) was tentatively attributed to Cy5 dimers that are

more weakly coupled, i.e., with larger spacing and slower nonradiative relaxation. Cryogenic

experiments (Figure 4.4C) were performed on a 3:1 glycerol/buffer solution of the Dimer

MPW sample to analyze the nature of this ultrafast relaxation. The decay times τ1 and τ2

both were longer, and the ratio of the weights for the time constants (A1/A2) was 0.72 under

the cryogenic conditions compared with 2.1 at RT. This slower decay suggests that under

cryogenic conditions, the Cy5 dimer ultrafast nonradiative decay channel is suppressed. On

the basis of the red shift in absorption and the more symmetrical nature of the absorption and

fluorescence spectra, dimerlike photophysical behavior was essentially quenched at cryogenic
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temperatures, with similar spectral properties as Cy5 monomers in glass.[30, 31, 43]

Within light harvesting and photosynthetic materials, the general understanding is that

as the fluence is increased, no dependence on or a negative correlation with the excited-state

lifetime should be observed because of the increased frequency of multiphoton effects such

as exciton–exciton annihilation.[35, 37, 44, 45] Surprisingly, at RT for the Dimer MPW, as

the fluence was increased, an increase in excited-state lifetime (as measured by the GSB

signal) was observed (Figure 4.4B). There was a statistically significant increase in both the

time constants and the A1/A2 ratio as the fluence was increased, as can be seen in Table

4.2. At fluences below one excitation per MPW, the excited-state populations of the Dimer

MPWs would be twice as likely to exhibit sub-50 ps relaxation compared with the radiative

lifetime, while at five excitations per MPW the longer time constant was almost twice as

likely. This can be clearly observed by looking at the changes in the A1/A2 ratio shown in

the inset. Similar studies of the End and Internal MPWs showed no fluence dependence,

with the kinetic curves overlapping at all excitation powers (Figures 4.14 and 4.15).

RT fluence-dependent measurements were performed in the glycerol solution to account

for the change in viscosity in the previous cryogenic experiments (see Figure 4.18). The

fluence dependence was preserved, with a similar increase in relative lifetime (2.7-fold for

buffer and 2.1-fold for the glycerol/buffer medium), indicating that the mechanism by which

the nonradiative quenching was eliminated under cryogenic conditions was related to tem-

perature and not a change in polarity or viscosity due to solvent effects. This supports the

conclusion that when the two critical variables of temperature and excitation fluence are

adjusted, two distinct mechanisms for inhibiting the ultrafast quenching occur.

The Control 2R Dimer structure, which consists of one electronically coupled dimer (see

the schematic in Figure 4.6), showed fluence-dependent behavior similar to the Dimer MPW

(Figure 4.19). In comparison, the response to increased fluence was less than that of Dimer

MPW upon excitation at equivalent saturation ratios (i.e., taking into account the difference
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in the number of dye molecules per DNA structure), as the relative lifetime increased 2-fold

versus 2.9-fold for the Control 2R Dimer versus the Dimer MPW, respectively. Similarly

the A1/A2 ratio changed by factors of 2.0 for the Control 2R Dimer and 3.0 for the Dimer

MPW. This signifies that there are likely two mechanisms that modify the Dimer MPW

decay times. The Cy5-dimer-specific decay mechanisms arise from J- and H-like dimer

formation,[29, 46] which the Dimer MPW and Control 2R structures both experience. One

possible hypothesis for this observation is that at greater fluence, double excitation of the

Cy5 Dimers occurs,[47] which can frustrate the fast decay mechanism by inhibiting trans–cis

conversions.[48, 49] Additional investigations that lie outside of the scope of the current

report would be required to confirm this hypothesis.

4.5 Discussion of Mechanism Leading to Fluence-Dependence

To account for the additional increase in fluence dependence in a comparison of the Control

2R Dimer to Dimer MPW, we proposed an adaptive mechanism in which several kinetic

routes compete for the transfer of excitation energy. These potential fluence-dependent

mechanisms, which are schematically depicted in Figure 4.5, include Cy5-Cy5 HomoFRET

(Cy5 dimers may also participate in HomoFRET transfer), Cy5 or Cy5 dimer fluorescence,

nonradiative relaxation, and dimer-induced nonradiative decay pathways. On the basis of

the relative increase in the excited-state lifetime (as measured by the GSB signal) at higher

fluences for the Dimer MPW compared with the Control 2R Dimer, we hypothesize that

ultrafast energy depletion arises from a portion of the dimers that act as high-efficiency

traps. Moreover, because of the HomoFRET, almost all of the excitons across the energetic

landscape sample the trap state independent of where the exciton arises. Upon multiple

excitations per MPW, such as at the higher excitation fluences, the probability that a neigh-

boring Cy5 or Cy5 dimer is in an excited state and therefore not able to function as an

efficient FRET acceptor increases. The result of this is that excitons cannot sample the en-
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tire MPW. Additionally, under cryogenic conditions the thermal quenching of the Cy5 dimer

dark relaxation pathway was observed. Although the exact means by which this pathway is

quenched has not been determined, previous research showed the marked temperature de-

pendence of vibronic coupling between the separate components of cyanine homodimers.[41]

The stabilization of fluorescence at lower temperatures is also consistent with the increased

MPW performance that has been seen in cryogenic and solid-state applications.[40]

This investigation of the optimal conjugation strategy for a Cy5-dye-based HomoFRET

MPW suggests two distinct observations of considerable interest. First, comparing the End

and Internal conjugation strategies, we found that even at similar dye-dye distances, the more

freely bound End label resulted in a more efficient FRET system. At just four HomoFRET

steps, the maximal output decreased from 70% to 23% efficiency in going from End labeling

to Internal labeling. Clearly, if the system were extended in length, this difference would

increase even further. Also, creating closely packed dimers as transfer relays, at least in the

case of Cy5 (and in this structural configuration), was completely counterproductive; any

increase in extinction coefficient or other positive effect was greatly outweighed by ultrafast

(<100 ps) nonradiative decay that was increasingly accessed in the Cy5 dimers. However, in a

different system, one where the dimers were brought close enough together, it is possible that

the FRET rate could compete with the nonradiative decay. The second set of observations

was more surprising. Utilizing increased fluence as well as cryogenic temperatures, the Dimer

MPW showed a marked decrease of the ultrafast decay, recovering fluorescence lifetimes, and

therefore theoretical transfer efficiencies similar to those of the other MPWs. The ultrafast

nonradiative relaxation unique to the Dimer systems could be overcome by three unique

mechanisms: a cooling mechanism that quenched the Cy5 dimer decay mechanism, a fluence-

dependent mechanism related to increasing probability of multiexcitation of Cy5 dimers (the

distribution of this multiexcitation is not clear at this time), and a mechanism mediated by

the impact of FRET frustration on the flow of energy through a molecular photonic system
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Figure 4.5: (A) RT aqueous buffer and low excitation fluence. Dimer MPWs (gray dsDNA
scaffold and bolded Cy5 dye molecules) are characterized by efficient capture of excitation
energy by trap sites (pink ovals). At low fluence, excitations of vestigial dye molecules can
freely undergo FRET to a dimer trap. (B) 77 K 3:1 glycerol/buffer and low excitation
fluence. Although excitations can freely undergo FRET throughout the MPW, nonradiative
relaxation is not observed to occur, leading to longer lifetimes. (C) RT aqueous buffer and
high excitation fluence. Dimer double excitation leads to inhibition of trap-site nonradiative
relaxation, and excitation density leads to FRET frustration, allowing vestigial dye molecules
to fluoresce.
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as the excitation density is increased. The last of these effects seems to point to the fact that

within the DNA nanostructure a nontrivial proportion of the Cy5 dimers are in fact in spatial

conformations in which their coupling results in stronger dipoles without the appearance of

the additional nonradiative decay.

Finding a way to isolate and utilize these dye conformations could be of considerable

interest in many areas of bio/nanophotonics. The strongly coupled dye pairs, which maintain

their radiative lifetime, could be exploited to utilize coherent transfer as opposed to the

current FRET mechanism, and this should improve the transfer speed and efficiency in

artificial light-harvesting systems as one example. The findings also promote consideration

of the novel behavior of strongly coupled dye-based nanophotonics at elevated fluence, as this

behavior may be useful in more applied settings such as excitonic engineering and optical

computing.[50]

4.6 Experimental Methods

Sample Assembly: MPWs were assembled at a final concentration of 25 µM by combining the

constituent oligomers in 2× PBS (0.276 M NaCl, 0.0054 M KCl, pH ∼7.4) + 5 mM MgCl2

and thermally annealing the solution from 94 to 4 ◦C at -1 ◦C/min. The stoichiometric ratios

of oligomers used in the different MPW conformations are specified in Table 4.4. Experiments

were performed with the samples in 2× PBS + 5 mM Mg2+ or with the addition of glycerol

for power and cryogenic measurements.

Sample Preparation for Ultrafast Measurements: For RT spectroscopy, samples were

diluted using buffer solution to an optical density (OD) of ∼0.3 at λmax (∼650 nm) in a 200

µm path length quartz cell. For cryogenic measurements, samples were diluted using a 3:1

mixture of glycerol to 2× PBS to an optical density of ∼0.3 at λmax (650 nm) and cooled

to 77 K in a liquid-nitrogen-cooled Oxford Optistat DN cryostat.

Absorption and Fluorescence Spectroscopy: Steady-state absorption spectra were mea-
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sured on 60 µL samples in a 3 mm path length cuvette after 20-fold dilution using an Agilent

8453 diode array UV-vis spectrophotometer. Cryogenic absorption spectra were measured

using a liquid-nitrogen-cooled Oxford Optistat DN cryostat in a Cary 5000 UV-vis-NIR spec-

trophotometer. Fluorescence spectra were measured with a multifunction microtiter plate

reader (Tecan Infinite MR 1000 Pro) in a 96-well plate using 50 µL of sample with excitation

at 590 nm. Cryogenic fluorescence was measured on a Horiba Fluorolog-3 fluorimeter. Flu-

orescence quantum yield determinations were realized on a Horiba-Jobin fluorimeter using

cresyl violet as a standard. Fluorescence lifetimes 〈τ〉 and lifetime anisotropies were mea-

sured with a time-correlated single photon counting (TCSPC) technique using a Becker-Hickl

SPC-630 board. The excitation laser was an 80 MHz 7 ps pulsed 532 nm frequency-doubled

diode-pumped Nd:YVO4 laser (High-Q picoTRAIN). Sample fluorescence was sent through

a polarizer set to the magic angle for lifetime determinations and then filtered using a

monochromator. The polarizers were adjusted to the pertinent parallel and perpendicular

settings to obtain the anisotropy measurements.[24]

Ultrafast Pump-Probe Spectroscopy: The apparatus used to collect transient absorption

spectra has been described in detail elsewhere.[51] Briefly, laser pulses used in transient

absorption were generated from a Ti:sapphire regenerative amplifier (Coherent Legend Elite)

seeded with a Ti:sapphire oscillator (Coherent Micra) to produce transform-limited pulses

centered at 800 nm with a bandwidth of 28 nm at a repetition rate of 5 kHz and a power

of 2.8 W. These pulses were focused into a 2-m long tube of argon gas held at 14 psig,

producing a supercontinuum spanning 500 to 900 nm. This supercontinuum was filtered

using a dichroic optic, rejecting all wavelengths greater than 700 nm. The filtered pulse was

directed through a pulse shaper (Biophotonics Inc. MIIPS 640) and compressed to a duration

of 10 fs measured at the sample position using a multiphoton intrapulse interference phase

scan algorithm. The pulse was then directed into the pump–probe spectrometer, where it was

split into pump and probe beams by a 90/10 beamsplitter. The probe was further attenuated
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to a constant fluence of 1.5 µW while the pump fluence was varied from 12.5 to 150 µW. The

pump was delayed relative to the probe by a mechanical delay stage (Aerotech ANT-130 L)

and chopped by a mechanical chopper (New Focus Inc.). The pump and probe beams were

then directed to the sample, which was held in a 200 µm path length cuvette (Starna Cells

Inc.). The probe beam was then directed into a spectrometer (Horiba microHR), where it

was spectrally resolved onto a CCD camera (Teledyne Dalsa Spyder3).

4.7 Supplementary Information

Pump Probe Spectroscopy Fluence Calculations:

Calculating the number of absorbed photons per MPW allows us to discretely assign mul-

tiexcitonic behavior. We adapt a method recently published (in SI) by Dostál et al. to

retrieve pump photons per MPW.[42] Briefly, calculations were made using the following

observables: cross-section of spatial overlap of the pump and probe pulses in our sample cell

(Areapump−probe), integrated power of the pump pulse measured with a Coherent LabMax-

TOP (Ppump), absorbance of sample taken with Agilent 8453 (room temperature) or Cary

5000 UV/VIS/NIR Spectrophotometer (Liquid Nitrogen) (A(λ)), spectrum of pump pulses

measured with Ocean Optics USB4000 Spectrometer (Spec(λ)), molar concentration of dyes

(C) in solution, and sample cell thickness (d). Equation 4.1 shows the net equation to net

excitations per MPW as reported in the paper and SI, where h is Planck’s constant, c is the

speed of light, λ is wavlength, NA is Avogadro’s number, and Cy5/MPW is the number of

Cy5 dyes bound to each MPW or control.

exc.

MPW
= Ppump ×Areapump−probe ×

∫
Spec(λ)× λ(1− 10−A(λ))dλ

hc
∫
Spec(λ)dλ

× 1

CNAd
×Cy5/MPW (4.1)

r(t) = r0 − A1e
t/φ1 − A2e

t/φ2 (4.2)
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Name Sequence Tm [◦C]

Temp1
GCAGCTCAGGTTATTTCGTCTATATTCGTCTATATTCG

TCTATATTCGTCTATATTCGTCTATAGGAGCAATTAAAGG
84.2

Temp2
AACTAGCAGTGACGTGATCGTCCTTGATCGTCCTTGAT

CGTCCTTGATCGTCCTTGATCGTCCTAATTCGCTCGTAAC
84.2

Cap1 CCTTTAATTGCTCCCGTCACTGCTAGTT 77.2

Cap2 GTTACGAGCGAATTATAACCTGAGCTGC 75.6

Cy5-End TATAGACGAAAGGACGATCA/3Cy5Sp/ 66.2

Cy5-Internal TATAGACGAA/iCy5/AGGACGATCA 66.2

Cy5-Dimer TATAGACGAA/iCy5/AGGACGATCA/3Cy5Sp/ 66.2

Temp1 R1 GCAGCTCAGGTTATTTCGTCTATAGGAGCAATTAAAGG 79.3

Temp2 R1 AACTAGCAGTGACGTGATCGTCCTAATTCGCTCGTAAC 79.3

Temp1 R2
GCAGCTCAGGTTATTTCGTCTATA
TTCGTCTATAGGAGCAATTAAAGG

81.3

Temp2 R2
AACTAGCAGTGACGTGATCGTCCT
TGATCGTCCTAATTCGCTCGTAAC

81.3

Table 4.3: DNA sequences and melting temperatures. All DNAs were obtained from
IDT. Melting temperatures are estimated at 2× PBS+ 5 mM Mg+2 assuming dsDNA,
though the structural design leads to decreases in Tm. We have demonstrated in very similar
structures that the MPW is stable up to 50 ◦C.1 Dye insertion used a single phosphodiester
labeling for /3Cy5sp/ and internal double phosphodiester labeling for /iCy5/.

Name DNA Strands

End MPW Temp1+Temp2+Cap1+Cap2+Cy5-End(5X)

Internal MPW Temp1+Temp2+Cap1+Cap2+Cy5-Internal(5X)

Dimer MPW Temp1+Temp2+Cap1+Cap2+Cy5-Dimer(5X)

Control 1R End Temp1 R1+Temp2 R1+Cap1+Cap2+Cy5-End(1X)

Control 2R End Temp1 R2+Temp2 R2+Cap1+Cap2+Cy5-End(2X)

Control 1R Internal Temp1 R1+Temp2 R1+Cap1+Cap2+Cy5-Internal(1X)

Control 2R Internal Temp1 R2+Temp2 R2+Cap1+Cap2+Cy5-Internal(2X)

Control 1R Dimer Temp1 R1+Temp2 R1+Cap1+Cap2+Cy5-Dimer(1X)

Control 2R Dimer Temp1 R2+Temp2 R2+Cap1+Cap2+Cy5-Dimer(2X)

Table 4.4: Descriptions of MPW constituents utilized in the study Parenthetical
values represent differences in ratios. All other DNA’s added in 1:1 ratios.
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Figure 4.6: Schematic of Control 1R and 2R structures. Top: Molecular rendering. Bottom:
2D rendering and the associated Cy5 molecules. (A,B) End attachment. (C,D) Internal
attachment. (E,F) Dimer attachment. The dashed box highlights the Cy5 dimer structure.

Figure 4.7: Attachment chemistries of End and Internal Cy5 DNA insertion.
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Figure 4.8: 10 % PAGE gel of MPW structures and individual DNA. Gel ran in 1X
TRIS/Borate/EDTA buffer at 120 V for 25 minutes. Stained with Gel Red. M: Molecular
weight ladders.

Figure 4.9: Fluorescence lifetime anisotropy spectra. MPW, control structures, and
freely diffusing DNA at RT and in aqueous buffer. Solid lines are fits utilizing 2 exponential
decays (values in tables below). (A) Dimer (B) Internal (C) End.
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Cy5 r0 Φ1 A1 Φ1 A2

MPW Dimer 0.1334±0.0005 0.11±0.02 0.093±0.006 0.87±0.04 0.126±0.005
Control 1R Dimer 0.058±0.003 0.19±0.02 0.192±0.009 3.4±0.4 0.111±0.003
Contro l2R Dimer 0.106±0.001 0.16±0.02 0.168±0.009 1.9±0.2 0.095±0.006
Free Dime rDNA 0.024±0.001 0.08±0.01 0.186±0.015 1.52±0.09 0.171±0.006
MPW Internal 0.089±0.001 0.081±0.006 0.189±0.007 1.52±0.09 0.171±0.006
Contro l1R Internal 0.21±0.01 0.53±0.18 0.037±0.007 5.9±1.3 0.126±0.006
Contro l2R Internal 0.106±0.002 0.11±0.02 0.125±0.009 2.6±0.2 0.122±0.003
Free Internal DNA 0.070±0.002 0.20±0.14 0.03±0.01 2.45±0.12 0.273±0.007
MPW End 0.085±0.001 0.22±0.01 0.124±0.003 1.53±0.07 0.098±0.003
Control 1R End 0.12±0.09 0.64±0.11 0.067±0.006 16±11 0.20±0.09
Control 2R End 0.158±0.002 0.31±0.04 0.106±0.006 3.0±0.3 0.097±0.004
Free End DNA 0.033±0.002 0.4±0.1 0.09±0.02 2.0±0.2 0.22±0.02

Table 4.5: Fitting parameters for anisotropy data. The fittings utilized a double exponential
decay function

Figure 4.10: Fluorescence lifetimes Samples include MPW, control structures, and freely
diffusing DNA at RT and in aqueous buffer. Samples excited at 532 nm. Solid lines are fits
utilizing 2 exponential decays (〈τ〉 in tables below). (A) Dimer (B) Internal (C) End

〈τ〉 [ns]

Structure Dimer Internal End
MPW 1.10 ± 0.11 1.29 ± 0.11 1.89 ± 0.10
Control 1R 1.50 ± 0.09 2.05 ± 0.05 2.01 ± 0.11
Control 2R 1.40 ± 0.09 1.66 ± 0.04 1.96 ± 0.09
Free DNA 1.25 ± 0.07 1.38 ± 0.08 1.28 ± 0.06

Table 4.6: Averaged fluorescence lifetimes.
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Figure 4.11: Spectra of MPW and controls of Dimer dye structures. (A) Absorbance
(normalized to Cy5 peak) (B) Steady-state fluorescence, excited at 590 nm. All samples have
equivalent concentrations of Cy5 dye. (C) Fluorescence lifetime spectra and 〈τ〉. Excited
at 532 nm.

Figure 4.12: Relative fluorescence intensity. Data is normalized to Control 1R of a
sample with increasing numbers of labeled DNA per nanostructure.
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Figure 4.13: Dimer absorption spectral components. Data derived by subtracting ves-
tigial dye spectrum (estimated as Control 1R Dimer) from Dimer MPW absorption spectrum.
Taken at RT in aqueous buffer.

Fluence [exc/MPW] / Solvent; Temp Φ1 (ps−1) A1 Φ2 (ps−1) A2

0.5 / Buffer; 295 K 0.028 ± 0.005 0.65 ± 0.12 0.00212 ± 0.00008 0.28 ± 0.05
1.5 / Buffer; 295 K 0.023 ± 0.001 0.47 ± 0.02 0.00165 ± 0.00001 0.31 ± 0.01
5.0 / Buffer; 295 K 0.021 ± 0.004 0.32 ± 0.05 0.00132 ± 0.00002 0.42 ± 0.04
10.0 / Buffer; 295 K 0.017 ± 0.003 0.31 ± 0.05 0.00122 ± 0.0001 0.42 ± 0.03
0.5 / Glycerol; 77 K 0.0173 ± 0.005 0.301 ± 0.01 0.00117 ± 0.0001 0.4 ± 0.1
3.0 / Glycerol; 77 K 0.018 ± 0.002 0.199 ± 0.004 0.0012 ± 0.0001 0.49 ± 0.02
5.0 / Glycerol; 77 K 0.018 ± 0.002 0.344 ± 0.07 0.0012 ± 0.0001 0.53 ± 0.03
0.25 / Glycerol; 295 K 0.0067 ± 0.0003 0.26 ± 0.05 0.0006 ± 0.0004 0.14 ± 0.03
2.5 / Glycerol; 295 K 0.0083 ± 0.0006 0.19 ± 0.02 0.0006 ± 0.0001 0.468 ± 0.002
6.0 / Glycerol; 295 K 0.010 ± 0.003 0.056 ± 0.002 0.00063 ± 0.00003 0.26 ± 0.02

Table 4.7: Fitting parameters for Dimer MPW GSB recovery (665 nm).
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Fluence [exc/MPW] / Solvent; Temp Φ1 (ps−1) A1 Φ2 (ps−1) A2

0.25 / Buffer; 295 K 0.0211 ± 0.0018 0.501 ± 0.005 0.00130 ± 0.00005 0.48 ± 0.02
0.5 / Buffer; 295 K 0.0100 ± 0.0018 0.288 ± 0.021 0.00093 ± 0.00002 0.51 ± 0.03
1.0 / Buffer; 295 K 0.023 ± 0.003 0.380 ± 0.017 0.00092 ± 0.00002 0.67 ± 0.03
1.5 / Buffer; 295 K 0.019 ± 0.006 0.275 ± 0.007 0.0008 ± 0.0001 0.52 ± 0.05
0.1 / Glycerol; 77 K 0.018 ± 0.005 0.09 ± 0.03 0.00059 ± 0.00006 0.44 ± 0.10
0.66 / Glycerol; 77 K 0.009 ± 0.002 0.12 ± 0.04 0.00052 ± 0.00003 0.49 ± 0.14
2.0 / Glycerol; 77 K 0.0161 0.155 0.000793 0.5383
0.1 / Glycerol; 295 K 0.016 ± 0.003 0.42 ± 0.05 0.0013 ± 0.0001 0.38 ± 0.05
0.7 / Glycerol; 295 K 0.014 ± 0.002 0.30 ± 0.05 0.00093 ± 0.00002 0.41 ± 0.05
1.5 / Glycerol; 295 K 0.014 ± 0.001 0.24 ± 0.01 0.00082 ± 0.00006 0.52 ± 0.08

Table 4.8: Fitting parameters for Control 2R Dimer GSB recovery (665 nm).

Fluence [exc/MPW] / Solvent; Temp Φ1 (ps−1) A1 Φ2 (ps−1) A2

0.5 / Buffer; 295 K 0.019 ± 0.003 0.108 ± 0.003 0.00088 ± 0.00005 0.76 ± 0.02
1.0 / Buffer; 295 K 0.026 ± 0.005 0.140 ± 0.002 0.0011 ± 0.0001 0.75 ± 0.01
3.0 / Buffer; 295 K 0.0241 ± 0.0008 0.097 ± 0.003 0.0011 ± 0.0005 0.77 ± 0.02
5.0 / Buffer; 295 K 0.012 ± 0.002 0.10 ± 0.01 0.00092 ± 0.00008 0.74 ± 0.05
0.50 / Glycerol; 77 K - - 0.00049 ± 0.00002 0.90 ± 0.06
1.0 / Glycerol; 77 K - - 0.0006 ± 0.0001 0.81 ± 0.05
3.0 / Glycerol; 77 K - - 0.0006 ± 0.0001 0.871 ± 0.003
0.5 / Glycerol; 295 K - - 0.00072 ± 0.00003 0.85 ± 0.09
1.25 / Glycerol; 295 K - - 0.0008 ± 0.0001 0.78 ± 0.15
2.5 / Glycerol; 295 K - - 0.0008485 0.1987

Table 4.9: Fitting parameters for Control 2R Dimer GSB recovery (665 nm).
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Figure 4.14: Fluence dependent kinetics of End MPW at room temperature, traces taken
from 665 nm.

Figure 4.15: Fluence dependent kinetics of Internal MPW at room temperature, traces taken
from 665 nm.
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Figure 4.16: Fluence dependent kinetics of Control 1R Internal in buffer at room tempera-
ture, traces taken from 665 nm.

84



Figure 4.17: Fluence dependent kinetics of Control 2R Dimer in buffer at room temperature,
traces taken from 665 nm.
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Figure 4.18: Fluence dependent kinetics of Dimer MPW in 3:1 glycerol:buffer at room tem-
perature, traces taken from 665 nm.
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Figure 4.19: Fluence dependent kinetics Control 2R Dimer in 3:1 glycerol:buffer at room
temperature, traces taken from 665 nm.
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Figure 4.20: Fluence dependent kinetics of Control 1R Internal in 3:1 glycerol:buffer at room
temperature, traces taken from 665 nm.
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Figure 4.21: Fluence dependent kinetics of Control 2R Dimer in 3:1 glycerol:buffer at 77 K,
traces taken from 665 nm.

89



Figure 4.22: Fluence dependent kinetics Control 1R Internal in 3:1 glycerol:buffer at 77 K,
traces taken from 665 nm.
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CHAPTER 5

OPTICAL RESONANCE IMAGING: AN OPTICAL ANALOG

TO MRI WITH SUB-DIFFRACTION-LIMITED

CAPABILITIES

5.1 Overview

The following chapter is adapted from [1] with full permission.

The following research is a theoretical description of an optical analog to magnetic reso-

nance imaging. Once experimentally verified, this technique could revolutionize the way ul-

trafast mesoscale dynamics are examined. Currently, spectral signature need to be analyzed

across time to see evolution, but the direct imaging of excitons would enable statistically

distinct paths to be seen. While single nanometer resolution might outside current exper-

imental viability, excitons with long path lengths could be visible within the micrometer

regime.

5.2 Introduction to Ultrafast Subdiffraction-Limited Imaging

The diffraction limit theoretically constrains an imaging system’s spatial resolution,[2, 3] and

yet several approaches can resolve structures below the diffraction limit. Near-field tech-

niques require having a small aperture, or scattering material in close proximity (<10 nm)

to the sample to measure the electromagnetic fields before they propagate into the radiation

zone [4, 5, 6], while in the far-field some techniques collect fluorescence from a diffuse array

of emitters and localize the source to a sub-diffraction-limited spot [7, 8, 9]. Other far-field

fluorescence techniques require illumination of the widefield image with a structured laser

field to generate interference effects in the illumination that effectively illuminate a sub-

diffraction limited slice of the sample.[10, 11] All approaches require milliseconds to seconds
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Figure 5.1: Three components allow ORI to achieve ultrafast sub-diffraction-limited imag-
ing. Beginning (clockwise from bottom-left) with pulse front tilt (PFT) in beam three of a
standard four-pulse ultrafast experiment, we can stimulate a photon echo at different points
of time across a diffraction-limited spot, akin to sweeping a spotlight across an excited-state
population. Since we can collect multiple points of information across this diffraction-limited
spot, we are able to beat the diffraction limit. Heterodyne detection makes this acquisition of
information possible, functioning essentially like a stop-watch to time the arrival of different
portions of the emitted signal.

of collection time to produce an image. Thus, an apparatus can overcome the diffraction limit

with these techniques but cannot simultaneously observe dynamical processes on timescales

faster than the acquisition time [12]. Faster dynamics, such as those on the femtosecond (fs)

to picosecond (ps) timescale, play a critical role in diverse physical and chemical processes

ranging from energy transfer in photosynthetic light harvesting [13, 14, 15] and excitonic

diffusion in materials [16, 17, 18], to photochemistry[19, 20] and the molecular dynamics of

liquids [21, 22, 23]. ORI will allow access to these faster dynamics.

Leveraging time to gain spatial information is always necessary to beat the diffraction

limit in the optical regime. For example, the first successful approach to far-field, sub-

diffraction-limited imaging in the optical region of the spectrum exploited the time domain

by stimulating emission prior to fluorescence. STimulated-Emission Depletion (STED) mi-

croscopy [24, 8] makes use of a diffraction-limited excitation beam that is followed in short

succession by a toroidal depletion beam. The depletion beam stimulates emission from the
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outside edge of the diffraction-limited spot, leaving an excitation area that is smaller than

that originally illuminated by the excitation beam, thus decreasing the point-spread function

and enabling superresolution imaging of diverse systems ranging from cells to nanomaterials

[25]. Fluorescence-based superresolution techniques such as PALM[7] or STORM[9] use the

spatial information from different emitters collected at different times to produce a superres-

olution image, whereas near-field techniques, like NSOM, as the name implies, must raster

scanning over different positions at different times.

Superresolution at radio frequencies, also known as Magnetic resonance imaging (MRI),

has shown that it is possible to decouple an image’s resolution from the wavelength of light

by creating spatially-defined magnetic field gradients across a sample [26]. The gradients

change the Larmor frequency of the precessing nuclear spins (and thus the emitted photon

energy) as a function of spatial position.[27, 28] The diffraction limit does not constrain the

differences in photon energy, which can be measured to higher precision than their source

could be imaged with optics. As a result, MRI maps a spatial coordinate to energy and

uses meter-long light waves to generate images with millimeter-scale resolution, which has

transformed the fields of medicine and neuroscience.[29]

In this work, we propose an optical analog of MRI to achieve widefield, sub-diffraction-

limited imaging using ultrashort (femtosecond) laser pulses, which we call optical resonance

imaging (ORI). To gain information about dynamics faster than the nanosecond timescale

of fluorescence, ORI employs a three-pulse, photon-echo pulse sequence to stimulate emis-

sion from the sample. Unlike other photon-echo measurements, the stimulating pulse has

significant pulse-front tilt. As such, ORI maps a lateral spatial coordinate of the sample to

the emission time of the signal. The ultrashort character of the tilted pulse at the sample

ensures that the emission of a photon-echo signal will occur at different times. The ultrafast

temporal resolution makes sub-diffraction-limited imaging possible by measuring a difference

in arrival time at the detector of different parts of the signal with high precision. In essence,
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we exploit the same approach as in MRI, but instead of mapping space to energy, we map

space to the time of emission. Being Fourier conjugates for electromagnetic fields, both time

and energy allow us to escape the diffraction limit in a similar way, while the diffraction limit

still determines time-independent, wave-like properties of the EM field such as the focal-spot

size and pulse-front tilt that can be generated. We discuss below the conditions necessary

for optical resonance imaging, and the possibilities for widefield, superresolution ultrafast

imaging.

5.3 Results and Discussion of Theoretical Simulation of ORI

Figure 5.2: The pulse sequence for ORI. Pulses 1 and 2 are separated by time τ and prepare
a population state which evolves for the waiting time T. pulse 3 stimulates emission of a
photon echo from the sample. Since pulse 3 has significant pulse-front tilt, different parts of
the sample will emit an echo at different times. The signal is emitted some time after pulse
3 and is shown in green. The right portion of the figure shows a plot of the calculated spatial
and temporal extent of the third pulse with pulse-front tilt, focused at the sample using f/0.5
optics. The contours are plotted for the pulse intensity. A representative phase front of the
pulse is illustrated by the dashed black line, and the angle γ defines the pulse-front tilt, Wf
is the focused spot size and Tf is the length swept out by the pulse-front tilt. At the focus,
the FWHM of the tilted pulse in the direction of propagation is 15 fs, the same as for the
flat pulses (pulses 1 & 2).
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Two key concepts from ultrafast nonlinear spectroscopy enable ORI measurements –

the stimulated emission of a photon echo, and interferometric heterodyne detection. A

photon echo results from a third-order nonlinear optical process [30, 31]. Three separate

interactions of the sample with an optical electric field (in this case, three laser pulses)

generate a polarization, P (3)(τ, T, tR), in the material that emits a signal, E
(3)
sig , where τ

is the time between pulses 1 and 2, T is the time between pulses 2 and 3, and tR is the

time after pulse 3 interacts with the sample. Third-order perturbation theory ultimately

shows that P (3)(τ, T, tR) is the time-ordered convolution of the material response function,

R(3)(τ, T, tR), with the three laser pulses that interact with the sample at different times.

In the impulsive limit, where the laser pulse duration is much shorter than the timescale

of the dynamics of interest, the laser pulses can be thought of as delta functions, yielding

a direct measurement of the response function. The photon-echo response can be isolated

experimentally from other contributions to E
(3)
sig(t) by using a phase-matching geometry of

the input beams that selects for the rephasing Liouville space pathways [32, 33].

Beams with pulse-front tilt (PFT) have a non-separable coupling between space and time

that results in the intensity front of the beam having an angle relative to the phase front

[34]. Fig. 5.2 shows the calculated intensity profile focused at the sample position of a beam

that has PFT, with γ the angle between the pulse-front and the phase front. The electric

field of a beam containing PFT can be written as

E(x, t) = Ex(x)Et(t− px), (5.1)

where Ex is the spatial component in a direction perpendicular to the direction of propa-

gation, Et is the temporal component, and p is the coupling term representing PFT. Thus,

the arrival time of the electric field is also a function of the position along the beam. When

a laser pulse with PFT is incident on a sample, different parts of the pulse interact with

different parts of the sample at different times. This can be thought of as a time-dependent
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local spot size that sweeps across the diffraction-limited, time-integrated focal spot.[35]

The pulse sequence needed for ORI can also be seen in Fig. 5.2. The pulse order and

phase-matching condition are identical to a photon-echo pulse sequence used in 2D electronic

or infrared spectroscopy [32]. The ORI pulse sequence differs from the sequence used for a

conventional photon echo in that pulses 1 and 2 have no PFT, while the third pulse that

stimulates the coherent emission and generates the photon-echo signal has a large angle of

PFT. The PFT of the third pulse ensures that emission from different parts of the sample is

stimulated at different times. This approach introduces a coupling between space and time

into the third-order response of the system such that R3(τ, T − px, tR).

To make this coupling between space and time possible, one must deliver a pulse with

PFT to the sample and have it retain its ultrashort character. One way to generate PFT

can be found if we consider Eqn. 5.1. If we take the fourier transform of both space and

time we find

∫∫
dx dtEx(x)Et(t− px)eiωteikxx =

∫
dxEx(x)E(ω)e−iωpxeikxx = E(kx − pω)E(ω),

(5.2)

where we have made two uses of the shift theorem of Fourier analysis [36]. Clearly then,

dω/dk = p, which is closely related to angular dispersion, dθ0/dk = p/k0, where θ0 is defined

as the propagation angle.[34] The angular dispersion gained by a beam after diffracting off

of a grating will generate PFT when that beam is re-imaged. Experimental results in the

literature have shown that when the grating generating a tilted pulse is appropriately imaged,

the imaged pulse retains its femtosecond character across its entire focal spot [37]. Though

not relevant to ORI, it should be noted that not all electric fields can be written as in

Eqn. 5.1, so PFT can also be generated from the product of spatial chirp and group velocity

dispersion in a beam [34].

We calculated the tilted beam profile of pulse 3 at the focus of an image producing
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optical system by propagating a Gaussian beam through an optical system calculated using

the Kostenbauder extension to ray-transfer matrices.[38] The result is shown in the right

portion of Fig. 5.2. The Kostenbauder matrices allow us to follow spatio-temporal couplings

as a beam propagates through an optical system. Traditional ray-transfer linear algebra

involves 2-dimensional vectors (containing position and angle) and 2 x 2 ABCD matrices

that represent the operations performed by different optical elements [39, 40]. Kostenbauder

extended this analysis to include frequency and time using 4-dimensional vectors and a 4 x

4 matrix:



x

θ

t

f


out

=



A B 0 ∂xout
∂fin

C D 0 ∂θout
∂fin

∂tout
∂xin

∂tout
∂θin

1 ∂tout
∂fin

0 0 0 1





x

θ

t

f


in

=



A B 0 E

C D 0 F

G H 1 I

0 0 0 1





x

θ

t

f


in

, (5.3)

where A,B,C,D are defined in the same way as in the 2 x 2 ray transfer matrices. A Gaussian

beam can be propagated through an optical system where the optical elements are repre-

sented by these matrices and the explicit inclusion of frequency and time enable calculations

of beams with spatio-temporal coupling. The pulse plotted in Fig. 5.2 was calculated by

starting with an initial beam radius of 5 mm, and a 15 fs FWHM pulse centered at 800 nm.

A lens matrix transformation allows us to calculate the beam spot at the grating position.

A grating with 2000 lines/mm and an incident angle of 42◦ was used to generate angular

dispersion in the calculated field. This calculated electric field was propagated through an

optical system consisting of two lenses spaced by the sum of their focal lengths, and the

result shows that an ultrashort tilted pulse can be delivered to the focus of an optical sys-

tem. A tilted pulse can only be focused down to the diffraction limit, denoted as Wf in

Fig. 5.2. However, the pulse-front tilt ensures that sub-diffraction-limited parts of the pulse

will interact with the sample at different times [35]. In essence, we exploit the interference
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Figure 5.3: The calculated ORI image and diffraction-limited image. The ORI image is in
red, with the dipole source positions identified with black lines. The the difference in the
peak centers returns the spacing of the emitters. The diffraction-limited image of a set of
individual, incoherent emitters located at the positions of the red lines and imaged with f/2
optics is shown in the filled trace behind. The bottom portion of the figure shows a possible
optical apparatus that could generate ORI signals.

between different colors incident from different angles to generate a transform-limited pulse

over a sub-diffraction limited area. More details about this calculation are available in the

methods section and supplemental information.

Since the angle of PFT, γ, is defined as the angle of the intensity front of the pulse with

respect to the phase fronts, we can calculate γ from the beam profile shown in Fig. 5.2

via the inverse tangent. We find γ = tan−1(
Tf∗c
Wf

) = 87◦, where Wf and Tf are labeled

in Fig. 5.2, and correspond to the size of the focused spot and the time it takes the beam

to sweep over that spot respectively; c is the speed of light. The successful encoding of
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space into the time-dependent polarization, P (3)(τ, T − px, tR), in the sample ensures that

different parts of the sample will emit a photon echo at different times. We note that

the three time intervals upon which P (3) depends result from the different arrival times of

three independent ultrafast pulses. Thus, in addition to the spatial information, P (3) also

contains all the spectral information that is contained in a measurement such as 2D electronic

spectroscopy provided that all time intervals are scanned.

Interferometric heterodyne detection of the signal field, E
(3)
sig , measures the precise arrival

time of the signal compared to a local-oscillator (LO) reference pulse [41, 42]. As in 2DES,

a set of optics, often in a 4f imaging configuration, collect the emitted signal and focus both

the signal and LO pulse into a spectrometer. The spectrometer converts the time-domain

signals into the frequency domain and the resultant interference pattern between the LO

and the signal is measured on a square-law detector. The frequency-domain signal on the

detector can be expressed as

S(ω) =

∣∣∣∣ ∫ ∞−∞ dt (ELO(t− tLO + φ) + E
(3)
sig(t))eiωt

∣∣∣∣2, (5.4)

S(ω) =

∣∣∣∣eiωtLO+φELO(ω) + E
(3)
sig(ω)

∣∣∣∣2, (5.5)

S(ω) = ILO + Isig + 2E
(3)
sig(ω)ELO(ω) cos(ωtLO + φ), (5.6)

where φ is the phase difference between E
(3)
sig and ELO, and we used the shift theorem of

Fourier analysis to go from Eq. ( 5.4) to Eq. (5.5).[36] We note that if φ is nonzero, it

can be set to zero through a phasing procedure in post-processing of the data [43]. The

order of operations, a Fourier transform followed by taking the absolute square, reflects the

experimental detection process, and ILO and Isig are the intensity of the LO and the signal

pulses, respectively. The Isig contribution is weak enough that it does not contribute to the

measured signal, and ILO produces a constant signal that can be removed experimentally

in a variety of ways. Lock-in detection can remove this contribution, as can filtering in
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the conjugate Fourier domain (the time domain) of the signal, tω. In this domain, we can

think of ILO as interference between ELO with itself, and this homodyne process appears at

time tω = 0. The measured interference between ELO(ω) and E
(3)
sig(ω) is modulated by the

difference in arrival time between the LO and the signal, and appears at time tω = tLO. As

such, this interference pattern provides a direct measurement of the time between the LO

and the signal. In addition, as long as tLO is greater than zero, we can isolate the final term

in Eq. (5.6) that contains the information about the third-order molecular response of the

sample [44].

In an optical resonance imaging measurement, interferometric heterodyne detection al-

lows us to discriminate between arrival times of signals from different parts of the sample.

Repeating the same mathematical analysis above for a signal with PFT we have

S(ω) =

∣∣∣∣ ∫ ∞−∞ dt (ELO(t− tLO) + E
(3)
sig(t− px))eiωt

∣∣∣∣2, (5.7)

S(ω) = ILO + Isig + 2E
(3)
sig(ω)ELO(ω) cos(ω(tLO + px)), (5.8)

where we assume φ = 0.

The value ELO(ω) is simply the amplitude at a given frequency, and it can be found from

the measurement of ILO, since ILO = |ELO(ω)|2. Using this information in combination

with the simplification of S(ω) discussed above, we can write the signal that contains our

spatial information as

S(ω) = 2E
(3)
sig(ω) cos(ω(tLO + px)) = 2E

(3)
sig(ω) cos(ωpx), (5.9)

where in the last step we set tLO = 0. In an ORI measurement, tLO represents the difference

in arrival time between the LO pulse and the start of the tilted signal pulse as shown in

Fig. 5.2. Since tLO can be thought of as a constant phase, we set it equal to zero.

Generating the final image can be accomplished with a final Fourier transform of Eqn.
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(5.9) back to the time domain

Simage(t) =

∫ ∞
−∞

dω 2E
(3)
sig(ω) cos(ωpx)eiωt =

∫ ∞
−∞

dω E
(3)
sig(ω)(eiωpx + e−iωpx)eiωt, (5.10)

Simage(t) = E
(3)
sig(t+ px) + E

(3)
sig(t− px), (5.11)

Simage(t)− = E
(3)
sig(t− px), (5.12)

where Simage(t)− corresponds to one side of the time axis generated by the Fourier transform.

We can ignore the other side of the axis since it contains identical information because the

signal field is a real valued function. Thus, the spatial information encoded into our signal

can be extracted from the measured experimental data. We note that since the bandwidth

of the transition that generates E
(3)
sig is not infinite, it will provide a fundamental limit on

the resolution of the instrument.

To assess the feasibility of this approach, we simulated the electric field emitted by a finite

number of point emitters. We divided our sample into 5 nm blocks. Each block represented

a dipole (e.g. a collection of molecules or atoms) that interacted with pulses 1 and 2, placing

the system in an excited state from which pulse 3 stimulated emission. The size of the

illuminated area was determined by Wf from Fig. 5.2, as we can set the spot size of beams

1 & 2 to be larger than Wf . The magnitude of a photon echo signal E
(3)
sig scales as

E
(3)
sig ∝ |E1||E2||E3|, (5.13)

so if |E1| and |E2| are roughly constant, then the Gaussian width across Wf scaled the

magnitude of the stimulated emission generated by pulse 3.

The emitting polarization in the sample was approximated as a dipole source because the

size of a single emitting block is much smaller than the wavelength of light. We simulated a

dipole field with a carrier-wave wavelength of 800 nm, and a Gaussian temporal envelope that

has a FWHM of 15 fs in the paraxial approximation, where a spherical wave is represented
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by a complex quadratic phase. A 15 fs pulse duration is equivalent to a transition with

60 nm of bandwidth centered at 800 nm. We calculated the electric field in the spatial

dimension with PFT, perpendicular to the optical axis as a function of time. To simulate

what the signal will look like at the detector, we propagate the emitted dipole field through

an f/2 optical imaging system using Fourier optics to simulate focusing the signal into our

spectrometer and then perform the operations outlined mathematically above that simulate

interferometric heterodyne detection with a 15 fs FWHM LO pulse.

The results of this simulation, shown in Fig. 5.3, were calculated for a pair of emitters

spaced by 275 nm. This separation satisfies the Rayleigh criterion for identifying distinct

point sources. The image produced by the ORI simulation is plotted as the red trace in

Fig. 5.3. The black lines plotted in the figure correspond to where the expected peak cen-

ters are based on the simulation settings. Fig. 5.3 also shows the diffraction-limited image

generated in these calculations.

The result in Fig. 5.3 demonstrates that ORI can resolve structures below the diffraction

limit of the optics used in the experiment. As clearly seen in Fig. 5.3 for f/2, diffraction-

limited imaging only yields one feature, while ORI can resolve two features using these optics.

spaced below the diffraction limit of f/0.5 optics. The limits placed on spatial resolution then

become dependent upon the separation in time of the emitted signal from different parts

of the sample under study. In any real optical system, the physical optics cannot collect

all possible steradians of emitted signal. However, in ORI, if the signals are measurably

separated in time, this will determine the resolution and not the numerical aperture of the

collection optics. As such, for the simulation of the signal shown in Fig. 5.3, we can calculate

a smaller number of solid angles, and because of the spacing of the emitted spherical waves

in time, accurately measure the spacing of the two point emitters below the diffraction limit.

Optical resonance imaging can overcome the diffraction limit of the optics used and

offers the potential for superresolution imaging. It is possible to write a general equation
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that specifies the resolution of an image generated with ORI. Starting with the definition of

PFT from Eqn. 5.1 we have

pc = tan γ =
c · Tf
Wf

, (5.14)

p =
Tf
Wf

, (5.15)

where c is the speed of light, and Tf and Wf are defined in Fig. 5.2. To generate an image,

the instrument must be able to distinguish between different points emitted by the sample

as a function of time. The maximum possible number of independent time points that can

be measured across the emitted signal, N, can be written as

N =
Tf
τs

(5.16)

where τs is the FWHM of the signal. This is true as long as the pulse duration of the

LO pulse is as short or shorter than the temporal duration of the emitted signal. Since

different portions of the sample emit at different times, the lateral spatial resolution (lr) of

the experiment can then be thought of as the number of independent points measured across

the focused spot size

lr =
Wf

N
=
Wf τs

Tf
. (5.17)

We can then make use of Eqn. 5.15 to find that

lr =
τs
p
. (5.18)

The result in eqaution 5.18 shows that the resolution in an ORI experiment only depends

upon the pulse front tilt applied and the temporal duration of the sample response (put
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equivalently, the emission bandwidth of the sample). As such the resolution of an ORI

image will improve with larger PFT and faster sample response. For the results discussed

in this work, using f/0.5 optics to generate angle of γ equal to 87 degrees produces a PFT

of 0.0636 fs·nm−1. For a value of τs = 15 fs, we find a resolution of 240 nm, independent of

the wavelength of the light.

The value of p in Eqn. 5.18 is the PFT of the emitted signal. We have derived this result

assuming that the PFT of pulse 3 is equal to the PFT of the emitted signal. The above

result is quite general, implying that the PFT of the signal is independent of the method in

which PFT is delivered to the sample. This presents opportunities to significantly improve

the resolution if novel ways can be found to generate significant PFT of the emitted signal.

5.4 Conclusion

Excitons generated by the absorption of photons are routinely studied with nonlinear spec-

troscopy, however they cannot be imaged directly because techniques do not yet exist that

have the requisite spatio-temporal resolution. Excitation imaging with ultrafast temporal

resolution will offer new insights into the process of energy transfer and provide a tool to

design and control how energy moves through materials.

Most experiments that can measure dynamics on femtosecond-to-nanosecond timescales

remain diffraction-limited [16, 45]. Some recent work has demonstrated superresolution

pump-probe microscopy; however, it is still limited to raster scanning a beam across the

sample to generate an image [46]. In comparison, ORI generates a widefield image since

different parts of the sample emit at different times and contribute to different parts of the

image. Resolution is thus decoupled from wavelength and is determined by the bandwidth

of the emitter and pulsefront tilt emitted by the sample.

A single ORI experiment to extract spatial information from the sample can be performed

for a fixed time intervals, τ, T, and tR. In this fashion, each acquisition will have temporal
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resolution on the order of the pulse-front tilt (ps), while a series of images will provide

temporal resolution limited by the length of the untilted pulse (15 fs) or the molecular

response function, whichever is longer. Changing the waiting time changes the population

evolution, analogously to pump-probe spectroscopy (or microscopy). Instead of looking at

spectral changes, ORI will image the changes in the sample. An opto-mechanical delay line

can be used to control T out to the nanosecond regime.

Another exciting possibility results from the opportunity spectroscopic resolve the input

and output energy. ORI is a third-order nonlinear experiment, therefore, the timing between

all three pulses can be experimentally controlled and so a complete measurement of the ORI

response function R(3)(τ, T, tR) will also contain spectral information. The ability to vary

the time between pulses 1 and 2 is a degree of freedom unavailable in pump-probe microscopy,

and Fourier transforming along this coordinate would provide spectral information along the

“pump” axis in the same way as two-dimensional electronic spectroscopy. In addition, the

heterodyne-detected data in the frequency domain provide the spectral information contained

in the signal. Assignment of different spectral features is possible from two-dimensional

electronic spectroscopy, and when combined with this extra experimental handle, optical

resonance imaging thus correlates the input energy with the final position and energy of the

exciton.

5.5 Methods to Generate Simulations

Kostenbauder Simulation of Pulse 3 : The Kostenbauder matrix as defined in Eq. (5.3) can

be used to calculate how how a variety of different optical elements affect the propagation of

a Gaussian beam. Mirrors and distance propagators are defined in the same way as ABCD

matrices with terms E, F, G, H, and I (as defined in Eq. (5.3)) equal to zero, since mirrors
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and lenses do not generate spatio-temporal couplings. A diffraction grating is represented as

g =



− sinφsinψ 0 0 0

0 −sinψsinφ 0 λcosφ−cosψc sinφ

cosψ−cosφ
c sinφ 0 1 0

0 0 0 1


, (5.19)

where ψ and φ are the input and output angles defined relative to the grating surface in the

same way as in reference [38]. The simulated optical system consists of a focusing lens, a

grating, and then a pair of lenses to image the grating onto the sample. The electric field of

a Gaussian beam can be described in terms of Q-matrices [35] such that

E(x, t) = exp

[
− i π

λ0

 x

−t


T

Q−1

x
t

]. (5.20)

The initial Q-matrix, Qin is given by

Qin = i
λ0

π

Q̃xx Q̃xt

Q̃tx Q̃tt


−1

, (5.21)

where

Q̃xx = −i π

λ0R(z)
− 1

w(z)2
, (5.22)

Q̃tt =
1

τ2
i

, (5.23)

and the off-diagonal terms are zero since the pulse begins with no spatio-temporal coupling.

In the above equations, λ0 is the center wavelength, R(z) is the radius of curvature, w2(z)

is the beam radius, β is the spatial chirp, and τi is the temporal FWHM of the pulse and
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we have no spatial chirp in the initial beam.

The Kostenbauder matrix representing the optical system can be found by taking the

product of the optical elements

K = d3l3d3l2d2gd1l1, (5.24)

where l denotes a lens operator, d a distance propagation operator, and g the grating oper-

ator. Given Qin and the matrix K, we can calculate

Qsample =

[A 0

G 1

Qin +

B E
λ0

H I
λ0

][
C 0

0 0

Qin +

D F
λ0

0 1

]−1

. (5.25)

The value calculated for Qsample can be fed into Eqn. 5.20 to calculate the electric field at

the sample. The data plotted in Fig. 5.2 are the intensity of the electric field, |E(x, t)|2. The

specific choices of values for for the simulation plotted in Fig. 5.2 can be found in Table 5.1.

These calculations were carried out using Wolfram Mathematica 10.2.

Simulation of Emitted Signal : All calculations of the emitted signal were performed using

MATLAB R2015a. The emitted third-order signal, E
(3)
sig , was modeled as a spherical wave

that results from a single dipole emitter. We choose to make the approximation necessary

for the use of Fourier optics, where a spherical wave can be represented by a quadratic phase

term that approximates the spherical wavefronts as parabolic.[47] In addition, since we only

have pulse-front tilt in one spatial dimension, x, we choose to calculate the electric field in

the x-dimension perpendicular to the direction of propagation, which is defined as z. The

signal has a carrier frequency of 375 THz (center wavelength of 800 nm) and a Gaussian

temporal envelope with a FWHM of 15 fs. As such, the signal from a given dipole and can
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Table 5.1: List of Simulation Values
Kostenbauder Signal

Parameter Value Parameter Value
gsp 500 nma τs 15 fs

θin 0.74 radb Wf,FWHM 814 nm

θout 1.18 radb zobs 210 µm
ψ π/2- 0.74 rad optical aperture (collection) f/2
φ π/2 + 1.18 rad spatial stepsize 5 nm
λ0 800 nm temporal stepsize 10 as

w(0) 5 mm d 1 Debye

R(0) 108 mm
τi 15 fs

optical aperture f/0.5
d1 = f of l1 125 mmc

d2 = f of l2 100 mmc

d3 = f of l3 25 mmc

a) spacing between lines on diffraction grating. b) θin and θout for diffraction grating defined relative to grating normal. c) f
in this context denotes the focal length of the lens.

be written as

E
(3)
sig(x, z, t) =

(
d · k2

4πε0

)
ei
k(x−η)2

2z e−iω(t+t′)e−( zc−(t+t′))2/2(
τmol

2.35482 )2
e−(x)2/2(

Wf,FWHM
2.35482 )2

,

(5.26)

where d is the dipole moment and k is the wavevector, z is the position along the optical

axis of the system, and t′ is the time of dipole emission as determined by the pulse-front tilt.

The origin of the x-axis is centered about the axis defined by z, and η corresponds to the

distance of the dipole emitter from the optical axis. The last term accounts for the Gaussian

nature of the spatial illumination of the sample by Pulse 3. Pulse-front tilt leads to emission

of different parts of the sample at different times. The emission of the first dipole at a given

point in the material starts at a given time, t′ = 0, and we calculate its E
(3)
sig as a function

of x and t for a fixed value of z = zobs. The next dipole to emit is delayed in time from the
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first by

t′ =
x

c
tanγ. (5.27)

The time spacing between points in the simulation is 0.01 fs, and the spatial extent of x

corresponds to the size of the aperture of f/0.5 optics illuminated by the Gaussian beam

plotted in Fig. 5.2.

To simulate imaging this field into a spectrometer, we model an optical system with f/2

optics, which consists of 2 lenses of focal length f, spaced by 2f. Equation 5.26 is used to

calculate the electric field directly behind the first lens of the imaging system and we calculate

the field at the front focal plane of the second lens, where the image forms using Fourier

optics in the Fresnel approximation.[47] The image forms on the input slit of a spectrometer

that will be used to measure the emitted interferogram of E
(3)
sig(x, z, t) with ELO. Taking

E
(3)
sig(x, z, t) as the input field of the Fourier optics, Uin, we can write an operator, Ŝ, to

model the optical system and calculate Uout, the output field, as

Uout = Ŝ Uin = F−1Q[−λ2f ]FQ

[
−1

f

]
F−1Q[−λ22f ]FQ

[
−1

f

]
Uin, (5.28)

where F and Q are a spatial Fourier transform, and quadratic phase operator as defined

by Goodman, respectively [47], and the values in brackets are the input arguments for the

operator. All Fourier transforms are calculated numerically using the fast-Fourier transform

(FFT) algorithm in Matlab. To simulate the effect of the spectrometer we perform an FFT

along the temporal dimension of Uout and then sum down the spatial dimension since the

imaging system is diffraction limited, there is no additional spatial information along this

axis. Equivalently, we could have used just one line from the calculated array, representing

a one-dimensional array of pixels on a detector. An LO signal is calculated using a carrier

wavelength of 800 nm and τ = 15 fs FWHM and the FFT of the LO is multiplied by
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the summed FFT of Uout. Measured electric fields are real valued, so we keep only the

real part of the product defined in Eq.(5.9). Still in the frequency domain, we shift the

position of the interferogram so that the peak is centered around zero frequency to remove

any high-frequency contributions to the image. Finally we take the inverse FFT and plot

the magnitude of the complex signal as the image in Fig. 5.3.

5.6 Supporting Information for ORI

5.6.1 The ORI Third-Order Response Function

The macroscopic polarization, P (t), generated by an incident electric field connects a mea-

sured optical signal to the microscopic response of the molecules or materials. In the dipole

approximation, this polarization can be expressed as

P (t) = Tr(µ̂ρ(t)) =< µ̂ρ(t) > (5.29)

where µ̂ is the dipole operator, ρ(t) is the time-dependent density matrix, and the angle

brackets denote a trace. In the perturbative regime where the electric field of light only

weakly couples to the material system, it is possible to perturbatively expand the density

matrix. For a third-order nonlinear experiment, involving three interactions of an electric

field with a sample at disinct times denoted as t1, t2, and t3, in the interaction picture, we

can write the trace above as the following convolution integral

P (3)(t) =

∫ t

−∞
dt3

∫ t3

−∞
dt2

∫ t2

−∞
dt1E(t1)E(t2)E(t3) ·R(3)(t1, t2, t3) (5.30)
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where E denotes an electric field interaction and R(3)(t1, t2, t3) is a third-order response

function that can be written

R(3)(t1, t2, t3) =

(
−i
~

)3

θ(t1)θ(t2)θ(t3)〈µ(t) · [µ(t3), [µ(t2), [µ(t1), ρ(−∞)]]]〉, (5.31)

where θ(t) is the Hevaside step function.

The time variables discussed above are defined for absolute times, but it is more useful

experimentally to discuss time intervals corresponding to the time differences between a pair

of pulses. As such we make the following definitions:

t1 = 0 (5.32)

τ = t2 − t1 (5.33)

T = t3 − t2 (5.34)

tR = t− t3 (5.35)

where τ is the time between pulses 1 and 2, T is the time between pulses 2 and 3, and tR

is the time between pulse 3 and the signal tine t. This allows us to redefine the response

function as R3(τ, T, tR).

In a canonical third-order nonlinear spectroscopic measurement, such as 2DES or 2DIR,

where none of the pulses have pulse-front tilt, the third-order polarization generated in the

sample, and thus the emitted third-order signal, is a function of three temporal intervals

defined above. These three variables are controlled experimentally by moving an opto-

mechanical delay line to delay one pulse’s arrival relative to the other. Performing different

measurements with different values of τ and then Fourier transforming over this coordinate

produces a frequency axis that is equivalent to spectrally resolving the pump frequency (or

excitation frequency, ωt). The second time variable, T , corresponds to the time difference
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between pulses 2 and 3. During this time, the measured system is generally thought to be in

a population state, meaning the system evolves in time as an eigenstate of the unperturbed

Hamiltonian. Again, this time is controllable by varying the arrival time of pulse 3 relative to

pulse 2 using an opto-mechanical delay line. The final time domain, tR, is dfined as the time

after the third pulse, when the signal is emitted. This time domain is typically measured

interferometrically by using a spectrometer to convert from time to frequency and mixing

the signal with the local oscillator, producing the second frequency axis, or probe frequency,

ωtR , presented in a typical 2D plot.

A nonseperable spatio-temporal coupling, such as pulse-front tilt, of pulse 3 means that

arrival time of this pulse, ie. time variable t3, will vary across the sample as a function of

position, allowing us to write the spatially-dependent temporal interval between pulses two

and three as

t3 − t2 = T − px, (5.36)

where p denotes pulse-front tilt and x is a spatial coordinate. As such teh spatial-temporal

coupling is present in the response function, which can be written as R3(τ, T−px, tR). Thus,

all the time intervals, including T , remain experimentally controllable variables. This should

enable the extraction of both two-dimensional spectra as well as optical resonant images from

the same experimental setup, as long as all the time intervals are experimentally scanned.

5.6.2 Kostenbauder Matrix Calculations

The Kostenbauder formalism discussed in the main text allows us to follow the spatio-

temporal coupling of pulse 3. The following figure confirms that the pulse still has a 15 fs

FWHM.
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Figure 5.4: A slice through the point x = 0 from Fig 5.2

5.6.3 Fourier Optics Simulation

The simulated ORI signal was calculated by propagating the emitted dipole fields through a

f/2 optiacl system. Fig.5 shows the field as calculated before the first lens. The lens applies

a quadratic phase which cancels the phase from the emitted signal wave since the source was

at the focus. The wave was then propagated to just before the second lens. The calculated

collimated field can be seen in Fig. 6. Finally the field was propagated to the focus of

the second lens, which in this model corresponds with the entrance slit of the simulated

spectrometer. This simulated signal can be seen in Fig. 7.
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Figure 5.5: The real-valued electric field before the first lens of the collection optics.

Figure 5.6: The real-valued electric field before the second lens of the collection optics.
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Figure 5.7: The real-valued electric field at the entrance slit of the simulated spectrometer.
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CHAPTER 6

FUTURE DIRECTIONS

6.1 Overview

What is the link between the different areas of my research? I would hazard that in all

aspects I was looking for novel mesoscale dynamics of materials. One way to do this was

seen in Chapter 4, where a series of structures were constructed where just a few variables

were changed from structure to structure, giving a library of structure. This library was

then studied using fluence-dependent pump-probe spectroscopy to extract design principles

of the system, such as the relationship between the dimer trap-state and increased fluence.

ORI, which was discussed in Chapter 5, takes an opposite approach. Instead of tuning the

synthetic system in such fine detail that design principles can be found through process of

eliminations (as seen by the series of control structures in Chapter 4), real materials and

their ultrafast dynamics can be studied under a microscope. The experimental realization of

ORI is still a work in progress, but significant thought has gone into how to realize it, and I

hope to outline steps on how to achieve the first ORI image.

6.2 Realizing the First Optical Resonance Image

Figure 6.1 shows the first design used to experimentally test ORI. It has a number of issues

which future versions of ORI should seek to improve upon. The first is using translation

stages with mounted mirrors as retroreflectors. This compromises stability and repeatability

in an area that isn’t even novel to ORI. Mechanized delay lines should be used, and high

quality retroreflectors or wedge pairs should be used to best control timings. Secondly,

focusing Beam 3 onto a grating creates a large issue, as an ultrafast pulse when focused

imparts a huge amount of energy and in our case, was burning the grating. Also, this
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Figure 6.1: Light from a NOPA (or any other compressed source) would first be telescoped
by two spherical mirrors (SM), before two beam splitters (BS) split off 1+2, 3, and 4. Beam 3
is focused onto a diffraction grating (DG), which imparts angular dispersion onto the beam.
An SM catches the dispersing beam to collimate and send towards an OAP, where Beam 3
is spatially chirped. On the other side of the table, Beams 1 and 2 are separated and both
go through translation stages (TS) to encode time delays τ and T. Every beam is sent to
an off axis parabolic (OAP), which focuses the beams onto the sample. Most beams are
blocked, with the exception of Beam 4, the local oscillator, which is collimated and sent to
the camera along with the emitted signal.

amount of dispersion generated by coming from such a steep angle will not be corrected by

simply collimation.

A more sophisticated approach would be to create half of a stretcher which would balance

second-order dispersion with pulse front tilt generation. Finally, more thought needs to be

given to the phase-matching direction, since although a tilted pulse front still travels with

the same wave-vector as a beam without a tilted pulse front, the instantaneous phase has

a delay from the top to the bottom of the beam (pulse front tilt is after all defined by an
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angle between phase front and wave front). Even if signal could be acquired, there was no

certainty that we were able to capture it in the camera. There is plentiful literature available

on the generation of PFT, and I would say generating high quality, non-distorted PFT would

be the first step for the next foray into ORI.[1, 2, 3]

Finally, for samples to look at, I would recommend constructing something for a test and

calibration sample. Something similar to the 1951 US Air Force resolution test chart would

test the resolution and field of view of ORI. An optically transparent background would be

necessary, as well as very bright emitters. The first non-test sample could be thin films of

organic semiconductors. In these, heterogenous environments are known to affect exciton

diffusion, and path lengths are known to be well into the micron range, which will be within

ORI’s spatial resolution limits.

6.3 Future Directions of Synthetic Light Harvesting and

Ultrafast Spectroscopy

In Chapter 3 I discussed preliminary results for studying the four-arm star. It seems that

fluence-dependent 2DES does have a role to play in discerning the dynamics of synthetic

FRET based systems, especially when dyes are pushed together towards an intermediate

coupling regime. The future for that particular project necessitates accurate phase cor-

rection, which was unfortunately only possible for long time data. Phasing this particular

sample is important because it would distinguish a double-excitation feature from energy

transfer below the diagonal. Beyond this, we have seen in Cy5 homodimer samples that

oscillations around 600 cm−1 persist throughout the structure and could possibly provide a

vibronic method of ultrafast energy transfer. Beating map analysis of the short time data

of the four-arm star remains inconclusive, but it would be possible for it to lead to a deeper

understanding of the underlying photophysics.

Figure ?? shows a preliminary beat map from absolute value 2DES data. We see here
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Figure 6.2: (A) The 1951 USAF resolution test chart used to validate imaging systems. ORI
could make use of a similar test sample, constructed on very thin glass. Image from Wikipedia
[4] and used under Creative Commons Attribution-Share Alike 2.5 Generic license (B) Long
range ordering and transport in phthalocyanine films as revield by polarized microscopy.
Various solvents and conditions are used. Scale bar is 500 µm. Used from Pan et al. [5] with
permission under Creative Commons Attribution 4.0 International License.
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Figure 6.3: Beating at 590 cm−1 shows persistent beating along all dyes.

some beating at 590 cm−1 which shows persistent beating from the Cy5.5 nexus all the way

out to Cy3.5. Our laser pulse’s coverage of the Cy3 dye was potentially inadequate to fully

see beating to the same extent that we were able to in the lower three dyes, however, closer

inspection at the Cy3 feature in 2D gives a beating plot which shows a similar spike of inten-

sity above the noise at a little less than 600 cm−1. The vibronic coupling model developed

by Sohail et al. (publication forthcoming) could possibly be applied to the system. The

reminder here is that in the end, novel photophysics seem to always crop up as either unex-

plained spikes in performance, or in failures of experiments to meet theoretical expectations.

The four-arm star underperforms theoretical models, so the underlying explanation could be

found with careful study.

Finally, two-color pump-probe spectroscopy could be used to probe the end-to-end ultra-

fast dynamics of the four-arm star. Potentially exciting the sample at 480 nm, a two-color

pump-probe experiment could track the initial energy transfer events while also quantifying

the exact amount of energy transfer. I would note that the Cy5.5 absorption at 480 nm (or
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Figure 6.4: Beating at the Cy3 site shows a similar spike in intensity at just lower than 600
cm−1.
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466 nm, as was the case in the fluorescence experiments by Klein et al. [6]) is non-zero, so

in fluorescence it is possible that initial excitation at 480 nm is captured by Cy5.5 (or Cy3,

Cy3.5, and Cy5) and thus is the source of the red fluorescence. Careful experimentation

with two-color pump-probe could prove fruitful to quantify the actual energy transfer events

which occur within the four-arm star.

Within simpler MPWs, one experiment almost begging to be done is a temperature-

dependent study of the glass transition responsible for the deactivation of the nonradiative

trap in our dimer MPW. This experiment would be done in a 3:1 glycerol-to-buffer solu-

tion. At room temperature, fluence-dependence was preserved and lower excitation density

resulted in a shorter excited state lifetime. At cryogenic temperatures, this fluence depen-

dence was deactivated.[7] The experiment in question would require careful calibration of

temperature to study the thermodynamics of this transition, using broadband pump-probe

to mimic the spectrosocpy of the initial study. It would be possible to use simpler samples

such as the control dimer to make the case more simple.

Finally, from a device design point of view, the use of coupled homoFRET dimers to

trap excited energy transfer adds intriguing possibilities to logical DNA-based computing

and excitonic engineering. One could see how on two divergint paths from a central core,

one could use dimers to prevent FRET while the other could have single dyes. The former

would become activated at low temperatures while the latter would remain open under all

circumstances. The possibilities expand considerably when directional FRET is added to

the equation, and dynamics of heterodimer dye-DNA samples are an active research area.
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CHAPTER 7

CONCLUSION

One of the grand challenges of this century is energy. Conventional strategies are inefficient

and costly from an environmental point of view, so using the limitless resource of the Sun

meets both our desire for limitless expansion of energy-consuming behavior as well as being

reasonably sustainable to the environment. The fundamental first step, and oftentimes a

stumbling block for many emergent technologies, is light harvesting.

In the introduction, I listed some principles of light harvesting in photosynthesis that

make it such a good model for improving synthetic light harvesting technologies. Three

main motifs were discussed:

1. the use of spatial and energetic funneling,

2. robust response to multiple excitations,

3. and implementation of different degrees of coupling for energy transfer.

That section concluded with a brief review of synthetic light harvesing technologies, which

will no doubt play an increased role in the future in both research and application.

The tools that are used to study light harvesting are ultrafast laser pulses because only

with these optical tools can we see the femto- to picosecond dynamics off energy capture and

manipulation. You can’t engineer what you can’t resolve. The study of ultrafast dynamics of

complex materials is rooted in time dependent quantum mechanics and statistical mechanics.

We use Feynman diagrams to explain the third-order response function and resolve the

various pathways that contribute to a 2DES signal. Finally, I discussed the lab-work which

makes our spectroscopy possible.

My preliminary results on the four-arm star show some promise when looking at the

femtosecond dynamics. I would have initially thought picosecond dynamics of FRET transfer
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much more important, but fluence changes have been proved irrelevant towards long time

dynamics. In short time, we see certain interesting dynamic differences between low power

and high power near the Cy5.5 core of the four-arm star. Taken in conjunction with Future

Directions, I believe that the work here shows promise in determining the intricacies of

energy transfer within the four-arm star.

My main project emerged somewhat by chance. Following the perceived negative results

of the four-arm star, my group together with collaborators at the NRL sought to simplify the

energy transfer scheme by testing distance and ligature. Crudely put, the dimer MPW was

created as a way of jamming as many dyes in place as the DNA scaffold could handle. The

results are novel, as the inverse fluence dependence is a rarely, if ever, reported phenomenon.

Given this result, dynamics of homoFRET dyes on DNA seem as interesting and mysterious

as ever. In music, it is said that there are still plenty of melodies to be written in C-Major

(the simplest key in music, no sharps or flats), and an analogy to synthetic light harvesting

would be, there are still plenty of MPWs to be constructed with Cy5s.

ORI has the potential to break wide open the study of excitons and provide a novel

way of achieving high-efficiency light harvesting media. Mesoscale dynamics at interfaces

are poorly understood due to the fact that many measurements either look at an ensemble,

which would average over interfaces, or at the nanoscale, which isn’t wide-field enough to see

the full interaction of an excitation with an interface. The ultrafast portion of ORI would

also allow for spatially-encoded 2DES, which could spectrally resolve ultrafast microscopy.

For instance, seeing excitations from one origin could be separable from another origin.

In all, from the three main motifs of light harvesting in photosynthesis, a few conclusions

can be reached from the various projects presented in this thesis. In terms of spatial and

energetic funneling, we have seen that redundancies, which are ever-present in biology in the

form of many light harvesting complexes per special pair, can be useful to increase effective

energy transfer distance. The four-arm star accomplishes this by having each arm present
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the same downwards FRET cascade towards a Cy5.5 arrival point. Increased redundancies,

however, don’t always lead to higher efficiency. In the MPWs, when we added dimer-like

nodes to the wire, these effectively trapped energy flow.

Multiphoton effects are seen throughout not only photosynthesis, but in most optically

active materials. External environment (such as illumination) can not always be controlled,

so it is important to understand how a material responds. In the case of photosynthesis,

photoprotective schemes involving the OCP have been used to prolong organism viability

by quenching reactive oxygen radicals. We hypothesize a dynamic fluence response in the

ultrafast dynamics of the four-arm star particularly in Cy5 to Cy5.5 transfer. In terms of

the Cy5 MPWs, we saw a very dynamic response to increased fluence at room temperature,

where notably, excited state lifetime was increased. This fluence-dependence was sensitive

to temperature but not solvent, which further complicates matters.

Finally, strong and weak coupling regimes determine the energy transfer pathways that

excitations can take in materials. The Fenna-Matthews-Olson complex from green sulfur

bacteria is a prime example of modeling using coherent energy transfer and LH2 from pur-

ple bacteria can be modeled using a range of energy transfer schemes ranging from FRET

between BChl rings to modified Redfield between adjacent BChl a. While the four-arm star

primarily operates in the weakly coupled (FRET) regime, the dimer MPW demonstrated

that control over strongly and weakly coupled dynamics within synthetic systems still has

more questions than answers. It becomes evident that novel techniques will be needed to

continue to unravel the mysteries of excitonic engineering.

The field of synthetic light harvesting will move forward both from the creation of novel

materials and controls for study and from the implementation of new experimental tech-

niques. This is a new frontier for both synthetic chemists as well as spectroscopists. My

work has looked on both ends, on one side creating a library of wires to study their funda-

mental photophysics, on the other hand, theorizing about a whole new type of measurement
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which could unlock a closer view to excitons then has ever been achieved. Both sides, how-

ever, strive towards the creation of sustainable and robust light harvesting materials.
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