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ABSTRACT 

The invention and widespread adoption of the digital computer in the last century 

has led to an era of rapid technological advancement that has continued to the present day. 

This advancement has been sustained to a large degree by continued miniaturization of the 

electronic components in microprocessors, which results in increased computing power 

and energy efficiency. In recent years, this strategy has produced diminishing returns 

because the cost for each incremental size reduction increases as engineers approach the 

fundamental scaling limits of silicon-based semiconductor devices. Meanwhile, 

breakthroughs in DNA nanotechnology hold great promise for a new generation of self-

assembled nanodevices with applications in nanoscale computing and quantum computing.  

DNA nanotechnology has emerged as a means to realize directed self-assembly of 

arbitrary nanostructures that can be functionalized with nanoparticles or dyes to create 

nanophotonic devices. Of particular interest for computing applications are DNA-

templated nanophotonic devices in which dye molecules are assembled into designated 

spatial configurations in order to control the evolution of optically generated excited states. 

These excited states, known as molecular excitons, arise from electronic interactions 

between dyes and are sensitive to the proximity and orientation of dyes relative to one 

another. To date, a number of DNA-templated excitonic devices such as optical switches, 

sensors, and energy relays have been demonstrated. 

The function of the above devices may be enhanced by using DNA to assemble 

closely-spaced assemblies of dyes, known as dye aggregates, that experience close-range 

coherent interactions that can drastically alter their properties with respect to the isolated 

dye. For example, coherent interactions can result in spectral shifts in absorption and 
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fluorescence, modulation of absorption and fluorescence intensity, and facilitate lossless 

energy transfer. These properties are extremely sensitive to the mutual orientation and 

separation of the constituent dyes, and the structure-property relationships of DNA 

templated dye aggregates are an active area of research.  

Here, we present three photophysical studies of cyanine dye aggregates assembled 

on DNA. In the first study, we use DNA to assemble heteroaggregate tetramers of the 

cyanine dyes Cy5 and Cy5.5. We observe that changing the ratio of Cy5 to Cy5.5 within 

the heteroaggregates produces incremental shifts in their optical absorption frequencies 

that are reminiscent of alloying. In the second study, the excited-state relaxation kinetics 

of a DNA templated Cy5 dimer and tetramer are compared to those of the monomer. A 

combination of steady-state and time-dependent absorption spectroscopies indicate that the 

relaxation kinetics of the aggregates are dominated by a rapid nonradiative relaxation 

pathway that is introduced upon aggregation. In the third study, a larger set of DNA-

templated Cy5 aggregates are studied, including three dimers, a trimer, and a tetramer. We 

find that nonradiative quenching persists across these structures. We additionally model 

the aggregate spectra based on their steady-state absorption and circular dichroism spectra 

to infer a possible relationship between the relaxation kinetics and structural parameters 

such as intermolecular separation and the number of dyes comprising the aggregate. 



 

viii 

TABLE OF CONTENTS 

DEDICATION ............................................................................................................... iv 

ACKNOWLEDGMENTS ............................................................................................... v 

ABSTRACT .................................................................................................................. vi 

LIST OF TABLES ......................................................................................................... xi 

LIST OF FIGURES ...................................................................................................... xii 

LIST OF ABBREVIATIONS AND SYMBOLS ........................................................... xx 

CHAPTER ONE: INTRODUCTION .............................................................................. 1 

REFERENCES ............................................................................................................... 9 

CHAPTER TWO: TUNABLE ELECTRONIC STRUCTURE VIA DNA-TEMPLATED 
HETEROAGGREGATES OF TWO DISTINCT CYANINE DYES ............................. 13 

2.1 Abstract: ...................................................................................................... 14 

2.2 Introduction ................................................................................................. 16 

2.3 Results and Discussion ................................................................................ 23 

Electronic structure characterization via steady-state absorption and 
circular dichroism. ................................................................................. 23 

Excited-state electronic structure and dynamics. ..................................... 28 

Purely electronic exciton theory model of electronic structure ................ 32 

Idealized J-aggregate FRET relay. .......................................................... 38 

2.4 Conclusion ................................................................................................... 41 

2.5 Acknowledgments ....................................................................................... 42 



ix 

2.6 References.................................................................................................... 43 

CHAPTER THREE: DNA-TEMPLATED AGGREGATES OF STRONGLY COUPLED 
CYANINE DYES: NONRADIATIVE DECAY GOVERNS EXCITON LIFETIMES... 49 

3.1 Abstract ........................................................................................................ 50 

3.2 Introduction .................................................................................................. 50 

3.3 Results and Discussion ................................................................................. 54 

3.4 Conclusion ................................................................................................... 65 

3.5 Acknowledgments ........................................................................................ 66 

3.6 References.................................................................................................... 67 

CHAPTER FOUR: EXCITED-STATE LIFETIMES OF DNA-TEMPLATED 
CYANINE DIMER, TRIMER, AND TETRAMER AGGREGATES: THE ROLE OF 
EXCITON DELOCALIZATION, DYE SEPARATION, AND DNA HETEROGENEITY
 ...................................................................................................................................... 71 

4.1 Abstract ........................................................................................................ 72 

4.2 Introduction .................................................................................................. 74 

4.3 Methods ....................................................................................................... 79 

Steady-State Absorption Spectroscopy.................................................... 80 

Femtosecond Transient Absorption Spectroscopy. .................................. 80 

Global and Target Analysis of Transient Absorption. .............................. 81 

Steady-State Optical Modeling. .............................................................. 82 

4.4 Results ......................................................................................................... 82 

Construct Preparation and Steady-State Optical Characterization. ........... 82 

Excited-State Dynamics of Type 1 DNA-Cy5 Constructs. ...................... 85 

Excited-State Dynamics of Type 2 DNA-Cy5 Constructs. ...................... 97 

Overview. ............................................................................................. 112 



 

x 

4.5 Discussion ................................................................................................. 114 

Structural Factors Impacting Excited-State Lifetime............................. 114 

Heterogeneity and Variability of Lifetimes. .......................................... 119 

4.6 Conclusion ................................................................................................. 129 

4.7 Acknowledgements .................................................................................... 131 

4.8 References ................................................................................................. 132 

CHAPTER FIVE: CONCLUSIONS AND FUTURE WORK...................................... 137 

References ....................................................................................................... 146 



xi 

LIST OF TABLES 

Table 2.1.  Excited-State Lifetimes of Cy5 and Cy5.5 Monomer and Tetramer 
Solutions ................................................................................................ 32 

Table 2.2.  Exciton Hopping Parameters that Produced the Best Fit of the Highest 
Energy Transition Energies of the Homo- and Hetero-Tetramers via the 
Purely Electronic Exciton Theory Model. ............................................... 36 

Table 2.3  Excitonic Hopping Parameters of the Homotetramers Derived from KRM 
Modeling ................................................................................................ 37 

Table 3.1.  Excitation Wavelengths and Biexponential Fitting Parameters for TCSPC 
Decaysa .................................................................................................. 60 

Table 4.1.  Excited-State Lifetimes of type 1 and type 2 DNA-Cy5 Constructs ...... 113 

Table 4.2.  Excitonic Hopping Parameter and Excited-State Lifetimes of Selected type 
1 and type 2 DNA-Dye Constructs. ....................................................... 115 

Table 4.3.  Denaturation Temperatures of type 2 DNA-Dye Constructs .................. 124 

 

 



 

xii 

LIST OF FIGURES 

Figure 2.1.  Energy-level diagrams depicting monomer electronic states and associated 
dimer and tetramer aggregate excitonic states. (A) Energy-level diagram 
for an ideal molecular dimer composed of two identical monomers, i.e., a 
homodimer, packing in the form of J- and H- aggregates. As a result of 
excitonic coupling between the two monomers, two new excitonic states 
are formed with energies and transition dipole moment (TDM) amplitudes 
dependent on the geometric arrangement of the monomers. The monomers 
comprising the dimer are represented as green ovals and include TDM 
vectors as white arrows along the molecular long axis (i.e., assuming a 
rod-like shape for the molecule). There are two distinct packing 
arrangements for J- and H-aggregates, resulting in four total distinct 
packing arrangements. A cartoon schematic for each of these packing 
arrangements, i.e., the geometric arrangement of the monomers, is shown 
next to the corresponding excitonic state. Excitonic states able and unable 
to optically couple to the ground state are depicted as thick solid lines and 
thin dashed lines, respectively. The higher- and lower-energy excitonic 
transitions are forbidden for J- and H-aggregates, respectively. Optically-
allowed transitions are shown as red and blue arrows, respectively. (B) 
Energy level diagram for an ideal molecular dimer composed of two 
different monomers, i.e., a heterodimer, packing in the form of J- and H-
aggregates. The TDMs of monomers A and B are represented as white 
vectors enclosed in green and orange ovals, respectively. As in the 
homodimer, excitonic coupling between the two monomers produces two 
new excitonic states, but, due to the nature of heteroaggregate coupling, 
the transitions to the optically forbidden states become weakly allowed in 
heteroaggregates and are shown as thin solid lines. Because there is only 
one composition for the heterodimer, i.e., AB, there is no ability to further 
tune the energies of these states. (C) Energy level diagram for an ideal 
molecular tetramer composed of four identical monomers, i.e., a 
homotetramer, packing in the form of an H-aggregate. As a result of 
excitonic coupling between the four monomers, four new excitonic states 
result. For ease of viewing, the geometric arrangement of the monomers is 
only shown for the highest- and lowest-energy states. (D) Energy level 
diagram for an ideal molecular tetramer composed of two different 
monomers, i.e., a heterotetramer, packing in the form of an H-aggregate. 
Excitonic coupling between the four monomers produces four new 
excitonic states; as in the case of the heterodimer, the optical transitions 
that are forbidden in the homotetramer (i.e., the three lower energy states) 
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DNA template, which impact the different dye aggregate configurations 
that are possible. Due to the particular solution conditions, the 
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predominant DNA configurations are the two stacked iso I and II 
configurations. A third, open configuration, which is present in a low 
amount in these solutions, is shown in reduced opacity. ........................ 123 
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CHAPTER ONE: INTRODUCTION 

Over half a million years ago, our ancestors created the very first examples of 

nanotechnology. Early humans used stones to manually chip away flakes from pieces of 

obsidian and fashioned them into incredibly-sharp blades with edges as fine as three 

nanometers.1 Nanomaterials, which are materials with properties arising from their 

structure on the nanometer scale, have made other isolated appearances in history such as 

Damascus steel blades with incredible strength,1 and Roman dichroic glass that appears red 

or green depending on lighting.2 However, it was not until the late twentieth century that 

we possessed the tools and theoretical framework necessary to contemplate engineering at 

the nanometer scale.  

In modern times, nanotechnology is of interest in nearly every industry, from 

medicine to electronics. The study of the relationships between the structure, properties, 

performance, and processing of materials with features that range from 1-100 nm is known 

as nanoscience, and the application of this research to realize nanostructured functional 

materials and devices is known as nanotechnology. Nanomaterials have become the focus 

of much research because, at this scale, effects from both quantum confinement and 

secondary intermolecular forces can be present. The complex interplay between 

fundamental and secondary physical interactions at the nanoscale gives rise to interesting 

properties at larger-length scales. These emergent properties are of great technological 

importance and have become increasingly important within materials science and 

engineering. 
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Integrated circuit (IC) technology is the greatest success of nanotechnology by 

virtually every measure, and is among the greatest technological successes in history. ICs 

are miniature electric circuits that form the basis of all digital electronics, including devices 

that incorporate computers such as laptops, phones, and smart appliances. These devices 

are made by patterning nanoscale features through selective deposition or removal of 

material from semiconductor substrates such as silicon. The steady advancement of digital 

electronics over the last several decades has been driven, to a large extent, by breakthroughs 

in nanotechnology that have enabled continued miniaturization of ICs. Miniaturization has 

increased the density of elements on a chip, increasing their performance and enabling new 

applications with a predictable regularity that has allowed hardware and software 

developers to target their applications to hardware that did not yet exist, but would at a 

known point in the future. This is the crux of Moore’s law,3 which has had a profound 

impact on the global economy. 

Despite decades of success, there are mounting challenges facing the 

semiconductor industry that demand new approaches. With each incremental reduction in 

IC feature size, the associated engineering and tooling have become costlier. Within the 

next decade, it is expected that fundamental physical limitations will prevent further 

reduction in the size of IC elements.4 Additionally, while integrated circuits have become 

more energy-efficient from miniaturization, the expansion of embedded computers into all 

aspects of life has more than offset gains in efficiency, and the condition has been set for 

the electrical demand for computing to outstrip global electrical capacity later this century 

if current trends hold.4,5 Therefore, it is necessary to research new materials systems and 
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device physics in order to fully realize the long-term benefits of further mutual integration 

of artificial intelligence, sensing, and networking. 

An alternative to the current approach to fabricating ICs, which is largely top-down 

and thus requires expensive and energy-intensive tooling, is to pursue so-called “bottom-

up” molecular self-assembly techniques. Bottom-up self-assembly more resembles the 

processes by which living things grow and reproduce, with structures assembling from 

molecular subunits via intermolecular forces into forms dictated by thermodynamics. 

Bottom-up self-assembly has the attractive feature of not necessarily requiring expensive 

tooling or extreme processing conditions to realize functional nanoscale materials. Among 

molecular self-assembly techniques under development, DNA nanotechnology has 

emerged in recent years as the leading approach to realizing arbitrarily-shaped nanoscale 

structures with feature sizes as small as the 2.4 nm width of the DNA double helix.6-10  The 

ability of DNA to assemble into arbitrary shapes derives from the high specificity of 

interactions that can be realized through base-pairing. Dozens of DNA sequences can exist 

in a solution with very little interaction if their respective sequences are judiciously chosen. 

Conversely, with the proper choice of base sequence, DNA oligonucleotides can assemble 

into branched junctions with domains that are complementary to multiple other 

oligonucleotides.11,12 These addressable branch points thereby enable self-assembly into 

arbitrary three-dimensional structures.  

Importantly, DNA is also amenable to a variety of chemical modifications, 

including fluorescent dye molecules. Dye molecules absorb visible light and convert the 

energy to electronic excited states, thus confining the energy of a photon to a few nm3. 

Dyes in close proximity (i.e., a few nm) can transfer excitations between them through 
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resonant Coulombic interactions. These delocalized excited states are known as molecular 

excitons. By using DNA as a molecular scaffold, dye molecules can be assembled into 

molecular excitonic devices that operate well below the diffraction limit of light. For 

example, recent work demonstrated DNA-templated all-optical excitonic switches that 

could out-perform CMOS field effect transistors in key performance metrics such as device 

volume, switching rate, and switching energy.13 Theoretical work also suggests that dye-

based excitonic logic gates could be used for signal processing or computation.14,15 

Additionally, DNA-templated dye networks have been contemplated as sources of true 

random numbers with a controllable distribution for application in the emerging field of 

stochastic computing.16  

The performance of devices for the above applications could be substantially 

enhanced if dye aggregates, which are closely packed supramolecular assemblies of dye 

molecules, can be incorporated into their design. This is because dye aggregates exhibit 

optical properties that can vary drastically from the isolated dye.17 For example, dye 

aggregates often exhibit shifts and narrowing of their absorption and emission spectra as 

well as enhanced or suppressed emission strength.18-21 Furthermore, excitons in dye 

aggregates can exhibit the emergent property of coherent delocalization, meaning they 

spread out in a wave-like manor across multiple dyes. Coherent exciton delocalization in 

dye aggregates, is of interest for increasing excitonic energy transfer efficiency as well as 

quantum information applications.22-24 The optical properties and extent of coherent 

exciton delocalization in dye aggregates are highly sensitive to structural parameters such 

as the mutual orientation of dyes, intermolecular separation, and number of dyes 

comprising the aggregate.21,25 Thus, there is increasing interest in leveraging molecular 
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scaffolds such as DNA to direct the assembly of dye aggregates into designated structures 

to access properties not observed in the isolated dye.   

While many examples of dye aggregates assembled on DNA have been 

demonstrated,26-33 methodologies for controlling their structure and resulting properties are 

still developing. At the current stage of development, it is critical to understand how the 

optical properties and excited-state dynamics of DNA-templated dye aggregates are related 

to parameters that can be controlled, and thus engineered. Additionally, understanding the 

relationship between dye aggregate structural parameters and their excited state dynamics 

is critical because these affect the energy transfer and fluorescence emission 

characteristics. This dissertation focuses on these two areas of research, and the following 

chapters contribute new insight to outstanding questions or problems in the field of DNA-

templated dye aggregates.  

One desired feature of dye aggregates is the ability to control their electronic 

transition energies to suit a specific application. For example, dye aggregates with different 

transition energies could be used to differentiate the inputs of an excitonic logic gate, 

allowing for the presence or absence of certain wavelengths to control the input state of the 

logic gate. A similar strategy could be to read out the output state of an excitonic logic gate 

via fluorescence from dye aggregates at specific wavelengths. Strategies to engineer the 

electronic structures of dye aggregates often involve controlling how the dyes are  

positioned and oriented in space relative to one another, i.e., packed. Historically, changes 

in aggregate packing have been achieved by adding chemical substituents to monomeric 

dyes and/or altering the solvent conditions in order to alter the packing geometry to favor 

structures such as nanofibers,34-36 and nanotubes.37,38 Using DNA to assemble dye 
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aggregates results in several additional strategies for affecting their electronic structures. 

For example, the intermolecular spacing can be coarsely controlled by varying the number 

of bases between dyes,39,40 with a maximum resolution of the 0.34 nm base-spacing 

occasionally observed.41 Altering the nucleotide sequence in the immediate vicinity of the 

dyes has also been observed to alter the electronic structure of aggregates.42 More recently, 

researchers have explored the hypothesis that inducing strain in the DNA template can alter 

the electronic structure of dimers by pushing the dyes together or pulling them apart.43  

The above strategies focus on altering dye packing within dye aggregates to affect 

the electronic structure; however, another strategy for controlling electronic structure of 

aggregates is to leverage the specificity of dye placement afforded by DNA templating to 

assemble aggregates of chemically-distinct dyes. These aggregates are known as 

heteroaggregates, whereas aggregates composed of chemically identical dyes are known 

as homoaggregates. Foundational work on DNA-templated heteroaggregates shows that 

the optical absorption spectra of heteroaggregates are intermediate between the 

corresponding two homoaggregates, and that the theory used to describe the optical spectra 

of homoaggregates generally applies to heteroaggregates.27,44,45 However, the extent of 

tunability has not been explored, as only heteroaggregates with a 1:1 compositional ratio 

have been examined. Even less is known about how heteroaggregation affects nonradiative 

relaxation processes that are often enhanced in aggregates compared to monomeric dyes. 

Chapter 2 details a study in which we explore these gaps in understanding. Specifically, 

we utilize four-armed DNA Holliday junctions to construct strongly-coupled 

heterotetramers of the dyes Cy5 and Cy5.5. We measure the absorption and fluorescence 

emission spectra of every tetramer permutation of Cy5 and Cy5.5. Additionally, we 
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measure the excited-state relaxation dynamics of a subset of these structures using 

spectrally-resolved transient absorption spectroscopy.  

In addition to electronic structure, the excited-state dynamics of DNA-templated 

aggregates are of critical importance to their application in nanotechnology. Properties 

such as fluorescence quantum yield and energy transfer rates and efficiencies are largely 

determined by the kinetic competition between radiative and nonradiative decay processes 

of a dye or aggregate.46 In the simplest case in which decay occurs directly to the ground 

state and secondary excited populations are not generated, a population of excited dye 

molecules or aggregates will relax to the ground state according to first-order kinetics. The 

rate constant associated with the first-order kinetics is the sum of the radiative and 

nonradiative relaxation rates. For dyes and aggregates, it is possible to estimate the 

radiative relaxation rate by integrating the portion of the absorption spectrum expressed in 

units of molar extinction that corresponds to the lowest-energy electronic transition.47 The 

nonradiative decay rate, however, is difficult to estimate because it is itself the sum of all 

of the active nonradiative decay pathways, and thus can vary greatly from the influence of 

the local environment. Since it is possible for both the radiative and nonradiative decay 

rates of an aggregate to differ from the monomeric dye, interpreting the as-measured 

excited-state lifetime is challenging. In Chapter 3, we use a combination of steady-state 

and time-resolved spectroscopic techniques to determine the radiative and nonradiative 

decay rates of a DNA-templated Cy5 monomer as well as place bounded estimates of these 

quantities for a dimer and tetramer. In Chapter 4, we measured the excited-state lifetimes 

of a larger set of DNA-templated Cy5 aggregates and analyze them in combination with 
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structural modeling in order to relate the observed lifetimes to aggregate structural 

parameters. 

Another underexplored challenge in DNA-templated dye aggregates is detecting 

the presence of undesired subpopulations, i.e., heterogeneity. The use of a large (relative 

to a dye molecule) DNA template and tethering linker chemistry complicates the local 

solution environment experienced by dyes compared to the environment experienced by 

dyes that spontaneously associate in solution. This more complicated local environment 

may lead to multiple discrete meta-stable dye packing configurations with distinct optical 

spectra and relaxation dynamics. Identifying the presence of these solutions is critical to 

properly interpreting experimental spectra. In Chapters 2, 3, and 4, we make several 

observations that indicate the presence of monomer and aggregate subpopulations in DNA-

templated cyanine-aggregate solutions. In Chapter 4, we propose two mechanisms related 

to dynamic processes in the DNA Holliday junction templates to account for monomer and 

aggregate subpopulations observed in our solutions. Finally, in Chapter 5, the results of 

chapters 2, 3, and 4 are summarized, and several possible directions for future studies are 

proposed. 
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2.1 Abstract: 

Molecular excitons are useful for applications in light harvesting, organic 

optoelectronics, and nanoscale computing. Electronic energy transfer (EET) is a process 

central to the function of devices based on molecular excitons. Achieving EET with a high 

quantum efficiency is a common obstacle to excitonic devices, often owing to the lack of 

donor and acceptor molecules that exhibit favorable spectral overlap. EET quantum 

efficiencies may be substantially improved through the use of heteroaggregates—

aggregates of chemically distinct dyes—rather than individual dyes as energy relay units. 

However, controlling the assembly of heteroaggregates remains a significant challenge. 

Here, we use DNA Holliday junctions to assemble homo- and hetero-tetramer aggregates 

of the prototypical cyanine dyes Cy5 and Cy5.5. In addition to permitting control over the 

number of dyes within an aggregate, DNA-templated assembly confers control over 

aggregate composition, i.e., the ratio of constituent Cy5 and Cy5.5 dyes. By varying the 

ratio of Cy5 and Cy5.5, we show that the most intense absorption feature of the resulting 

tetramer can be shifted in energy over a range of almost 200 meV (1,600 cm-1). All 

tetramers pack in the form of H-aggregates and exhibit quenched emission and drastically 

reduced excited-state lifetimes compared to the monomeric dyes. We apply a purely 

electronic exciton theory model to describe the observed progression of the absorption 

spectra. This model agrees with both the measured data and a more-sophisticated vibronic 

model of the absorption and circular dichroism spectra, indicating that Cy5 and Cy5.5 

heteroaggregates are largely described by molecular exciton theory. Finally, we extend the 

purely electronic exciton model to describe an idealized J-aggregate based on Förster 
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resonance energy transfer (FRET) and discuss the potential advantages of such a device 

over traditional FRET relays.  
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2.2 Introduction 

Molecular excitons are essential to applications in light harvesting,1,2 organic 

optoelectronics,3 and nanoscale computing.4–10 In light harvesting and organic 

optoelectronics, for example, solar photons are converted into molecular excitons that 

undergo several energy transfer steps from the site of initial photoexcitation to the reaction 

center or charge-transfer interface where they are converted into reaction products or 

photocurrent. In nanoscale computing, molecular excitons carry information and propagate 

between optical inputs, active elements (such as logic gates), and optical outputs via energy 

transfer. Each of these applications requires an overall high efficiency, and therefore each 

step needs to be as efficient as possible. Thus, strategies to increase the efficiency of 

energy-transfer steps are desirable to improve overall performance. 

There are several parameters that determine the efficiency of electronic energy 

transfer (EET) of molecular excitons, which leads to a number of approaches to improve 

EET efficiency. At the most general level, the efficiency of EET depends on kinetic 

competition between the rate of EET and rate of excited-state decay. Therefore, the EET 

efficiency can be improved by increasing the rate of EET or by decreasing the rate of 

excited-state decay. The rate of EET is the rate at which an exciton on a donor incoherently 

hops to a nearby, unexcited acceptor. The rate of EET, which, in certain limits, is described 

by Förster resonance energy transfer (FRET),11–15 depends on the coupling strength 

between the donor and acceptor along with the overlap between the donor emission and 

the acceptor absorption spectra.13,16,17 Thus, the rate of EET can be increased by increasing 

the coupling strength between the donor and acceptor. However, this approach has practical 

limits as FRET is only applicable in the limit of weak coupling. Another way in which the 
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rate of EET can be increased is by improving the spectral overlap of the donor and acceptor. 

For example, dyes can be chemically modified to alter their electronic structure for 

improved spectral overlap. Chemically modifying dye structure, however, can be 

challenging in the case where several successive steps are necessary to achieve long-range 

spatial separation of the electronic excitation energy. An alternative approach is to use 

molecular dye aggregates as the building blocks for long-range and spatially-directed 

energy transfer. The transition energies of dye aggregates can be tuned and they can exhibit 

more intense absorption and emission, both of which are desirable for improving spectral 

overlap.18,19 Examples of rapid long-range and spatially-directed energy transfer facilitated 

by aggregates can be found in nature in the photosynthetic light harvesting complexes of 

certain extremophile bacteria.20 

One way to tune electronic structure is by assembling aggregates of one type of dye 

and modifying their packing. Dye packing determines the orientation of the constituent dye 

transition dipole moments (TDMs), which in turn governs the aggregate’s transition 

energies and absorption and emission intensity.21–24 For example, when TDMs orient in an 

end-to-end configuration, the resulting J-aggregate energy levels split and absorption 

intensity is redistributed to the lower energy transition, leading to redshifted absorption 

features relative to the monomer (Figure 2.1A). Similarly, when TDMs orient face-to-face 

in a H-aggregate configuration, the absorption intensity is redistributed to the higher energy 

transition, resulting in blueshifted absorption features. 
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Figure 2.1.  Energy-level diagrams depicting monomer electronic states and 
associated dimer and tetramer aggregate excitonic states. (A) Energy-level diagram 
for an ideal molecular dimer composed of two identical monomers, i.e., a homodimer, 
packing in the form of J- and H- aggregates. As a result of excitonic coupling between 
the two monomers, two new excitonic states are formed with energies and transition 
dipole moment (TDM) amplitudes dependent on the geometric arrangement of the 
monomers. The monomers comprising the dimer are represented as green ovals and 
include TDM vectors as white arrows along the molecular long axis (i.e., assuming a 
rod-like shape for the molecule). There are two distinct packing arrangements for J- 
and H-aggregates, resulting in four total distinct packing arrangements. A cartoon 
schematic for each of these packing arrangements, i.e., the geometric arrangement of 
the monomers, is shown next to the corresponding excitonic state. Excitonic states 
able and unable to optically couple to the ground state are depicted as thick solid lines 
and thin dashed lines, respectively. The higher- and lower-energy excitonic 
transitions are forbidden for J- and H-aggregates, respectively. Optically-allowed 
transitions are shown as red and blue arrows, respectively. (B) Energy level diagram 
for an ideal molecular dimer composed of two different monomers, i.e., a 
heterodimer, packing in the form of J- and H-aggregates. The TDMs of monomers A 
and B are represented as white vectors enclosed in green and orange ovals, 
respectively. As in the homodimer, excitonic coupling between the two monomers 
produces two new excitonic states, but, due to the nature of heteroaggregate coupling, 
the transitions to the optically forbidden states become weakly allowed in 



19 

 

heteroaggregates and are shown as thin solid lines. Because there is only one 
composition for the heterodimer, i.e., AB, there is no ability to further tune the 
energies of these states. (C) Energy level diagram for an ideal molecular tetramer 
composed of four identical monomers, i.e., a homotetramer, packing in the form of 
an H-aggregate. As a result of excitonic coupling between the four monomers, four 
new excitonic states result. For ease of viewing, the geometric arrangement of the 
monomers is only shown for the highest- and lowest-energy states. (D) Energy level 
diagram for an ideal molecular tetramer composed of two different monomers, i.e., a 
heterotetramer, packing in the form of an H-aggregate. Excitonic coupling between 
the four monomers produces four new excitonic states; as in the case of the 
heterodimer, the optical transitions that are forbidden in the homotetramer (i.e., the 
three lower energy states) are weakly allowed. Because there are three different 
compositions for the heterotetramer, i.e., AAAB, AABB, and ABBB, the energies of 
the heterotetramer excitonic states can be tuned. Specifically, by adjusting the ratio 
of the two monomers comprising the heterotetramer, the excitonically-split states can 
be tuned to higher or lower energies. 

 
An alternative, albeit less explored, way of tuning electronic structure is by 

assembling aggregates of two chemically distinct dyes. It is instructive to first consider the 

case where we have two homoaggregate dimers corresponding to two chemically distinct 

dyes, which, for simplicity, we assume to have identical TDMs and exhibit the same 

packing arrangement. In the case of J-aggregate homodimers of dyes A and B, the lowest-

energy optical transition of the two homodimers, AA and BB, are lower in energy 

compared with the transition energy of the corresponding monomer and the dimers exhibit 

enhanced radiative decay rates. Thus, while there is some enhancement in radiative decay 

rate, there is no gain in number of distinct transition energies (i.e., two distinct monomer 

transition energies compared with two distinct homodimer transition energies). Now let us 

consider a third possibility—the heterodimer, AB (Figure 2.1B). The heterodimer will 

have new electronic states intermediate in energy between those of the two homodimers 

and, in the case of J-aggregation, maintain enhanced radiative decay rates and increased 

absorption intensity. In the case of the heterodimer, we now have additional electronic 
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structure tunability without the need for a third chemically distinct dye. This concept can 

be extended further to higher-order aggregates, such as tetramers. As in the homodimer, 

the homotetramer (Figure 2.1C) offers no gain in the number of distinct transition energies. 

That is, four distinct monomer transition energies correspond to four distinct homotetramer 

transition energies, one of which is shown in Figure 2.1C. In contrast, for a set of 

heterotetramers consisting of different combinations of two chemically distinct dyes, five 

distinct transition energies are possible. Specifically, the three distinct transition energies 

that correspond to the heterotetramers (i.e., AAAB, AABB, and ABBB) are shown in 

Figure 2.1D, and there are two additional distinct transition energies corresponding to the 

two homotetramers (i.e., AAAA and BBBB). We now have added tunability—the energy 

difference between the distinct transition energies is smaller—meaning that we can tune 

electronic structure on a finer scale. It is important to mention that the possibility of 

assembling high-order aggregates, such as heterotetramers, is not unrealistic, as studies on 

methyl red aggregates,25 merocyanine aggregates,26 and crystalline polyacenes27 have 

indicated that the spatial extent of exciton delocalization in aggregates of these dyes can 

encompass as many as six, eight, and ten dyes, respectively. The challenge in implementing 

high-order heteroaggregates thus far has not been spatial extent of exciton delocalization—

rather, it has been in controlling their assembly. 

A promising way of assembling heteroaggregates involves harnessing the 

programmability and bottom-up self-assembly of DNA. Using DNA nanotechnology, 

oligonucleotides with specific sequences can be designed to self-assemble into a variety of 

low-dimensional structures such as multi-armed junctions,28 dendrimers,29 hairpins,30 and 

loops.31 Much larger DNA structures with sizes on the order of hundreds of nanometers 
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have also been realized through DNA origami,32 and similarly large vesicles, ribbons, and 

star-shaped structures have been self-assembled using chemically modified, amphiphilic 

duplex DNA where the ends are hydrophobic and the interior is hydrophilic.33,34 In addition 

to having enormous structural diversity, DNA is amenable to a vast number of chemical 

modifications including dye labelling. By chemically attaching dyes to the DNA backbone, 

it is possible to bring dyes into close proximity at subnanometer separations. Through DNA 

templating, the aggregate size and composition can also be controlled, which are distinct 

advantages over solution-based assembly of aggregates. To date, DNA has been used to 

systematically examine the structure and dynamics of a number of strongly-coupled 

homoaggregates,35–44 with cyanines representing an exceptional class of dyes facilitating 

the assembly and characterization of excitonically-coupled dye aggregates.35,36,42,45–47 

Despite the relative ease with which DNA can be used to assemble heteroaggregates, only 

a very small subset of studies on DNA templated dye aggregates have included 

heteroaggregates.46,48–50 Further, these studies largely focused on the steady-state optical 

properties and electronic structure of the DNA-templated heteroaggregates, without details 

of the excited-state dynamics. 

In this work, we show how to systematically tune electronic structure in a series of 

DNA-templated tetramer aggregates by varying the aggregate composition. We use Cy5 

and Cy5.5, two chemically distinct and prototypical dyes used in excitonics and imaging, 

and assemble the dyes into a series of homo- and hetero-tetramer aggregates (Scheme 2.1). 

We chose these specific dyes for their compatibility, which arises from their similar 

chemical structures, large transition dipole moment amplitudes,51 overall similar optical 

spectra (in spectral range and shape),43 and their facile incorporation into DNA 
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oligonucleotides.52 We find using steady-state absorption and circular dichroism (CD) 

spectroscopy that all of the tetramers exhibit strong excitonic interactions and that the 

constituent dyes pack in the form of H-aggregates. Remarkably, as the composition of the 

tetramer is varied, i.e., by increasing the Cy5.5 content, we observe a progressive shift of 

the primary absorption band to longer wavelengths over an energy span of ~200 meV 

(~1,600 cm-1). We find via steady-state fluorescence measurements that all of the tetramers 

exhibit quenched fluorescence. This result, combined with a more than tenfold reduction 

in excited state lifetimes of the tetramers compared to the monomers as measured via 

transient absorption, indicates that the tetramers exhibit enhanced nonradiative decay 

relative to the monomers. We use a purely electronic model based on molecular exciton 

theory to explain the progression of the most-intense and highest-energy absorption band 

of each homo- and hetero-tetramer aggregate. In parallel, we simulate the steady-state 

absorption and CD spectra via an approach based on the Kühn-Renger-May (KRM) theory, 

which includes one vibronic mode and produces a packing configuration and excitonic 

interaction strengths similar to the purely electronic model. We conclude by applying the 

model to an idealized energy-transfer relay based on a series of J-aggregate homo- and 

hetero-tetramers, which can transfer electronic excitation energy over a large spatial 

distance (16 nm) with high quantum efficiency (99.9%).  
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Scheme 2.1.  Chemical structures of dual-phosphoramidite functionalized Cy5 and 
Cy5.5 (top) and schematic illustrations of Cy5 and Cy5.5 homo- and hetero-tetramer 
aggregates templated using DNA Holliday junctions (bottom). Cy5 and Cy5.5 are 
represented as green and yellow circles, respectively. The DNA-dye constructs are 
composed of four dye-labeled oligonucleotide sequences, with the oligonucleotide 
sequences shown as black lines with the half-arrowhead pointed towards the 5’ part 
of the sequence and with the full sequence provided in Section 2.6.1. Grey lines 
between oligonucleotides represent hydrogen bonding between complementary 
nucleobases. The DNA-dye construct configurations include two homotetramers (i.e., 
A5B5C5D5 and A5.5B5.5C5.5D5.5) and three heterotetramers (A5B5C5D5.5, A5B5C5.5D5.5, 
A5B5.5C5.5D5.5), which are a subset of the sixteen total possible tetramer 
configurations. 

 
2.3 Results and Discussion 

Electronic structure characterization via steady-state absorption and circular dichroism.  

We first used steady-state absorption spectroscopy to characterize the electronic 

structure of Cy5 and Cy5.5 monomers attached to DNA Holliday junctions. Section S1 

includes details of the oligonucleotide labeling and assembly of the DNA Holliday 

junctions. Absorption spectra are shown in Figure 2.2A. The monomer spectra resemble 
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one another and are characterized by a prominent lowest-energy absorption band, with less 

intense vibronic shoulders at shorter wavelengths. The absorption maximum, which we 

assign to the 0-0 absorption band, and is located at ca. 653 and 695 nm for Cy5 and Cy5.5, 

respectively. The presence of the additional aryl groups on Cy5.5 extends the size of the 

conjugated network compared to Cy5 and results in the overall redshifted absorption 

spectrum. For both dyes, the next-most intense (i.e., 0-1) absorption band is shifted in 

energy by ~1,100 cm-1 (~140 meV), indicating that the electronic transition is coupled to a 

symmetric CC stretching mode.53,54 The 0-1 absorption band is more intense for the Cy5.5 

monomer, indicating that the displacement between the ground- and lowest-energy excited 

electronic potential energy surfaces (i.e., S0 and S1) is greater for Cy5.5 than Cy5. An 

important precursor for excitonic interactions (and delocalization) is the transition dipole 

moment (TDM) amplitude.22 In order to gain insight into the magnitude of the TDM of the 

monomers, we measured their extinction spectra. The extinction spectra are useful in this 

regard because the peak extinction coefficient is generally proportional to the TDM 

amplitude.24 The results indicate that Cy5 and Cy5.5 have peak extinction coefficients of 

~239,000 and ~230,000 M-1 cm-1, respectively, with these values representing the average 

of the peak extinction coefficient of the monomers attached to each of the four strands of 

the Holliday junction (Section S2). Such large peak extinction coefficients (and similar 

absorption profiles) are consistent with the large calculated TDM amplitudes of Cy5 and 

Cy5.5 of ~15-16 D.51,55,56 Taken together, the results suggest that Cy5 and Cy5.5 are 

capable of strong excitonic interactions when brought into close proximity (i.e., sub-nm 

intermolecular separation). 
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Figure 2.2.  Steady-state absorption spectra of the DNA-templated monomer and 
heterotetramer structures shown in Scheme 2.1. (A) Steady-state absorption spectra 
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of representative Cy5 and Cy5.5 monomers. The absorption spectra of all monomer 
configurations are plotted in Section 2.6.2. (B) Steady-state absorption spectra of the 
Cy5-Cy5.5 homo- and hetero-tetramers. (C) The energy of the peak of the most 
intense absorption band appearing in the spectra of the homo- and hetero-tetramers 
displayed as a function of Cy5.5 content. Closed circles correspond to the most intense 
absorption band of the five homo- and hetero-tetramer configurations shown in 
Scheme 2.1 (and plotted in panel B), while open circles correspond to the remaining 
eleven heterotetramer configurations shown in Section S5.  

 
Figure 2.2B displays the steady-state absorption spectra of five different homo- 

and hetero-tetramer aggregates of Cy5 and Cy5.5. In the case of the Cy5 and Cy5.5 

homotetramers, we observe that their absorption spectra are drastically different than those 

of the Cy5 and Cy5.5 monomers. Specifically, in both cases we observe: (i) an intense 

primary absorption band blueshifted relative to the monomers, which is indicative of strong 

excitonic interactions between dyes, and (ii) an overall blueshift of the absorption profile, 

which indicates the dyes are packing in a primarily face-to-face, or H-aggregate, 

arrangement. Additionally, we find that the most intense absorption band of the Cy5.5 

homotetramer is considerably broader than the corresponding absorption band of the Cy5 

homotetramer. We also measured the circular dichroism (CD) spectra of the Cy5 and Cy5.5 

homotetramers, which provide additional evidence for strong excitonic interactions 

between dyes (Section S3). Specifically, the monomer CD spectra are featureless in the 

visible range, while the tetramer CD spectra exhibit intense positive and negative peaks in 

the same spectral region. The position of the CD features in the Cy5 homotetramer at ~569 

and 701 nm are consistent with a prior report;57 the CD features in the Cy5.5 homotetramer 

are consistent with the interpretation of strong excitonic interactions between dyes and 

indicate that the additional steric bulk via the introduction of the phenyl rings does not 

compromise these strong excitonic interactions. 
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Motivated by the evidence of strong excitonic interactions in the homotetramers, 

we proceeded to assemble and characterize a series of Cy5 and Cy5.5 heterotetramer 

aggregates (Figure 2.2B). In the series, we successively substitute Cy5.5 dyes with Cy5 

dyes to result in the following heterotetramers: A5B5C5D5.5, A5B5C5.5D5.5, and 

A5B5.5C5.5D5.5. Remarkably, just as we saw for the homotetramers, we also observe drastic 

spectral changes for these heterotetramers, which indicates that the chemically distinct Cy5 

and Cy5.5 dyes are capable of strong excitonic interactions (Section S4). Specifically, all 

heterotetramers exhibit an intense primary absorption that is blueshifted relative to both 

the Cy5 and Cy5.5 monomer absorption maxima, indicating a common H-aggregate 

packing arrangement (and further indicating that added steric bulk with successive Cy5.5 

substitution does not disrupt this common packing arrangement). Additionally, we find that 

the absorption maxima and widths of the heterotetramers are intermediate between those 

of the two homotetramers with increasing Cy5.5 substitutions. Specifically, the most-

intense transition energy (E) and its associated width (σ) exhibits a gradual progression 

from high to low energy and narrow to broad width in the order ECy5(3)Cy5.5(1) > ECy5(2)Cy5.5(2) 

> ECy5(1)Cy5.5(3) and σCy5(3)Cy5.5(1) < σCy5(2)Cy5.5(2) < σCy5(1)Cy5.5(3), respectively. 

To investigate the generality of this effect, we characterized all possible 

heterotetramer configurations. In total, fourteen heterotetramer configurations are possible, 

with three representative mono-, di-, and tri-Cy5.5 substituted configurations shown in 

Scheme 2.1. Section S5 displays schematics of the remaining eleven heterotetramer 

configurations, along with the absorption spectra for all fourteen heterotetramers 

(including those plotted in Figure 2.2). In all cases, i.e., mono-, di-, and tri-Cy5.5 

substitution, the absorption spectra of the corresponding heterotetramers are similar. The 
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major differences include: (i) a slight energy shift of the most intense absorption band (as 

is evident by comparing the solid and open circles displayed in Figure 2.2C), and (ii) 

changes in absorption intensity in the vicinity of where the Cy5 and Cy5.5 monomers 

absorb. The former observation, combined with the observation that the dyes pack in a 

similar H-aggregate configuration in all cases, suggests that, while the DNA brings the 

dyes close, the dye packing is driven largely by self-association of the dyes, i.e., strong 

inter-dye interactions. We attribute the slight energy shift of the absorption maxima either 

to subtle differences in packing, which impacts excitonic interaction strength, or to 

differences in the solvent environment, i.e., solvatochromism. The second observation, i.e., 

that the absorption intensity changes in the vicinity of where the Cy5 and Cy5.5 monomers 

absorb, is consistent with past observations of a small subpopulation of ‘optical’ monomers 

in these materials,58,59 which we attribute to either DNA ‘breathing’60 or different packing 

in different DNA conformers.39,59 

 
Excited-state electronic structure and dynamics. 

We next proceeded to characterize the structure and dynamics of the lowest-energy 

excited state of the homo- and hetero-tetramer aggregates via steady-state fluorescence 

spectroscopy. Much like the Cy5 homotetramer solution where extensive quenching 

compared to the monomer has been observed,45,57–59 all tetramer solutions exhibit highly 

quenched fluorescence emission (Section S6). Such strongly quenched fluorescence 

emission is consistent with enhanced nonradiative decay in all of the tetramer structures. 

Interestingly, the fluorescence emission spectra of the heterotetramer solutions exhibit 

prominent emission bands peaking in the vicinity of the most intense features in the Cy5 

and Cy5.5 monomer emission spectra. Furthermore, the heterotetramer solution emission 
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spectra strongly resemble a combination of the Cy5 and Cy5.5 monomer emission spectra. 

As such, we assign the majority of emission coming from the heterotetramer solutions as 

arising from a small subpopulation of ‘optical’ monomers, which was confirmed by 

performing fluorescence excitation spectroscopy measurements (Section S7). Previous 

work suggested that the Cy5 homotetramer solution exhibited an exceptionally weak 

emission band in the vicinity of ~800 nm.58 In order to determine whether the 

heterotetramers are emissive and, if so, the approximate spectral range of emission, we 

collected fluorescence emission spectra over a range of excitation wavelengths to generate 

fluorescence emission-excitation surface plots. These measurements indicate that the 

homo- and hetero-tetramer structures do indeed emit, albeit weakly, in the range of ~750 

to 850 nm (Section S7). 

To gain insight into the mechanism of the enhanced nonradiative decay, we 

additionally performed femtosecond transient absorption (TA) spectroscopy 

measurements, which are capable of probing both “bright” and “dark” excited states. In the 

measurements, a pump pulse excites the sample and a time-delayed probe pulse measures 

the electronic structure of the electronically excited population. As such, different decay 

pathways such as direct return to the ground state, conversion to triplet excitations, or 

conversion to charge carriers can be evaluated. Figure 2.3A displays the normalized TA 

spectra for the homo- and hetero-tetramer aggregate solutions excited near their respective 

maxima and at a time delay of 3 ps. Each spectrum exhibits an intense negative-going peak 

corresponding to the ground-state bleach (GSB) of the most intense absorption band. The 

GSB exhibit the same redshifted progression with increased Cy5.5 content observed in the 

steady-state absorption spectra (Figure 2.2B). Much weaker GSB bands are also visible at 
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longer wavelengths for each of the solutions, which we attribute to the weak absorption 

evident in the steady-state absorption. Additionally, we observe positive-going excited-

state absorption (ESA) bands on both sides of the primary GSB for all of the tetramers. 

The ESA to the red of the primary GSB is most apparent as a positive peak at ca. 615 nm 

in the Cy5 homotetramer TA spectrum. With successive Cy5.5 substitution, this ESA 

decreases in intensity, possibly as a result of the overlapping primary GSB band, such that 

tracking its peak position is not possible. On the blue side of the primary GSB, the ESA 

bands do not follow a smooth progression. Interestingly, the peak position of the ESA band 

of the A5C5B5D5.5 and A5B5C5.5D5.5 heterotetramers at ~460 nm largely matches that of the 

Cy5 homotetramer, while the peak position of the ESA band of the A5B5.5C5.5D5.5 

heterotetramer at ~500 nm largely matches that of the Cy5.5 homotetramer.  

 

Figure 2.3.  Transient absorption spectra (A) and kinetics traces (B) for a series of 
tetramers. The TA spectra correspond to a pump-probe delay of 3 ps. The main 
bleach features reflect the progression of the main absorption steady-state absorption 
features. For samples A5B5C5.5D5, A5B5C5D5.5, A5B5C5.5D5.5, A5B5.5C5.5D5.5, 
A5.5B5.5C5.5D5.5, the excitation wavelengths were centered at ~565, 579, 587, 597, and 
618 nm, respectively. 
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We next consider the excited-state dynamics of the tetramers. Figure 2.3B displays 

normalized kinetics traces of the decay of the primary GSB feature for each tetramer in the 

series. The kinetics traces all decay at a similar rate and recover to baseline within 500 ps, 

with no apparent relationship between the Cy5.5 content of the tetramers and the relaxation 

rate. The complete recovery of the GSB indicates that the entire excited-state population 

has returned to the ground state, suggesting that the solutions contain no long-lived “dark” 

populations. In order to determine the excited-state lifetimes of the tetramer solutions, we 

performed global target analysis (GTA) on the TA datasets (Section S8). GTA can be used 

to isolate individual spectra and decay kinetics when overlapping signals from multiple 

populations are embedded in a TA dataset. GTA proceeds according to a kinetic model that 

states the number of populations and their relationship to one another in terms of the decay 

pathway (i.e., parallel and sequential). For all homo- and hetero-tetramer TA datasets, we 

applied a two-component kinetic model that we previously used to model the TA of Cy5 

homotetramers.59 The two-component model includes: (i) an initial component that we 

assign to a rapid structural relaxation process, as is evident in changes in the excited-state 

absorption bands, and (ii) a second component that we assign to relaxation to the ground 

state, based on the decay of all transient spectral features including the GSB bands. The 

extracted lifetimes, which correspond to the second component, are listed in Table 2.1. 

Perhaps surprisingly, we observe very little variation in the excited-state lifetimes of the 

series, which range from ~40-60 ps. The lifetimes of the tetramer solutions are more than 

an order of magnitude shorter than the monomer solutions, indicating that the excited-state 

quenching previously observed in homotetramers also occurs in heterotetramers.58,59 This 

result, combined with the dramatically reduced fluorescence intensity of the tetramers 
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compared to the monomers, further corroborates that the quenched fluorescence of the 

tetramer solutions results from rapid nonradiative decay to the ground state. We assign the 

nonradiative decay to a nonadiabatic transition from the lowest-energy excited state (S1S0) 

to the ground state (S0S0), and note that such quenching has been observed in a number of 

additional strongly-coupled dye aggregate systems.58 

 
Table 2.1.  Excited-State Lifetimes of Cy5 and Cy5.5 Monomer and Tetramer 
Solutions 

Sample τ (ps) 
A5BCD            1870    ± 20.0 

ABC5.5D 920    ± 10.0 
A5B5C5D5             44.2 ± 0.6 

A5B5C5D5.5 38.3 ± 0.5 
A5B5C5.5D5.5 38.7 ± 0.5 

A5B5.5C5.5D5.5 45.5 ± 0.9 
A5.5B5.5C5.5D5.5 58.6 ± 0.5 

 
Purely electronic exciton theory model of electronic structure 

The similarities in appearance between the tetramer absorption spectra (Figure 

2.2B)—which is mirrored in the TA spectra (Figure 2.3A) as well as the regular 

progression both sets of spectra display with increasing Cy5.5 content—suggest that the 

dyes in each tetramer are packing similarly and experiencing similar excitonic interactions. 

To better understand the observed progression of the absorption spectra, we use a model 

based on Kasha’s molecular exciton theory to predict the progression.21–23 We made several 

assumptions to create a model Hamiltonian. We first assumed that the dyes were located 

at the four corners of a square with their TDMs aligned parallel to one another and normal 

to the plane of the square, which prior studies have indicated is approximately 

representative.45 We additionally assumed that excitonic interactions between pairs of 

dyes, described quantitatively by the excitonic hopping parameter, Jmn, is independent of 
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dye type. We were motivated to make this assumption as the excitonic interactions between 

pairs of dyes is mediated by their TDM, which seemed reasonable given that the TDMs of 

Cy5 and Cy5.5 are similar.51,55,56 Finally, we assumed that excitonic interactions between 

dyes were mediated purely by electronic coupling; that is, vibronic coupling was neglected. 

The assumption here is reasonable given the considerable amplitude of the dye TDMs, 

which is associated with a fully allowed electronic transition. These assumptions yield a 

diagonally symmetric 4 × 4 Hamiltonian matrix. In the Hamiltonian, we assume a single 

value for the excitonic hopping parameter associated with nearest neighbor dyes, which we 

label JN. Likewise, we assume a single value for the excitonic hopping parameter associated 

with next-nearest neighbor dyes interacting across the diagonal, which we label JNN, and 

further assume that JNN = 2-3/2 × JN due to the R3 dependence of Jmn on dye separation. The 

relationship between JN and JNN is represented graphically in Figure 2.4A. Assuming 

periodic boundary conditions, the Hamiltonian for such a tetramer is given by: 

 
𝐻𝐻� = ∑ 𝜀𝜀𝑖𝑖  |𝑖𝑖⟩⟨𝑖𝑖|3

𝑗𝑗=0 + ∑ 𝐽𝐽𝑁𝑁  |𝑗𝑗⟩⟨𝑖𝑖| 3
𝑗𝑗=𝑖𝑖±1 + ∑ 2−3/2𝐽𝐽𝑁𝑁  |𝑗𝑗⟩⟨𝑖𝑖| 3

𝑗𝑗=𝑖𝑖±2   Eq. 2.1 
 

where εi is the transition energy for dye i, which is 1.90 and 1.78 eV for Cy5 and Cy5.5, 
respectively (see e.g. Figure 2.2A). 
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Figure 2.4.  (A) Schematic illustration of the dye configuration used in the 
Hamiltonian. Black dots represent the TDM centers (pointing into and out of the 
plane of the page). Lines represent the excitonic hopping parameter between pairs of 
dyes. (B) Energies of the blue shifted absorption maxima of the DNA Holliday 
junction-templated tetramer solutions as a function Cy5.5 content (circles), and 
corresponding best fits of the highest energy eigenvalue (horizontal lines) calculated 
from exciton theory using a single value for the exciton hopping parameter, JN, as the 
only fitting parameter (orange lines), and allowing JN to vary for each structure 
(green dotted lines). The error bars represent the variance of the absorption maxima 
for tetramers of a given composition. Two circles and fit lines are plotted for the 
tetramers composed of two Cy5 and two Cy5.5 molecules because of the two distinct 
symmetries associated with placing the like dyes at adjacent corners or across the 
diagonal of a square. The full set of calculated energy eigenvalues for the global and 
individual fits are listed in Section S10. 

We proceeded to examine whether the purely electronic model could explain the 

progression of the transition energies associated with the most intense absorption of the 

tetramers, shown as black circles in Figure 2.4B. We first fit the data globally using a least-

squares approach, varying only the excitonic hopping parameter to calculate the energy 

eigenvalues of the tetramer electronic transitions. We initially assumed no next-nearest 

neighbor coupling (i.e., JNN = 0). We found that the best fit is achieved for a JN value of 

129 meV, which produces an average error of 0.7% between the measured transition 
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energies and fitted energy eigenvalues. We then performed the global fit assuming next-

nearest neighbor coupling is present (i.e., JNN =  2-3/2 × JN). Since the nearest-neighbor and 

next-nearest neighbor couplings are related by a coefficient, the global fit still uses a single 

fitting parameter. The best global fit was produced for a JN value of 108 meV, which 

produced the equivalent average error as when assuming JNN = 0 (Figure 2.4B, orange). 

The global fit shown in Figure 2.4B agrees particularly well with the measured highest-

energy electronic transitions for the heterotetramers, but under- and over-estimates the 

transition energies of the Cy5 and Cy5.5 homotetramers, respectively. 

We then proceeded to fit the highest-energy transitions for each tetramer type 

individually. This fit is shown in dotted green in Figure 2.4B. While there are no errors 

associated with these fits, it is useful to compare the calculated JN and JNN values, which 

are shown in Table 2.2. According to this model, the coupling between adjacent dyes 

exhibits a maximum value of 123 meV for the Cy5 homotetramer, decreases to a value of 

~110 meV for the heterotetramers and is independent of composition, and further decreases 

to a value of 92 meV for the Cy5.5 homotetramer. A possible explanation for this trend 

may be due to the extra bulkiness (i.e., aryl groups) associated with Cy5.5 in the 

heterotetramers and Cy5.5 homotetramer preventing the dyes from packing as close. The 

ability of this model to fit the highest-energy transitions for all tetramers with a single 

fitting parameter suggests that the assumptions of the model are physically reasonable. For 

example, the good match of the exciton theory model with the data suggests that excitonic 

interactions between dyes are largely mediated by electronic rather than vibronic coupling. 
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Table 2.2.  Exciton Hopping Parameters that Produced the Best Fit of the 
Highest Energy Transition Energies of the Homo- and Hetero-Tetramers via the 
Purely Electronic Exciton Theory Model. 

Construct JN (meV) JNN (meV) 
A5B5C5D5 123 43 

A5B5C5D5.5 111 39 
A5B5C5.5D5.5 110 39 
A5B5.5C5D5.5 110 39 

A5B5.5C5.5D5.5 105 37 
A5.5B5.5C5.5D5.5 92 33 

 
 

To gain additional insight into the results of the purely electronic exciton theory 

model, we simulated the optical properties of the tetramers using a deeper level of theory. 

Specifically, we simulated the steady-state absorption and CD spectra via a model based 

on KRM theory.61 In the KRM modeling approach, the best fit to the steady-state 

absorption and CD spectra is found by simulating a range of dye orientations within the 

aggregate.45,57 The KRM modeling approach calculates Jmn between every pair of dyes 

within the aggregate, models the TDMs as extended dipoles, and incorporates vibronic 

coupling to a single mode, making a comparison of the results of the KRM modeling an 

excellent test of the validity of the assumptions inherent to the exciton theory model. In the 

KRM modeling approach employed here, the centers of the extended dipoles were 

constrained to a square configuration, while the zenith and azimuthal angles were allowed 

to vary. The procedure was iterated to determine the optimal dye separation (i.e., the edge 

length of the square configuration). Section S11 overlays the steady-state absorption and 

CD spectra of the Cy5 and Cy5.5 homotetramers with fits from the KRM modeling. Table 

2.3 displays the associated JN and JNN values. 
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Table 2.3  Excitonic Hopping Parameters of the Homotetramers Derived from 
KRM Modeling 

Construct JN (meV) JNN (meV) 
A5B5C5D5 106 69 

A5.5B5.5C5.5D5.5 70 20 
 
 We then compared the results of the KRM modeling to those of the purely 

electronic exciton model. For the Cy5 homotetramer, we find that the JN values in Table 

2.2 (purely electronic model) are consistent with the corresponding values in Table 2.3 

(KRM modeling approach), indicating good agreement between the two approaches. 

Interestingly, the JN value derived via the purely electronic model is slightly larger (~16%) 

than the value derived via the KRM modeling approach, while JNN is appreciably smaller 

(~38%). We explain the discrepancy in JNN values by considering that the excitonic 

coupling experienced between the extended dipoles used in KRM exhibits more gradual 

drop off at close range compared to the purely electronic model, which treats the TDMs as 

point dipoles. For the Cy5.5 homotetramer, JN and JNN values derived for the purely 

electronic model are ~31 and ~65% larger than the values derived by the KRM model, 

respectively. 

Next, we compared the dye packing configurations of the two models. While the 

symmetry of the Hamiltonian matrix used in the purely electronic model implies the dyes 

are oriented perfectly parallel, the results of the KRM modelling indicate that the TDM 

vectors deviate somewhat from this ideal configuration. This deviation captures the circular 

dichroism exhibited by the tetramers. For the Cy5 homotetramer, this deviation is relatively 

small, and the average deviation from parallel for each pair of dyes is ~17 degrees (Section 

S11). For the Cy5.5 homotetramer, however, the TDM vectors deviated more appreciably, 

with an average deviation from parallel of ~51 degrees. The greater deviation from parallel 
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calculated for the Cy5.5 homotetramer is consistent with its more complicated and intense 

CD response compared to the Cy5 homotetramer, which may also account for the greater 

deviation from the JNN predicted by the purely electronic model. Based on the agreement 

between the results of the KRM and the purely electronic models, we conclude that the 

dyes in the homotetramers pack approximately in the configuration of a square and that the 

assumptions inherent to the purely electronic model are sufficiently valid to enable basic 

predictions of the electronic structure of the Cy5 and Cy5.5 homo- and hetero-tetramers 

(for additional details and discussion, see e.g. Section S12).  

 
Idealized J-aggregate FRET relay. 

 Our finding that the electronic structure of Cy5 and Cy5.5 homo- and hetero-

aggregate tetramers can be tuned by changing the aggregate composition, and that the 

resulting spectral variations are well described by a purely electronic exciton theory model, 

has interesting implications, particularly when extended to J-aggregates. The properties of 

J-aggregates, specifically their intense and narrow absorption bands and increased radiative 

rates relative to monomers,18,19,62 are of interest for applications that involve EET. If the 

cyanine dyes Cy5 and Cy5.5 could be assembled in the form of J-aggregates of varying 

composition, the resultant material could potentially find application in organic 

optoelectronics, light harvesting, and nanoscale computing, as discussed in the 

Introduction.  

To illustrate the potential impact of our results on EET, we next discuss how a 

FRET relay comprised of tunable J-aggregate heterotetramers might function. This 

idealized energy relay (Figure 2.5A) begins with a Cy5.5 monomer, includes three 

bridging Cy5 and Cy5.5 homo- and hetero-tetramers, and ends with a Cy5-Cy5.5 
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heterotetramer. Using the purely electronic exciton theory model as it would apply to the 

J-aggregate geometry, we calculated the transition energies using the Hamiltonian:  

 

𝐻𝐻� = ∑ 𝜀𝜀𝑛𝑛  |𝑛𝑛⟩⟨𝑛𝑛|3
𝑛𝑛=0 + ∑ 𝐽𝐽𝑁𝑁  |𝑛𝑛⟩⟨𝑚𝑚| 3

𝑛𝑛=𝑚𝑚±1     Eq. 2.2 

 

where we assumed a Jn value of 120 meV because it is comparable to the values derived 

for the H-aggregate homo- and hetero-tetramers. The calculated transition energies, in this 

case corresponding to the fully-allowed lowest-energy electronic transition, are shown 

above the corresponding J-aggregate homo- and hetero-tetramers in Figure 2.5. The 

tetramers are organized to spatially direct the EET; that is, EET proceeds downhill in 

energy from left-to-right in the diagram. To estimate the rates and efficiencies of EET in 

the FRET relay, we next simulated the optical spectra of the J-aggregate homo- and hetero-

tetramers in order to extract the radiative rates of each tetramer and the absorption and 

emission spectral overlap integrals, which determine the EET rates.17 Implicit in the 

calculated radiative rates is the assumption that the TDMs associated with each dye in the 

tetramer interact cooperatively, i.e., the tetramers exhibit superradiance,62,63 which is a 

potential advantage of using J-aggregates for EET. Additionally, the tunability of 

heteroaggregates can potentially be used to optimize spectral overlap integrals. For 

specified end-to-end EET quantum efficiencies, ΦEET, we calculated EET rates and 

maximum separations for the different donor-acceptor pairs (Section S13).  
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Figure 2.5.  (A) Schematic diagram of the idealized J-aggregate FRET relay. Cy5 
and Cy5.5 dyes are shown in green and yellow, respectively. The relay begins with 
Cy5.5 monomer, includes three intermediate homo- and hetero-tetramer J-
aggregates, and ends with a hetero-tetramer J-aggregate. The energy value for Cy5.5 
corresponds to 1.78 eV; shown above each homo- and hetero-tetramer is the 
calculated energy corresponding to the lowest energy electronic transition. Transition 
dipole moments of the constituent dyes are indicated by white arrows. Double headed 
arrows labeled RDA and REnd-to-End indicate donor-acceptor and end-to-end distances, 
respectively. (B) Calculated RDA and REnd-to-End as a function of electronic energy 
transfer quantum efficiency (i.e., ΦEET). 

 
Figure 2.5B shows the relationship between the calculated maximum end-to-end 

distances and quantum efficiencies for the FRET relay. The results of these calculations 

have relevance to a number of applications based on EET. For example, the overall device 

efficiency of organic solar cells is often limited by the exciton diffusion length (typically 

~10 nm), which is generally an order of magnitude smaller than the absorption length (i.e., 

~100 nm).64–66 Long-range spatially directed energy transfer up to 34 nm with an efficiency 

of 90% may benefit organic solar cells by facilitating spatially directed EET toward an 

electron donor:acceptor interface.67 Figure 2.5B shows that a larger efficiency of 99% is 

achieved for a smaller distance of ~23 nm, which may benefit light harvesting systems 
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where it has been suggested that large spatial separation of antenna complexes and reaction 

centers (i.e., greater than 10 nm) may prevent excitation quenching via chemical 

oxidation.68 Even higher EET quantum efficiencies are possible for smaller end-to-end 

distances (although we acknowledge that deviations from the point-dipole approximation 

in this regime may cause quantitative disagreement13,14,69—see e.g. Section S14). Higher 

EET efficiencies may benefit applications in nanoscale computing,4 which are envisioned 

to include optical inputs, active elements, and optical outputs where EET mediates the 

transfer of excitons. For example, 99.9 and 99.99% quantum efficiencies, which result in 

end-to-end distances >10 nm, correspond to error rates of 1 in 1,000 and 1 in 10,000, 

respectively, where the exciton does not transfer to the end of the relay. Such error rates 

are clearly within the 1% error permitted by computational error correction procedures.70–

73 The potential impact of such an idealized FRET relay on the applications highlighted 

above sheds promising light on the future utility of tunable heteroaggregates. 

 
2.4 Conclusion 

In conclusion, we showed that the electronic structure of tetramer aggregates of two 

chemically distinct cyanine dyes is progressively tunable by modifying the aggregate 

composition. Specifically, we used DNA Holliday junctions to template homo- and hetero-

tetramer aggregates of Cy5 and Cy5.5. The optical properties, including absorption and 

CD, exhibit a progressive trend with respect to Cy5.5 content; the overall blueshift of the 

absorption spectra was consistent with similar H-aggregate packing across the series. The 

aggregates in this form exhibited quenched fluorescence emission and short excited-state 

lifetimes. We applied an exciton theory model to describe the progression of the electronic 

structure, which had a number of assumptions including purely electronic interactions. The 
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agreement between the experimental results, the purely electronic exciton theory model, 

and more advanced modeling based on KRM theory validated these assumptions. We 

proceeded to use the purely electronic exciton theory model to estimate end-to-end 

distances and overall EET quantum efficiencies for an idealized J-aggregated-based homo- 

and hetero-tetramer relay. If such FRET relays can be realized, they would have profound 

implications in a diverse range of fields including light harvesting, organic optoelectronics, 

and nanoscale computing. 
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3.1 Abstract 

Molecular excitons are used in a variety of applications including light harvesting, 

optoelectronics, and nanoscale computing. Controlled aggregation via covalent attachment 

of dyes to DNA templates is a promising aggregate assembly technique that enables the 

design of extended dye networks. However, there are few studies of exciton dynamics in 

DNA-templated dye aggregates. We report time-resolved excited-state dynamics 

measurements of two cyanine-based dye aggregates, a J-like dimer and an H-like tetramer, 

formed through DNA-templating of covalently attached dyes. Time-resolved fluorescence 

and transient absorption indicate that nonradiative decay, in the form of internal 

conversion, dominates the aggregate ground state recovery dynamics, with singlet exciton 

lifetimes on the order of tens of picoseconds for the aggregates versus nanoseconds for the 

monomer. These results highlight the importance of circumventing nonradiative decay 

pathways in the future design of DNA-templated dye aggregates. 

3.2 Introduction 

Excitons in molecular (dye) aggregates have sparked intense interest due to their 

potential applications in light harvesting (including natural,1 artificial,2,3 and biomimetic4–

6), organic optoelectronics,2,3 and more recently nanoscale computing.7–11 Dye aggregation 

was first discovered in the 1930’s when Jelley and Scheibe observed significant shifts in 

absorption spectra of concentrated cyanine dye solutions.12–14 Since their discovery, 

considerable effort has been invested in developing an improved understanding of the 

structure of dye aggregates and nature of the attendant spectral shifts. Importantly, when 

interchromophore separations are similar to or less than the length of individual 

chromophores, where the term chromophore is defined as the light-absorbing portion of 
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the dye molecule, electronic interactions result in splitting of the excited state energy levels 

and coherent delocalization of excitons. The magnitude of the energy level splitting (known 

as the Davydov splitting)15 is highly sensitive to the interchromophore separation, while 

the relative orientation of the chromophore transition dipoles determines the selection rules 

for optical excitation of the molecular aggregates. 

Figure 3.1 presents a summary schematic energy level diagram illustrating the 

excited state band splitting and selection rules for the simplest type of dye aggregates — 

dimers.16,17 When chromophores are arranged such that their transition dipole moments 

align parallel to each other in an end to end fashion, the resulting chromophore assembly 

will display Jelley-aggregate (J-aggregate) behavior, with optical transitions allowed only 

to and from the lower energy excited state. Conversely, when the transition dipoles are 

instead stacked side-by-side in a parallel fashion, H-aggregate behavior is observed and 

optical transitions are only allowed to the higher energy excited state. For oblique 

configurations, wherein the transition dipole moments are not perfectly parallel, transitions 

to both excited state energy levels are allowed. From Figure 3.1, it is obvious that tuning 

the optical properties of aggregates requires fine spatial control over the dyes. Nature 

provides an example of such fine control in photosynthetic light harvesting complexes, 

which have evolved to maximize energy transfer efficiency.18
 While natural light 

harvesting systems use protein scaffolds to control intermolecular spacing and orientation, 

understanding protein folding and engineering artificial protein nanostructures is still in a 

nascent stage,19–24 and hence rational design of artificial protein superstructures that 

incorporate and precisely template dyes is exceptionally difficult. 
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Figure 3.1.  Schematic energy level diagrams of a dye monomer (far left), J-dimer 
(middle left), H-dimer (middle right), and oblique dimer (far right). A schematic 
representation of relative transition dipole moment orientations for each aggregate is 
shown to the right of each excitonic excited state. Solid horizontal lines indicate 
excitonic states that can couple optically to the ground state whereas dashed 
horizontal lines indicate excitonic states that cannot couple optically to the ground 
state. Optical transitions are shown as colored arrows for the monomer (green), J-
aggregate (red), H-aggregate (blue), and oblique aggregate (gray). Optical (radiative) 
absorption is represented by dark colors, and optical (radiative) emission is 
represented by corresponding light colors. Nonradiative transitions are represented 
by black arrows. 

Using structurally less complex DNA oligonucleotides to assemble dye molecules 

has proven a more tractable approach to controlling aggregation.4,6,25–29 The relatively 

simple rules of Watson-Crick base pairing enable the rational design of arbitrarily shaped 

DNA structures. This facile design process, combined with the wide range of commercially 

available dyes and attendant labelling techniques for DNA, point toward the exciting 

prospect of using DNA to pattern coherently delocalized excitons. In particular, covalent 

attachment of dyes to the DNA backbone allows a high degree of spatial precision with 

regard to interchromophore spacing. Furthermore, the electronic coupling strength of 

DNA-templated dyes can be readily modulated by controlling the base pair (bp) 

separation.4,6,25,28 A number of reports have demonstrated weak electronic coupling in the 

Förster regime achieved by spacing out dyes over large bp separations.4,7–10,30–33 On the 

other hand, strong electronic coupling resulting in exciton delocalization (as evidenced by 

extensive spectral shifts and other optical phenomena), has only been reported in cases 
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where dyes are positioned directly adjacent to one another on the same strand, or opposite 

each other on a DNA duplex and separated by no more than a single bp.4,6,25,28,29,34–36 

Studies of the dynamics of molecular excitons in DNA-templated dye aggregates, 

which are critical to their application in excitonic devices, are unfortunately scarce. In 

particular, the excited-state lifetime, which can change upon aggregation, is a parameter of 

crucial importance. Long exciton lifetimes enhance exciton transmission distance and 

enable more complex structures. Conversely, short lifetimes may limit the use of excitons 

for optoelectronic and nanoscale computing applications, highlighting the need to optimize 

lifetimes. While existing time-resolved studies of strongly-coupled DNA-templated dye 

aggregates report reduced exciton lifetimes relative to the respective monomers,6,37,38 the 

mechanisms suggested for the reduced exciton lifetimes differ. One recent work suggests 

that aggregation enhances photoisomerization in covalently templated Cy3 dimers, thereby 

increasing the nonradiative decay rate and reducing the excited-state lifetime.6 In contrast, 

recent work with DNA-intercalated pseudoisocyanine J-aggregates has suggested that the 

observed accelerated exciton dynamics result from superradiant emission 

enhancement.37,38 However, it is unclear whether both processes are active in these 

systems, and if so, to what degree. 

In this letter, we report the excited-state relaxation dynamics of two DNA-

templated Cy5 dye systems that exhibit spectral signatures characteristic of strong 

excitonic coupling. Two representative systems were selected for this study, with one 

system exhibiting primarily J-aggregate behavior (i.e., J-like behavior) and the other 

primarily H-aggregate behavior (i.e., H-like behavior). Initial measurements utilizing 

steady-state spectroscopic techniques resulted in two key observations. First, a 
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subpopulation of highly fluorescent monomers remains in solution despite purification of 

the as-formed constructs. This subpopulation of monomers is accounted for in all 

subsequent measurements. Second, solutions of both J-like and H-like aggregate systems 

exhibit low fluorescence quantum yields relative to the monomer, suggesting enhanced 

nonradiative pathways. Subsequently, time-resolved fluorescence (TRF) and transient 

absorption spectroscopy (TAS) measurements are presented showing that exciton lifetimes 

for both the H-like and J-like aggregates are nearly two orders of magnitude shorter than 

that of the monomer. A quantitative analysis of the exciton lifetimes and fluorescence 

quantum yields indicates that nonradiative decay, in contrast to superradiance, governs 

exciton lifetimes in both these aggregate systems. 

3.3 Results and Discussion 

Following the work of Cannon et al. (ref. 25), two DNA-templated Cy5 aggregate 

constructs were selected for this work: (i) a hybridized DNA duplex bearing a pair of Cy5 

dyes located directly across from each other on opposing strands (i.e., 0 bp separation) that 

form a strongly-coupled J-like dimer (Figure 3.2, middle), and (ii) a four-armed mobile 

Holliday junction that results in a strongly-coupled H-like tetramer of Cy5 molecules at 0 

bp separation (Figure 3.2, bottom). In both constructs, each dye molecule is covalently 

attached at either end to the DNA backbone via a pair of linkers. Cy5 was chosen because 

in addition to being readily attached to DNA, its high molar extinction coefficient (> 

200,000 M-1 cm-1) lends itself to strong excitonic coupling, and its high fluorescence 

quantum yield indicates few intrinsic nonradiative decay pathways. Constructs were 

prepared in aqueous buffer solution according to Cannon et al.25 To ensure the removal of 

malformed structures and excess monomer strands, the aggregate solutions were purified 
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by polyacrylamide gel electrophoresis (PAGE, see Section S1). For steady-state absorption 

and fluorescence measurements, samples were prepared with an optical density of 0.1 or 

less at the highest absorption peak; for time-resolved fluorescence and transient absorption 

measurements, the optical densities at the highest absorption peak were less than 0.1 and 

0.3, respectively. Additional details regarding optical spectroscopy measurements and 

associated sample preparation can be found in Section S2. 

The constructs were characterized via steady-state absorption spectroscopy, which 

provides information regarding the type and extent of electronic coupling induced by 

aggregation. The absorption spectrum of a single-stranded Cy5-labeled oligonucleotide, 

which forms the basis for both aggregate constructs, is displayed in Figure 3.2 (top). This 

Cy5 monomer spectrum exhibits a single electronic absorption band, with the vibronic 

origin (i.e., 0-0) band peaking at ca. 647 nm. The J-dimer (Figure 3.2, middle) exhibits 

both a blue-shifted peak at ca. 597 nm and a more intense red-shifted peak at ca. 666 nm, 

while the H-tetramer (Figure 3.2, bottom) exhibits a very intense blue-shifted peak (ca. 

563 nm) and suppressed absorption intensity at longer wavelengths, both signatures of 

strong electronic coupling in the aggregate samples (Figure 3.1). With the exception of the 

J-dimer solution’s absorption spectrum, which exhibits signatures of a small amount of 

structural heterogeneity due to slight variations in sample preparation (see Section S3), 

these results are consistent with Cannon et al.,25 who also provide the dye packing 

geometries associated with each of these constructs as determined via a detailed theoretical 

analysis of the absorption spectra. 
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Figure 3.2.  Steady-state absorption and fluorescence emission spectra with 
corresponding schematic illustrations for the DNA-templated Cy5 monomer (top), J-
dimer (middle), and H-tetramer (bottom). The absorption spectra for the monomer, 
J-dimer, and H-tetramer are plotted in dark green, red, and blue, respectively, and 
the emission spectra for the monomer and J-dimer are plotted as dashed lines in light 
green and light red, respectively. The emission spectra for both the monomer and J-
dimer were obtained using an excitation wavelength of 595 nm, with the fluorescence 
emission of the J-dimer extracted via the method described in Section 3.6.6. As 
described in the main text, it was not possible to extract the H-tetramer emission 
spectrum. 

Steady-state fluorescence spectroscopy provides additional, complementary 

information about the electronic structure of the samples. The Cy5 monomer fluorescence 

emission is readily measured given its appreciable fluorescence quantum yield (ΦF = 0.29, 

see Section S4), and the resultant emission spectrum is essentially a mirror image of the 

absorption spectrum (Figure 3.2, top). Based on the difference in energy between the 

absorption and fluorescence origin bands (with the latter peaking at 667 nm), the Stokes 

shift for the monomer was found to be ca. 440 cm-1. These values are generally consistent 
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with prior literature reports.29 Initial attempts to measure the fluorescence emission of the 

J- and H-aggregate samples were thwarted by their highly suppressed emission intensity as 

compared to the monomer (fluorescence quantum yields for the J- and H-aggregate 

solutions were ca. 1 × 10-2 and 3 × 10-4, respectively). Upon further inspection, fluorescence 

excitation measurements indicated that an additional, extremely low concentration 

monomer component (i.e., a subpopulation of structures that exhibited optical signatures 

of monomers) contributed non-negligibly to the observed fluorescence emission of both 

PAGE-purified aggregate solutions (Section S5). Accordingly, a procedure was developed 

to extract the ‘pure’ emission spectrum of each aggregate component from the 

corresponding as-measured fluorescence data (Section S6). The resultant extracted J-dimer 

emission spectrum is displayed in Figure 3.2, middle. The origin band of the J-dimer 

emission peaks at ca. 677 nm, which is slightly red-shifted with respect to the origin band 

of the J-dimer absorption (ca. 666 nm). The corresponding Stokes shift of ca. 240 cm-1 for 

the J-dimer is much smaller than the 440 cm-1 Stokes shift measured for the monomer, 

consistent with J-aggregation.39 Due to the even more highly suppressed fluorescence 

emission of the H-tetramer construct, it was not possible to extract the H-tetramer’s ‘pure’ 

emission spectrum in the same manner as the J-dimer, although a broad, featureless, red-

shifted emission band was observed at ca. 800 nm (Section S7). Similar broad, featureless 

fluorescence emission, reminiscent of that seen from molecular ‘excimers’,40 has been 

observed previously for H-aggregates of other cyanine-based dyes.41,42 Critically, the 

fluorescence quenching observed in the aggregate solutions suggests the presence of a 

significant nonradiative decay pathway in the aggregates that is not present in the 

monomer. 
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With the steady-state behavior of the aggregate constructs characterized, the 

exciton dynamics were investigated using a time-resolved fluorescence method, time-

correlated single photon counting (TCSPC). Based on each construct’s respective 

absorption spectrum (Figure 3.2) and available excitation wavelengths, an excitation 

wavelength of 653 nm was selected for the monomer and J-dimer samples, while 507 nm 

was chosen to excite the H-tetramer sample. The fluorescence was then monitored near the 

maximum emission wavelength for each sample, corresponding to detection wavelengths 

of 667, 680, and 800 nm for the monomer, J-dimer, and H-tetramer samples, respectively. 

The detection wavelengths of 680 and 800 nm for the J-dimer and H-tetramer, respectively, 

were chosen to maximize the aggregate contribution and minimize the monomer 

contribution to the overall fluorescence decay. The resultant fluorescence decays are shown 

as open circles in Figure 3.3, with corresponding exponential decay fits shown as lines. 

The fluorescence decay of the monomer (Figure 3.3, green) was well described by a single 

exponential with a time constant of τ = 1.3 ns, in excellent agreement with previously 

reported excited-state lifetimes for Cy5.4,43,44 Interestingly, the J-dimer and H-tetramer 

both exhibited much faster decays than the monomer. Because of the additional 

subpopulation of monomers present in these samples, a biexponential function was 

necessary to properly fit the data (Section S8). The TCSPC data for the J-dimer and H-

tetramer samples fit in this manner yielded a long time component of ca. 1.3 ns, consistent 

with a monomer contribution to the fluorescence, and a second short, instrument response 

limited decay component with a time constant less than ca. 250 ps. The fit parameters 

obtained are displayed in Table 3.1. The larger monomer subpopulation component 

contribution (A2 in Table 3.1) in the J-dimer experiment is due to the fact that the monomer 
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and J-dimer exhibit similar optical properties (i.e., absorption and emission spectra, Figure 

3.2) and so there is poor contrast between these components at the excitation and emission 

wavelengths, whereas the H-tetramer absorption and emission are well separated from that 

of the monomer. 

Figure 3.3.  Time-resolved fluorescence decays of solutions of the monomer (green), 
J-dimer (red), and H-tetramer (blue). The instrument response function (IRF) is 
shown in solid gray. Open circles correspond to the experimental data, while the solid 
lines represent exponential decay fits convolved with the IRF. Inset: The observed 
(black trace) versus expected (red trace) fluorescence decays for the J-dimer. The 
expected decay assumes classical (Kasha-type) J-aggregate behavior and that 
aggregation only affects the radiative decay rate (i.e., it assumes that knr,J = knr,m). For 
the purpose of illustrating the limiting case of full superradiance, it also assumes the 
maximum radiative rate possible, which for a dimer is kr,J = 2 × kr,m.  Full details of 
the derivation are reported in Section S.9. 



60 

 

Table 3.1.  Excitation Wavelengths and Biexponential Fitting Parameters for 
TCSPC Decaysa 

Construct λexc (nm) A1 (%) τ1 (ns) A2 (%) τ2 (ns) 
Monomer 653 N/A 1.3 N/A N/A 
J-dimer 653 87 ≤ 0.25 13 1.3 
H-tetramer 507 99.8 ≤ 0.25 0.2 1.3 

aThe decays corresponding to the aggregate constructs were fit with the following 
biexponential function: 𝐼𝐼(𝑡𝑡) =  𝐴𝐴1𝑒𝑒−𝑡𝑡/𝜏𝜏1 +  𝐴𝐴2𝑒𝑒−𝑡𝑡/𝜏𝜏2. See Section S8 for additional details 
regarding the mathematical and physical justification of these biexponential fits.  

Insight into the nature of the accelerated fluorescence decay of the aggregates, i.e., 

whether radiative or nonradiative relaxation play a dominant role, can be gleaned by 

considering the TCSPC results in the context of molecular exciton theory. First, it is 

instructive to consider that the observed decay rate, kobs, is equal to the sum of the radiative, 

kr, and nonradiative, knr, decay rates (i.e., kobs = kr + knr).45 The first of these terms, kr, can 

be evaluated according to molecular exciton theory.17,46 For example, kr is enhanced in a 

J-aggregate, an effect known colloquially as superradiance.47 In an ideal J-aggregate 

(Figure 3.1, middle left), kr,J is equivalent to the product of the number of molecules 

comprising the aggregate, N, and the radiative rate of a single molecule (i.e. kr,J = N × 

kr,m).47,48 Conversely, for an H-aggregate, kr,H is suppressed and, for an ideal H-aggregate 

(Figure 3.1, middle right) where the optical transition between the lowest excited state 

(S1S0′) and the ground state (S0S0) is forbidden, kr,H = 0. Because molecules typically pack 

in an oblique manner (Figure 3.1, right) or in a manner that is neither pure J nor H, these 

ideal limits generally are not realized. More typically, mixed J- or H-like behavior is 

observed, as in the present case (Figure 3.2). For these real systems, insights into the 

radiative decay rate can be gleaned from the experimentally-measured extinction spectrum. 

For example, Strickler and Berg showed that the radiative rate is directly related to the 
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intensity of absorption into the lowest-energy singlet excited state.49 While a quantitative 

analysis of the radiative decay rate of the J- and H-like constructs is complicated by several 

factors, including structural heterogeneity and overlapping transitions to (S1S0)’ and 

(S1S0)’’ states, we know from prior work25 that the extinction of their lowest-energy singlet 

absorption band is increased and decreased, respectively. Relative to the monomer (kr,m), 

we can therefore expect the radiative rate to be enhanced for the J-dimer (kr,J) and 

suppressed for the H-tetramer (kr,H), where m, J, and H, indicate the monomer, J-dimer, 

and H-tetramer, respectively. 

Considering that exciton theory predicts an enhanced and suppressed kr for the J-

dimer and H-tetramer, respectively, and employing the previous assumption that knr is 

uninfluenced by aggregation (i.e., knr,aggregate = knr,m), we expect kobs for the J-dimer and H-

tetramer to be enhanced and suppressed, respectively. Figure 3.3 shows that the 

fluorescence decay of the H-tetramer is significantly accelerated with respect to the 

monomer. Since an aggregation-induced decrease in kr should serve to increase the 

fluorescence lifetime of the H-tetramer, this unexpected observed decrease in the 

fluorescence lifetime can only be accounted for by a significant increase in the nonradiative 

rate for the H-tetramer, knr,H. Figure 3.3 shows that the fluorescence decay of the J-dimer 

is also significantly accelerated with respect to the monomer. Here, we can place bounds 

on the extent to which superradiance contributes to the overall enhanced decay. By 

covalently tethering two Cy5 dyes to the DNA template, we can guarantee that two, and 

only two, dye molecules interact. This means that we can expect a kr,J rate enhancement of 

at most 2 × kr,m. The inset of Figure 3.3 shows the fluorescence decay expected for the J-

dimer according to these assumptions, which yields a time constant of 1.0 ns (red curve; 
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see Section 3.6.9). Also shown in the Figure 3.3 inset is a single exponential decay 

generated for the J-dimer based on the measured, instrument response-limited fluorescence 

lifetime (black curve), which decays considerably faster than the decay expected for solely 

radiative enhancement (red trace). This discrepancy between the expected and actual 

fluorescence decay rates shows that new and significant nonradiative decay channels 

emerge in the J-dimer. Hence, for both types of aggregates, the TCSPC measurements 

confirm that significantly enhanced nonradiative relaxation is introduced upon 

aggregation. 

In order to better understand the nonradiative relaxation in the aggregate constructs, 

we turned to ultrafast transient absorption spectroscopy (TAS). Significantly, TAS 

provides information on both bright and dark states, such as triplets and photoisomers, and 

can additionally elucidate whether the initial photoexcitation returns directly to the ground 

state and, if so, on what timescale. Furthermore, since the response time of the TAS system 

is nearly 3 orders of magnitude faster than the TCSPC system (Supporting Information 

S.10), we can potentially directly time resolve the excited state decay and quantify the 

extent of the nonradiative relaxation contribution. For the TAS measurements, each sample 

was excited and probed near its respective absorption maximum for maximal signal to 

noise, with wavelengths of 650, 675, and 565 nm used for the monomer, J-dimer, and H-

tetramer, respectively (Supporting Information S.11). Note that to improve contrast with 

the underlying subpopulation of monomers, the J-dimer sample was excited and probed at 

675 nm, which is slightly red-shifted relative to its absorption maximum (see Figure 3.2). 

The transient absorption (TA) decays for the monomer and aggregate samples are 

displayed in Figure 3.4. All samples show a positive ground state bleach signal that decays 
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with time. A single exponential fit described the monomer TA decay well and returned a 

time constant of 1.5 ns, in good agreement with the lifetime measured by TCSPC. 

Furthermore, the recovery of the ground-state bleach signal to baseline indicates that the 

monomer relaxes directly to the ground state with very low probability of 

photoisomerization or intersystem crossing.50 For the aggregate solutions, a significantly 

more rapid initial recovery of the ground state bleach is observed. As with the TCSPC data, 

an additional long-time component consistent with a subpopulation of monomers was 

observed, and hence a biexponential fit was necessary to accurately model these data. 

Significantly, the short time constants corresponding to ground state recovery of the 

aggregate species were found to be 11 and 35 ps for the J-dimer and H-tetramer, 

respectively. Wavelength- and fluence-dependence measurements (Section S12 and 

Section S13) indicate that the measured lifetimes are representative of the intrinsic exciton 

lifetimes; that is, the measurements are not complicated by additional decay pathways, such 

as internal conversion from high-lying excited states or exciton-exciton annihilation, nor 

the structural heterogeneity identified in Section S3. Quantitative analysis of the TA data 

(Section S14) reveals the excited-state dynamics of the aggregate constructs are nearly 

exclusively governed by nonradiative processes, with 99.6% of ground state recovery being 

nonradiative in nature for the J-dimer and 99.96% nonradiative for the H-tetramer.  
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Figure 3.4.  Transient absorption measurements on solutions of the monomer 
(green), J-dimer (red), and H-tetramer (blue). The open circles correspond to the 
experimental data, while the solid lines represent single or biexponential fits to the 
data (see main text for additional details). The data are scaled to unity with a positive 
scalar to preserve the sign of the signal. 

Having quantified the nonradiative contribution to the overall decay, the underlying 

microscopic decay mechanism can be examined. In view of the rapid nature of the 

nonradiative relaxation of the aggregate constructs (i.e., tens of ps), both intersystem 

crossing and photoisomerization can be ruled out as contributing significantly to the 

nonradiative decay. While intersystem crossing and photoisomerization can be rapid in 

certain systems, these processes occur on a microsecond timescale for Cy5 attached to 

DNA,50 and it is difficult to envision how aggregation would accelerate their kinetics by 

nearly six orders of magnitude. For example, there are no ‘heavy atoms’ in this Cy5 

derivative (Section S1) to facilitate intersystem crossing in the aggregate constructs, and 

steric hindrance due to the presence of adjacent molecules would tend to decrease rather 

than increase the rate of photoisomerization. Additionally, charge transfer is ruled out for 
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reasons discussed in Section S15. A seminal contribution by Sundström and Gillbro 

studying dithiadicarbocyanine, a compound structurally very similar to Cy5, also observed 

drastically accelerated nonradiative decay in aggregated sytems.51 In that work, the authors 

concluded the nonradiative decay was facilitated by an electric dipole-dipole coupling 

mechanism; this, however, was later disputed52 on the basis that the trend the authors 

observed for the exciton lifetime with respect to the dielectric constant of the medium was 

inconsistent with a decay mechanism based on electric dipole-dipole coupling. These 

previous studies (refs. 50 and 52) indicate that, in addition to nonradiative decay via 

photoisomerization and intersystem crossing, nonradiative decay via electric dipole-dipole 

coupling can be ruled out. This indicates direct relaxation to the ground state via strong 

nonadiabatic coupling, i.e., internal conversion, must be the dominant mechanism 

governing the short exciton lifetimes of the Cy5 aggregates. Given that such rapid 

nonradiative relaxation is observed in both H- and J-aggregates of even more structurally 

rigid compounds (e.g., cresyl violet,53,54 methylene blue51,52 and structurally very similar 

thionine,51,55 Nile blue,56 porphyrins,57,58,59 and phthalocyanines60,61) where photoinduced 

isomerization is not possible, we further conclude that radiationless, nonadiabatic 

transitions from S1S0 directly to S0S0 (and, in the present case, the thermally-stable trans 

isomer62 form of S0S0) may represent a general decay pathway that emerges in systems 

comprising excitonically-coupled dye aggregates. 

3.4 Conclusion 

In conclusion, we have investigated the excited-state dynamics of strongly-coupled 

J-aggregate (dimer) and H-aggregate (tetramer) constructs formed through covalent 

attachment of cyanine-based (Cy5) dyes to DNA. Steady-state absorption and fluorescence 



66 

 

spectroscopy indicated that fluorescence emission was strongly quenched in the aggregate 

solutions, and the majority of this emission arises from a small subpopulation of highly-

emissive monomers. Quenched fluorescence emission suggests a new nonradiative decay 

pathway is introduced upon aggregation, which was confirmed via an analysis of TCSPC 

measurements in the context of molecular exciton theory. Finally, the extent to which 

nonradiative decay contributes to the relaxation dynamics was quantified with TAS. The 

exciton lifetimes of the J-dimer and H-tetramer were measured to be ca. 11 and 35 ps, 

respectively, indicating that nonradiative decay is largely (>99%) responsible for the 

relaxation dynamics of both types of aggregates studied here, which we attribute to a rapid 

nonadiabatic transition between S1S0 and S0S0. Identifying the dominant relaxation 

mechanism in DNA-templated dye aggregates as direct internal conversion to the ground 

state presents the tantalizing possibility of optimally tuning exciton lifetimes for 

optoelectronic and nanoscale computing applications by rationally modifying either the 

DNA backbone or dye structure. 
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4.1 Abstract 

DNA-templated molecular (dye) aggregates are a novel class of materials that have 

garnered attention in a broad range of areas including light harvesting, sensing, and 

computing. Using DNA to template dye aggregation is attractive due to the relative ease 

with which DNA nanostructures can be assembled in solution, the diverse array of 

nanostructures that can be assembled, and the ability to precisely position dyes to within a 

few Angstroms of one another. These factors, combined with the programmability of DNA, 

raise the prospect of designer materials custom tailored for specific applications. While 

considerable progress has been made in characterizing the optical properties and associated 

electronic structure of these materials, less is known about their excited-state dynamics. 

For example, little is known about how the excited-state lifetime, a parameter essential to 

many applications, is influenced by structural factors, such as the number of dyes within 

the aggregate and their spatial arrangement. In this work, we use a combination of transient 

absorption spectroscopy and global target analysis to measure excited-state lifetimes in a 

series of DNA-templated cyanine dye aggregates. Specifically, we investigate six distinct 

dimer, trimer, and tetramer aggregates—based on the ubiquitous cyanine dye Cy5—

templated using both duplex and Holliday junction DNA nanostructures. We find that these 

DNA-templated Cy5 aggregates all exhibit significantly reduced excited-state lifetimes, 

some by more than two orders-of-magnitude, and observe considerable variation among 

the lifetimes. We attribute the reduced excited-state lifetimes to enhanced nonradiative 

decay and proceed to discuss various structural factors, including exciton delocalization, 

dye separation, and DNA heterogeneity, that may contribute to the observed reduction and 

variability of excited-state lifetimes. Guided by insights from structural modeling, we find 
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that the reduced lifetimes and enhanced nonradiative decay are most strongly correlated 

with the distance between the dyes. These results inform potential tradeoffs between dye 

separation, excitonic coupling strength, and excited-state lifetime that motivate deeper 

mechanistic understanding, potentially via further dye and dye template design. 
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4.2 Introduction 

Molecular (dye) aggregates, which can form delocalized collective excitations 

called excitons, are central to a number of applications including natural and artificial light 

harvesting,1,2 organic optoelectronics,3 sensing,4–6 and nanoscale computing.7–12 The role 

of dye aggregates in some of these applications is to efficiently absorb light and transfer it 

to a reaction center, charge-transfer interface, or across an excitonic wire.1–4,10 Any losses 

along the way reduce the overall efficiency of the energy transfer process. Conversely, dye 

aggregates have found a role in other applications such as sensing5,6 or photothermal 

therapy13,14 for their ability to quench emitted light, i.e., quickly convert light energy into 

heat. Here, the contrast between the highly emissive monomer dyes and weakly emissive 

dye aggregates is essential. Thus, developing an understanding of the nonradiative 

processes that lead to quenching in dye aggregates can both improve the overall efficiency 

of energy conversion and computing applications as well as potentially enhance overall 

contrast in sensing applications. 

Since the discovery of dye aggregates in the 1930s by Scheibe and Jelley,15,16 a 

considerable amount of research has been dedicated to better understanding their unique 

electronic structure. Kasha, following Davydov’s work on molecular crystals,17,18 

highlighted that many dye aggregate optical properties, such as new and shifted absorption 

bands, can be explained by a relatively simple model based on the mutual orientation of 

the transition dipole moments (TDMs) of constituent dyes. Kasha’s description of dye 

aggregation can, in many cases, accurately predict the energy-level splitting and 

redistribution of oscillator strength concomitant with dye aggregation. Kasha’s model, for 

example, predicts that when dyes pack with their TDMs in an end-to-end (J-aggregate) or 
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stacked (H-aggregate) configuration, the absorption spectrum is redshifted or blueshifted, 

respectively, compared to the individual dye. The energy shift is largely related to whether 

transitions from the ground state to the lowest- or highest-energy excitonic states are 

allowed. In a J-aggregate, transitions to the lowest- and highest-energy excitonic states are 

optically allowed and forbidden, respectively, while the opposite is true for H-aggregates. 

It is worthwhile to note that more recently the theoretical treatment of the electronic 

structure of dye aggregates has been further refined to include vibronic19 and charge-

transfer20,21 coupling, the latter of which becomes important at small intermolecular 

distances. 

While great progress has been made in understanding the electronic structure of 

dye aggregates, challenges remain in understanding their dynamical properties. Excited-

state lifetimes, which are essential to any application utilizing dye aggregates, are a 

dynamical property controlled by both radiative and nonradiative decay processes.22 As 

noted above, optical transitions between the ground and lowest-energy excited states of J- 

and H-aggregates are allowed and forbidden, respectively. Given that emission is the 

inverse of absorption and involves the same electronic states, insight into the radiative 

decay rate can be gained from the static electronic structure. For example, the TDMs of 

dyes in a perfect J-aggregate sum together constructively, which enhances the radiative 

rate compared with the monomer. For a perfect H-aggregate, in contrast, the TDMs of the 

dyes destructively interfere, causing the radiative rate to become zero. This is the reason 

why, assuming nonradiative decay rates have not changed, it is generally suggested that J- 

and H-aggregates are emissive and dark, respectively. Although the effect of aggregation 

on the radiative rate is fairly well understood, in practice, several works have shown that 



76 

 

nonradiative decay processes can play a more predominant role in dye aggregate 

photophysics, ultimately governing their excited-state lifetimes.14,23–25 Clearly, developing 

a deeper understanding of excited-state lifetimes in dye aggregates, particularly the role of 

nonradiative decay processes, is of utmost importance. 

There are a variety of ways to form dye aggregates. Dye aggregates can be formed 

spontaneously in concentrated solutions, well above the solubility limit, as was originally 

demonstrated by Scheibe and Jelley.15,16 Some control of the aggregate character in 

solutions of spontaneously aggregating dyes can be achieved  through alterations of the 

solvent conditions such as the ionic strength and composition,26 solvent polarity, and 

temperature. Dye substituents can be modified to affect aggregate packing as well.27 

However, strict control of the number of dyes in an aggregate is not possible for 

spontaneously formed aggregates larger than a dimer. Natural systems use proteins to 

overcome this limitation, which has resulted in sophisticated supramolecular assemblies 

for light harvesting.1,28 The examples from nature demonstrate that high specificity with 

regard to the number of interacting dyes, dye placement, and orientation is possible. 

Although considerable progress has been made in predicting how proteins fold,29–34 to date 

artificial protein-templated dye aggregates have yet to be demonstrated, likely due to 

complexities arising from adding a dye to the protein structure. Using DNA to template 

dye aggregates represents an alternative, promising approach. In contrast to amino acids, 

nucleic acids have relatively simple pairing rules, i.e., Watson-Crick base pairing, yet can 

form a diverse array of structures including duplexes, Holliday junctions, and higher-order 

structures.35–39 Many early, pioneering works used duplex DNA to template dye aggregates 

via physisorption.40–42 More recently, an even higher level of precision and versatility has 
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been achieved by covalently-tethering dyes to DNA.24,43–48 Such precision and versatility 

enables the controlled assembly of dye aggregates with distinct packing geometries24,47,49 

and dye aggregate networks with a specific number of constituent dyes,47,49,50 facilitating 

the study of structure-function relationships and design of aggregates with properties 

custom tailored and optimized for specific applications. 

Cyanines are ubiquitous dyes, by far the most commonly employed family of dyes 

in covalently-tethered DNA templating.46,49,51–54 Of these dyes, the pentamethine dye Cy5 

(Scheme 4.1) is particularly attractive due to its strong absorption (i.e., TDM of ~16 D [ref. 

55] and associated peak extinction coefficient of ~250,000 M-1 cm-1) in the visible spectral 

range (λmax ~ 650 nm). According to Kasha’s molecular exciton model,56,57 the excitonic 

hopping parameter, J, sometimes referred to as the excitonic coupling strength, is directly 

proportional to the square of the TDM. Thus, a large TDM may lead to a large J. Indeed, 

our recent work has shown that J can be as large as 800 cm-1 (100 meV) in certain DNA-

templated Cy5 aggregates.49,58 Additionally, Cy5 is quite photostable. Cy5 has a relatively 

high fluorescence quantum yield of ~0.3,25,59 indicating that radiative decay is able to 

effectively compete with nonradiative decay processes. This results in a fairly long ~1.5 ns 

lifetime for a Cy5 monomer, which we showed previously was dramatically reduced in 

dimer and tetramer aggregates due to accelerated nonradiative decay.25 The physical origin 

of this accelerated nonradiative decay, however, remains elusive. Furthermore, the 

generality of this effect and whether it depends on packing configuration, such as the 

number of dyes and the distance and orientation between them, has yet to be explored. 
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Scheme 4.1.  Cy5, a common fluorescence labeling dye composed of a pentamethine 
bridge flanked by two dimethyl indolenine rings, shown tethered to an oligonucleotide 
backbone via two propyl linkers covalently bonded to the deoxyribose and phosphate 
groups of the 5’ and 3’ ends of the sequence, respectively. 

In this work, we use a combination of femtosecond transient absorption (TA) 

spectroscopy and global target analysis (GTA) to examine the excited-state dynamics of a 

series of DNA-templated Cy5 aggregates. First, we examine the excited-state dynamics of 

duplex dimer and Holliday-junction tetramer structures formed using two distinct 

oligonucleotide strands. Next, we examine the excited-state dynamics of two different 

dimers, a trimer, and a tetramer using DNA Holliday junctions formed from four distinct 

oligonucleotide strands. In all cases, considerable reduction of the excited-state lifetime in 

the aggregates compared with the monomer is observed and, in addition, considerable 

variability is observed in the lifetimes of the aggregate structures. Pump-wavelength 

dependent femtosecond TA measurements indicate that certain solutions exhibit an 

appreciable extent of heterogeneity, particularly with respect to aggregate structures. We 

proceed to discuss the structural factors influencing nonradiative decay in the DNA-

templated aggregates, such as exciton delocalization and dye separation. Finally, we 
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discuss factors contributing to the variability of the excited-state lifetimes, including 

potential sources of heterogeneity. 

4.3 Methods 

DNA-Dye Construct Preparation. Oligonucleotides labeled with Cy5 via dual 

phosphoramidite linkers and purified by dual high-performance liquid chromatography 

were obtained as lyophilized powders from Integrated DNA Technologies (IDT; 

Coralville, IA). Unlabeled oligonucleotides purified by desalting were also obtained from 

IDT. Stock solutions of labeled and unlabeled oligonucleotides were prepared at a 

concentration of 100 µM by hydrating with water obtained from a Barnstead Nanopure 

water purification system (ThermoFisher Scientific, Waltham, MA). Stock oligonucleotide 

solution concentrations were determined according to Beer’s law using the extinction 

coefficient provided by the vendor (at 260 nm) and the absorbance measured at 260 nm via 

a NanoDrop One UV-Vis spectrophotometer (ThermoFisher Scientific, Waltham, MA), 

which reports absorbance scaled to a path length of 1 cm. Solutions of DNA and DNA-dye 

constructs (i.e., labeled and unlabeled DNA duplexes and HJs) were prepared by 

combining equimolar amounts of stock oligonucleotide solutions with an aqueous TAE 

buffer solution prepared at ten times its typical concentration, i.e., 10×. MgCl2 was added 

for selected DNA and DNA-dye constructs. The volumes of the stock oligonucleotide 

solutions, TAE buffer solution, and water were chosen so that the final concentration of 

the DNA or DNA-dye construct was in the range of 1-5 µM. The volumes were also chosen 

to achieve a final buffer concentration of 1× TAE and the final desired concentration of 

MgCl2, which ranged from 0 – 100 mM. The resulting solutions were vortex mixed for 30 

seconds, then allowed to sit overnight in a dark container at room temperature. 
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Steady-State Absorption Spectroscopy. 

 Steady-state spectra were collected using either a Cary 60 or 5000 UV-Vis 

spectrophotometer (Agilent Technologies, Santa Clara, CA). Spectra were typically 

collected from 200 to 800 nm in 1 nm steps. Solutions were contained in a 2 mm quartz 

cuvette (Starna Cells, Atascadero, CA) and had a maximum absorbance of ca. 0.3 in the 

range of 500 – 700 nm. 

Femtosecond Transient Absorption Spectroscopy.  

All TA spectra were collected using a custom-built TA spectrometer. At the head 

of the system, a Ti:sapphire-based laser oscillator (Coherent, Santa Clara, CA) produces a 

train of femtosecond pulses at a rate of 80 MHz, centered at ~800 nm and with an energy 

of ~4 nJ/pulse. The output of the laser oscillator seeds a Ti:sapphire-based regenerative 

amplifier (Coherent, Santa Clara, CA), which produces an amplified train of ~40 fs pulses 

at a rate of 1 kHz, centered at ~800 nm and with an energy of ~3 mJ/pulse. The output of 

the laser amplifier was used to drive an optical parametric amplifier (Coherent, Santa Clara, 

CA) to generate the pump beam, which was varied from ~560 to ~700 nm. The probe beam 

was generated by focusing a small fraction of the laser amplifier output onto a 2 mm thick 

sapphire window (Newlight Photonics, Toronto, ON, Canada), which produced a white-

light continuum spanning ~420 to 750 nm (Section S1). The pump and probe beams were 

spatially overlapped at the sample position and their relative time delay was controlled by 

varying the pump beam path distance via a mechanical delay stage (Aerotech, Pittsburgh, 

PA). TA spectra were collected by routing the probe beam to a spectrograph, which 

included a monochromator and an sCMOS array detector (Andor, Belfast, Northern 

Ireland). For all measurements, the relative orientation of the linearly polarized pump and 
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probe beams was set to 55°, i.e., the so-called “magic” angle. Pump and probe beam 

diameters were estimated to be ca. 215 and 140 μm, respectively, by measuring the beam 

power in the presence and absence of a 50 µm diameter high-energy pinhole (Newport, 

Santa Clara, CA) situated in the focal plane of the probe beam. Pump fluences ranged from 

13 – 40 μJ/cm2 and are reported where appropriate. Solutions were contained in a 2 mm 

quartz cuvette (Starna Cells, Atascadero, CA) and stirred with magnetic stirrer bars (Starna 

Cells, Atascadero, CA) rotated over the course of the measurement with a magnetic stirring 

apparatus (Ultrafast Systems, Sarasota, FL). The pump pulse duration was determined to 

be ~180 fs by performing an autocorrelation on a 2 mm quartz cuvette filled with distilled 

water situated at the sample position (Section S2). 

Global and Target Analysis of Transient Absorption.  

Prior to GTA, the femtosecond TA data were corrected for chirp in the probe 

continuum. The chirp in the probe continuum was modeled with a polynomial function and 

the respective wavelength-dependent time offset correction factors were subtracted from 

the data. GTA of the corrected data was facilitated with the Java-based graphical user 

interface Glotaran60 and was performed using the TIMP statistical package, which is part 

of the R computational platform. 
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Steady-State Optical Modeling.  

The optical properties of selected DNA-dye constructs were modeled using in-

house software based on the Kühn-Renger-May method (version 13.7).47,49,58 The software 

simultaneously fits absorbance and circular dichroism data by constructing and 

diagonalizing a Holstein Hamiltonian19 that includes a single dominant vibronic mode. The 

fitting procedure begins with a user input dye configuration and performs a stochastic 

search by randomly perturbing the dye configuration and checking the fit quality. The 

output of the optical modeling is a set of vectors representing the spatial orientation and 

separation of the TDMs of the dyes in the aggregate. In the case of Cy5, the TDM is taken 

to be along the long axis of the pentamethine bridge (Scheme 4.1). 

4.4 Results 

Construct Preparation and Steady-State Optical Characterization.  

To examine the impact of DNA-dye configuration on the excited-state dynamics of 

Cy5 aggregates, we chose to study the two types of DNA-Cy5 constructs presented in 

Figure 4.1.  
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Figure 4.1.  (a) Type 1 DNA-dye constructs formed by mixing two complementary 
Cy5-labeled oligonucleotide strands in an aqueous buffer solution in the absence (left) 
and presence (right) of added MgCl2. Duplex DNA is the primary nanostructure in 
the absence of added MgCl2, whereas DNA Holliday junctions are formed when 
MgCl2 is added. There is one Cy5 dye per strand, and so the duplex and Holliday 
junction template the aggregation of a Cy5 dimer and tetramer, respectively. (b) 
Normalized absorption spectra of the duplex dimer and “mobile” Holliday junction 
tetramer. The lower part of panel b depicts schematic illustrations of the duplex 
dimer and Holliday junction tetramer, where cyan circles indicate the approximate 
location of Cy5 dyes. (c) Type 2 DNA-dye constructs that form by mixing four 
mutually complementary oligonucleotide strands in an aqueous buffer solution with 
MgCl2 added. The solutions primarily consist of “immobile” Holliday junctions. Cy5 
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dyes are covalently tethered to two, three, or four positions within the Holliday 
junction. (d) Normalized absorption spectra of the two dimer species (adjacent and 
transverse), trimer, and tetramer formed via “immobile” Holliday junctions. The 
lower part of panel d depicts schematic illustrations of the dimer, trimer, and 
tetramer structures, where cyan circles indicate the approximate location of Cy5 dyes. 
The schematic depictions of the dye labeled duplex and Holliday junction structures 
are not meant to imply specific geometric configurations of the dye or DNA backbone. 

Cannon et al. showed that a range of DNA-Cy5 dye aggregate nanostructures are 

possible from a basis set of either two or four oligonucleotide strands.47,49 Figure 4.1a 

shows the two DNA-dye aggregate nanostructures resulting from a basis set of two 

oligonucleotide strands. In this case, which we label the “type 1” set of DNA-dye 

constructs, it is possible to form a Cy5 dimer via duplex DNA along with a Cy5 tetramer 

via a DNA Holliday junction. Specifically, Cannon et al. showed that, in the absence of 

added MgCl2, duplex DNA was the primary DNA nanostructure in the solution. However, 

through gel electrophoresis studies, Cannon et al. showed that adding MgCl2 to the solution 

promoted the association of four strands to form a “mobile” DNA Holliday junction 

tetramer. Furthermore, the Holliday junction is only observed when the two basis strands 

are labeled with Cy5, indicating that the DNA-dye construct may be additionally stabilized 

by the mutual attraction of the four dyes. Since two and four dyes are aggregated via DNA 

duplexes and Holliday junctions, we label these the duplex dimer and type 1 tetramer 

structures, respectively. In the case of the duplex dimer and type 1 tetramer structures, the 

excitonically coupled absorption spectra exhibit redshifted and blueshifted spectral 

features consistent with J- and H-aggregation, respectively (Figure 4.1b). For the 

remainder of the paper, we refer to the solutions where primarily duplex dimers and 

Holliday junction tetramers are present as the no-salt type 1 and high-salt type 1 solutions, 

respectively. 
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Expanding the basis set to four oligonucleotides provides access to an even larger 

number of DNA-dye aggregate configurations (Figure 4.1c). Here, a single “immobile” 

DNA Holliday junction is targeted. In this case, the Holliday junction is targeted to 

minimize the possibility that lower-order DNA nanostructures, such as duplexes, might 

form and contribute to heterogeneity in the solution. We label these aggregates as the “type 

2” set of DNA-dye constructs. In the type 2 set of DNA-dye constructs, the number of dyes 

in the aggregate can be varied between two, three, and four. Thus, the effect of the extent 

of exciton delocalization on excited-state lifetimes can be examined. Furthermore, two 

different dimer configurations are possible—an adjacent and transverse dimer. Cannon et 

al. showed that the adjacent dimer exhibited optical signatures of a J-aggregate packing 

arrangement, while the transverse dimer, trimer, and tetramer all exhibited signatures of H-

aggregate packing.49 These signatures are evident in the absorption spectra shown in 

Figure 4.1d. Thus, the so-called type 2 set of DNA nanostructures provide access to a 

range of configurations, including different possible extents of exciton delocalization, 

proximal positions of the dyes, and packing arrangements. 

Excited-State Dynamics of Type 1 DNA-Cy5 Constructs.  

We begin by examining the excited-state dynamics of the no-salt type 1 solution, 

which is composed largely of duplex dimer structures. We performed spectrally-resolved 

femtosecond TA measurements exciting the solutions at specific wavelengths using a 

narrowband pump and tracking the ensuing excited-state dynamics across the visible 

spectrum using a continuum probe (see e.g. Section S.1). Here, we excite the solution at 

675 nm (Figure 4.2a) which was selected to coincide with the main absorption band at 

~666 nm. The resulting TA surface for the no-salt type 1 solution shown in Figure 4.2a 
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plots the evolution of the TA spectrum. Several positive and negative TA signals (plotted 

in units of ΔT/T) are evident, all of which decay on a rapid ca. 10 ps timescale. Figure 

4.2b displays spectral slices that more clearly highlight the rapidly decaying positive and 

negative signals. At the earliest time delay shown of ~1 ps, two prominent positive TA 

signals are apparent at 603 and 672 nm that generally align with the peaks appearing at ca. 

600 and 666 nm in the steady-state absorption spectrum. As such, we assign these positive 

TA signals to ground-state bleach (GSB) features of the duplex dimer structure. In addition, 

several negative TA signals are observed at ca. 445, 493, and 638 nm, which we assign to 

excited-state absorption (ESA) features. At the longest time delay shown of ~150 ps, all 

the signals have decayed except for a weak positive signal at ca. 655 nm, which we assign 

to the GSB feature associated with a small subpopulation of monomers.  
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Figure 4.2.  Femtosecond TA spectrum of the no-salt type 1 solution, 
predominantly composed of duplex J-dimer structures, collected with a pump 
wavelength of 675 nm at a fluence of 18 μJ/cm2. (a) Surface plot. The black and green 
vertical dashed lines correspond to individual kinetics traces plotted in panel d. The 
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absorption and pump spectra are plotted above the TA surface plot. The scale bar is 
indicated beside the plot. (b) Selected TA spectra. Time delays are indicated in the 
legend. (c) Kinetic scheme used to model the TA spectrum via GTA. Rate constants 
(expressed as inverse time constants) associated with conversion between different 
components exhibiting distinct species-associated spectra (SAS) are shown. The rate 
constant associated with the excited-state lifetime of the duplex dimer structure is 
highlighted in yellow. (d) Selected TA kinetics at probe wavelengths of 638 and 672 
nm are shown, with the kinetics normalized to their maximum amplitude near the 
time origin of the measurement. Data are shown as circles, while fits are shown as 
solid lines. 

To further investigate the excited-state dynamics of the duplex dimer structure, we 

performed a GTA of the TA of the no-salt type 1 solution. The kinetic scheme used to 

model the data is shown in Figure 4.2c. A more detailed mathematical and physical 

justification of the three-component kinetic scheme, including the species-associated 

spectra (SAS) for each component, can be found in Section S3 of the Supporting 

Information. The kinetic scheme includes two components associated with the duplex 

dimer structure and a third component to account for a small subpopulation of monomers. 

With the exception of the small subpopulation of monomers, the no-salt type 1 solution is 

not expected to exhibit significant heterogeneity, particularly at the 675 nm excitation 

wavelength chosen for the TA measurement.25 Thus, we conclude that the two components 

in the kinetic scheme assigned to the duplex dimer structure decay in sequence. Figure 

4.2d displays normalized kinetics traces and associated fits at probe wavelengths of 672 

and 638 nm, which correspond to the decay of the most prominent GSB and ESA features, 

respectively, of the duplex dimer (see e.g. Figure 4.2a). The GTA returned k1 and k2 rate 

constants, associated with the sequential decay of the duplex dimer, of ca. 1/3.6 ps-1 and 

1/10 ps-1, respectively, while the third rate constant, k3, associated with monomers, was 

fixed to the excited-state decay rate of the monomer, i.e., 1/1.3 ns-1 (Section S4). Figure 

4.2d shows that the ESA feature exhibits a decay component on a timescale much faster 
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than the GSB feature, which the GTA derives to be 4 ps. In contrast, the GTA derives a 

time constant of 10 ps for the more slowly decaying GSB feature. The latter result is in 

excellent agreement with the 11 ps lifetime previously measured using a degenerate, 

narrowband pump-probe configuration.25 

Next, we examined the excited-state dynamics of the high-salt type 1 solution, 

primarily composed of type 1 tetramer structures. In order to preferentially excite the type 

1 tetramer structures, i.e., to optically bias a population of excited states specifically 

associated with these structures, the solution was pumped at 555 nm, near where the type 

1 tetramer structures absorb the strongest. The resulting TA surface plot is shown below 

the steady-state absorption spectrum in Figure 4.3a. A single positive TA signal is apparent 

in the surface plot at ca. 561 nm, which is situated between two negative TA signals, one 

at shorter wavelengths that is weak and broad, and another at longer wavelength that is 

more intense and narrow. Notably, compared with the duplex dimer structure, the signal 

persists on a longer several 10s of ps timescale. Figure 4.3b shows selected TA spectra 

taken from the TA surface plot. At early time delay (1 ps), an intense and narrow positive 

TA band peaking at ca. 561 nm is observed, which aligns with the main absorption band 

of the high-salt type 1 solution. Given that the high-salt type 1 solution is composed largely 

of type 1 tetramer structures, we assign the positive TA band to the GSB of the type 1 

tetramer structures. As noted above, the GSB of the type 1 tetramer structure is situated 

between two negative TA signals. Figure 4.3b shows that these signals, which we assign 

to ESA features, peak at ca. 467 and 608 nm. Notably, the 1 ps TA spectrum is essentially 

featureless between ca. 650 - 715 nm. This observation indicates that duplex dimer 

structures, which exhibit a pronounced GSB feature at ca. 671 nm (Figure 4.2b), contribute 
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negligibly, if at all, to the observed TA. At intermediate time delays (10-30 ps), the TA 

spectrum appears to decay uniformly. This result is consistent with the interpretation that 

only a single aggregate structure, the type 1 tetramer, contributes to the TA signal. At long 

time delays (150 ps), the TA signal has completely recovered to baseline and no monomer 

signal is evident. Thus, the selected TA spectra indicate that the 555 nm pump 

preferentially excites type 1 tetramer structures in the high-salt type 1 solution. 
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Figure 4.3.  Femtosecond TA spectra of the high-salt type 1 solution, primarily 
composed of type 1 tetramer structures, collected with pump wavelengths of 555 and 
660 nm at pump fluences of 26 and 18 μJ/cm2, respectively. (a, e) Surface plots. 
Vertical dashed lines indicate kinetics traces that are plotted in panels d and h, 
respectively. (b, f) Selected TA spectra for each pump wavelength. Time delays are 
indicated in the legend. (c, g) Kinetic schemes used for GTA. The rate constants 
associated with specific components are reported as inverse time constants. In the 
case of panel g, all rate constants were fixed except for the rate constant associated 
with the fourth component (or SAS4). (d, h) Selected TA kinetics, normalized to their 
maximum amplitude near the time origin of the measurement. Data are shown as 
circles, while fits are shown as solid lines. Panel d displays TA kinetics at a probe 
wavelength of 561 nm, which corresponds to the GSB of the type 1 tetramer structure; 
the inset of panel d displays TA kinetics taken at probe wavelengths of 561 and 583 
nm corresponding to the GSB and ESA, respectively, of the type 1 tetramer structure. 
Panel h displays TA kinetics at a probe wavelength of 561 nm, which corresponds 
primarily to the GSB of the type 1 tetramer structure, and at probe wavelengths of 
635 and 667 nm, which correspond primarily to the ESA and GSB, respectively, of 
the duplex dimer structure. 

To further investigate the excited-state dynamics of the type 1 tetramer structures, 

we performed a GTA of the TA of the high-salt type 1 solution excited at 555 nm. The 

two-component kinetic scheme used to model the data is shown in Figure 4.3c. A more 

detailed mathematical and physical justification of the two-component kinetic scheme, 

including the SAS for each component, can be found in Section S5. Figure 4.3d displays 

a normalized kinetics trace at 561 nm and an overlay of normalized kinetics traces at 561 

and 583 nm are shown in the inset. The kinetics traces are largely similar, with slight 

deviations evident on the sub-10-ps timescale. Two rate constants k1 and k2 with values of 

1/2.3 ps-1 and 1/30 ps-1, respectively, are derived from the GTA. While k1 could have 

several physical origins, including solvent dynamics and vibrational cooling, the value of 

ca. 1/30 ps-1 is clearly associated with the full recovery of the GSB and decay of the ESA 

features. As such, we assign k2 to the excited-state decay rate of the type 1 tetramer 

structures. The value of ca. 30 ps derived by the GTA is in good agreement with the lifetime 

of ca. 35 ps previously measured via degenerate, narrowband pump-probe.25 
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Having measured the ‘pure’ spectrotemporal signals—that is, the spectra and rate 

constants—associated with the duplex dimer and type 1 tetramer structures, we next 

proceeded to simultaneously excite both populations in order to produce a heterogeneous 

TA dataset. This was accomplished by exciting the high-salt type 1 solution at 660 nm, 

where both the duplex dimer and type 1 tetramer exhibit appreciable absorption (Figure 

4.1b). As expected, both the TA surface plot and selected TA spectra appear to be a sum 

of the signals associated with the duplex dimer and type 1 tetramer structures (Figure 

4.3e,f). This is perhaps most visible in the 1 ps TA spectrum, which exhibits positive and 

negative TA signals at ca. 667 and 635 nm, respectively, clearly reminiscent of the GSB 

and ESA features associated with the duplex dimer structure. As was observed in the low-

salt type 1 solution excited at 675 nm, the ESA feature peaking at ca. 635 nm decays 

considerably by ca. 10 ps. In addition, a prominent positive TA feature is observed at ca. 

561 nm, which is reminiscent of the GSB feature of the type 1 tetramer structure. Consistent 

with our expectations based on the ca. 10 and 30 ps lifetimes measured for the duplex dimer 

and type 1 tetramer structures, respectively, the positive TA signal at 667 nm decays faster 

than the positive TA signal at 561 nm. Clearly, the positive TA signals at 667 and 561 nm 

are attributable to the GSB features of the duplex dimer and type 1 tetramer structures, 

respectively. Thus, we have successfully achieved a heterogeneous TA dataset where two 

aggregate structures are simultaneously excited. 

To test the ability of GTA to decompose a TA dataset into ‘pure’ spectra and rate 

constants of the constituent components, we then performed a GTA on the heterogeneous 

TA dataset including signatures of both duplex dimers and type 1 tetramers. A five-

component kinetic scheme with both sequential and parallel pathways, shown in Figure 
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4.3g, was used to model the data. A more detailed mathematical and physical justification 

of the five-component kinetic scheme, including the SAS for each component, can be found 

in Section S.6. An essential aspect of the model is that it includes multiple parallel decay 

pathways to account for the heterogeneous nature of the solution and corresponding TA 

dataset. Guided by the rate constants measured for the duplex dimer and type 1 tetramer 

detailed above, k1-k3 and k5 attributable to the duplex dimer, type 1 tetramer, and monomer 

were fixed to the values of k1=1/4 ps-1, k2=1/10 ps-1, k3= 1/32 ps-1, and k5=1/1.3 ns-1, 

respectively. Only one component was used for the type 1 tetramer due to the small change 

in amplitude between its two components (see e.g. Figure 4.3c and Section 4.8.5). An 

additional component, not associated with any of the structures discussed thus far, was 

revealed by the GTA. The rate constant associated with this component, k4, was derived to 

be 1/160 ps-1. Additional details about this component, including a tentative physical 

assignment, can be found below. Figure 4.3h displays normalized kinetics traces at probe 

wavelengths of 561, 635, and 667 nm, which correspond primarily to the GSB of the type 

1 tetramer, the ESA of the duplex dimer, and the GSB of the duplex dimer, respectively. 

Remarkably, the kinetics traces displayed in Figure 4.3h appear largely to represent a 

linear combination of the kinetics traces displayed in Figures 4.2d and 4.3d, i.e., associated 

with the duplex dimer and type 1 tetramer structures, respectively, with the exception of a 

more pronounced long-lived signal readily attributable to a larger fraction of monomers 

photoexcited in the high-salt type 2 solution. Fits of the kinetics traces, derived from the 

five-component GTA, are also shown in Figure 4.3h. 

We next proceed to compare the ‘pure’ SAS derived for the duplex dimer and type 

1 tetramer with the corresponding SAS derived from the heterogeneous TA dataset. Figure 
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4.4 displays the ‘pure’ SAS derived for the duplex dimer and type 1 tetramer along with 

the corresponding SAS derived from the heterogeneous TA dataset. The five-component 

kinetic scheme used to model the heterogeneous TA dataset is shown in Figure 4.4a above 

the SAS plots, with arrows pointing from each component to its corresponding SAS. To 

facilitate comparison, the SAS are normalized to the strongest GSB feature in each plot. 

 

 
Figure 4.4.  (a) The five-component kinetic scheme used to model the high-salt type 
1 solution pumped at 660 nm via a GTA (reproduced from Figure 4.3g). Four 
subpopulations—duplex dimers, type 1 tetramers, adjacent dimers, and monomers—
decay in parallel in the model. The duplex dimers additionally exhibit a sequential 
decay in the model. (b) The ‘pure’ species associated spectra (SAS) derived for the 
duplex dimer from the no-salt type-1 solution pumped at 675 nm (solid lines) and SAS 
from the heterogeneous dataset, i.e., the high-salt type-1 solution pumped at 660 nm, 
attributed to the duplex dimer (dotted lines). SAS1 are plotted in black and SAS2 are 
plotted in orange. (c) The ‘pure’ SAS derived for the type 1 tetramer from the high-
salt type-1 solution pumped at 555 nm (solid line) and the SAS from the heterogeneous 
dataset pumped at 660 nm, attributed to the type 1 tetramer (dotted line). (d) The 
SAS from the heterogeneous dataset attributed to the fourth component, which we 
assign to a small subpopulation of adjacent dimer-like structures present in the high-
salt type-1 solution.  
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The ‘pure’ SAS derived for the duplex dimer and type 1 tetramer are in overall 

good agreement with the corresponding SAS derived from the heterogeneous TA dataset. 

Figure 4.4b shows that the ‘pure’ SAS1 for the duplex dimer and the corresponding SAS 

derived from the heterogeneous TA dataset are nearly indistinguishable. The most notable 

difference appears in the comparison of the ‘pure’ SAS2 for the duplex dimer compared 

with the corresponding SAS derived from the heterogeneous TA dataset. Compared with 

the ‘pure’ SAS2 for the duplex dimer, the SAS from the heterogeneous dataset exhibits 

additional positive amplitude at ca. 560 nm, marked with an asterisk. Given that the 

additional intensity is located in the vicinity of the main GSB for the type 1 tetramer that 

appears at ca. 560 nm, we attribute the additional intensity to component mixing between 

SAS2 and SAS3 due to their similar lifetimes (10 and 32 ps, respectively) and spectral 

overlap. Figure 4.4c shows that the ‘pure’ SAS of the type 1 tetramer and the 

corresponding SAS derived from the heterogeneous TA dataset are also largely 

indistinguishable. Here, we see overall good agreement between the SAS except for the 

spectral region between 650 and 700 nm, marked with two asterisks. Specifically, while 

the ‘pure’ SAS has essentially zero amplitude in this spectral region, the SAS derived from 

the heterogeneous dataset exhibits positive and negative TA features. We attribute these 

features to a combination of component mixing between SAS3 and shorter timescale 

components along with dynamic pump scatter present at intermediate time delays. Lastly, 

Figure 4.4d shows the SAS associated with the fourth component in the model, which, 

given the similarity of its SAS and rate constant with the type 2 adjacent dimer discussed 

in the following section, we tentatively attribute to an additional adjacent dimer-like 

structure present in the high-salt type 1 solution. 
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Overall, the results indicate that GTA is largely able to disentangle the SAS and 

rate constants associated with different aggregate structures in a heterogeneous solution, 

and even uncover a previously unidentified aggregate structure. However, when lifetimes 

of species are similar and their spectra overlap, certain limitations such as component 

mixing can arise. These are important points of relevance to the next section. 

Excited-State Dynamics of Type 2 DNA-Cy5 Constructs.  

With the excited-state dynamics of the type 1 DNA-dye constructs characterized, 

we next proceeded to characterize the excited-state dynamics of the type 2 DNA-dye 

constructs. 

Dimers. We begin by examining the excited-state dynamics of the transverse dimer 

solution pumped at 600 nm near where the Holliday junction transverse dimer structures 

absorb most strongly. Figure 4.5a displays the associated TA surface plot, which is 

characterized by a broad GSB band with its most intense feature peaking at ca. 600 nm and 

a weaker ESA band at shorter wavelength peaking at ca. 495 nm. Relatively uniform decay 

of these spectral bands is observed in the TA surface. Figure 4.5b displays selected TA 

spectra, which show how these features evolve over time. Comparing the TA spectrum at 

1 ps in Figure 4.5b to the absorption spectrum of the transverse dimer, the shoulder, intense 

bleach, and secondary bleach at 560, 600, and 635 nm, respectively, all align well with 

features in the steady-state absorption spectrum. The TA spectrum at early delay times (1 

ps) largely resembles the TA spectra at intermediate (100 ps) and longer delay (400 ps). 

However, the ratio of the intensities of primary and secondary GSB features at 600 and 635 

nm, respectively, decreases at longer delay times, which we attribute to long-lived 

monomer contribution to the TA. The close resemblance between steady-state and transient 
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spectra, the relatively uniform TA decay, and the results of pump wavelength dependent 

TA (described below) are all consistent with the interpretation that the transverse dimer 

solution exhibits little aggregate structural heterogeneity and that the TA data shown in 

Figure 4.5a,b primarily represent the excited-state dynamics of transverse dimer 

structures. 
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Figure 4.5.  Femtosecond TA spectra of the type 2 transverse and adjacent dimer 
solutions pumped at 600 and 675 nm, respectively, with pump fluences of 13 and 15 
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μJ/cm2, respectively. (a, e) TA surface plots of the transverse and adjacent dimer 
solutions. Vertical dashed lines indicate selected kinetics traces plotted in panels d 
and h. (b, f) Selected TA spectra. (c, g) Kinetic schemes used for GTA. The rate 
constants associated with specific components and SAS are reported as inverse time 
constants. In both analyses, the rate constant associated with the monomer was fixed 
to 1/1.3 ns-1. (d, h) Normalized kinetics traces taken at different probe wavelengths. 
Data are shown as circles, while fits are shown as solid lines. In panel d, kinetics traces 
are displayed for probe wavelengths of 494 and 601 nm, which correspond to ESA 
and GSB bands, respectively. In panel h, kinetics traces are displayed for probe 
wavelengths of 640 and 670 nm, which correspond to ESA and overlapping ESA and 
GSB bands, respectively. 

To extract the lifetime of the transverse dimer structure, we performed GTA on the 

TA data. The four-component kinetic scheme used to model the data is shown in Figure 

4.5c. A more detailed mathematical and physical justification of the four-component 

kinetic scheme, including the SAS for each component, can be found in Section S7 of the 

Supporting Information. The kinetic scheme includes sequential kinetics associated with 

the transverse dimer structures and the parallel decay of a small subpopulation of 

monomers. With the fourth rate constant, k4, associated with monomer decay fixed to a 

value of 1/1.3 ns-1 (a value used in all subsequent analyses), we derived k1, k2, and k3 values 

of 1/2.2, 1/24, and 1/202 ps-1 respectively. We attribute k1 and k2 to excited-state dynamics 

that do not result in decay to the ground state, as the primary difference between SAS are 

small spectral shifts and changes to ESA bands (Section S7). We attribute the third and 

final rate constant associated with the transverse dimer structures, i.e., k3, to excited-state 

decay to the ground state. Figure 4.5d plots normalized kinetics traces at 601 and 494 nm 

along with fits derived from the GTA. The trace at 494 nm initially decreases in amplitude 

more rapidly than the trace at 601 nm, which reflects changes in excited-state electronic 

structure associated with the short-wavelength ESA band that take place at a rate of 1/24 

ps-1 (i.e., k2). In contrast, the 601 nm trace, which follows the decay of the main GSB 
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feature, largely reflects the 1/202 ps-1 excited-state decay rate of the transverse dimer 

structures. 

We next characterize the excited-state dynamics of the adjacent dimer solution. 

Specifically, we performed TA with a 675 nm pump wavelength, which corresponds to the 

strongest absorption band of the adjacent dimer solution. Figure 4.5e displays the TA 

surface. Two GSB features are visible, with the strongest and weakest features at 671 and 

608 nm, respectively. An ESA feature at ca. 641 nm also appears to overlap the two GSB 

features. A second ESA feature is observed at shorter wavelengths at 499 nm. While the 

608 and 671 nm GSB features align reasonably well with the maxima observed in the 

steady-state absorption spectrum, overall the TA spectra do not strongly resemble the 

steady-state absorption spectrum, possibly indicating that the adjacent dimer solution is 

heterogeneous. Excitation wavelength dependent TA measurements (described below) 

confirm that the adjacent dimer solution may exhibit appreciable heterogeneity. Despite 

the heterogeneity, the redshifted absorption maximum of the adjacent dimer solution 

(Figure 4.1d) suggests that J-aggregates are the predominant species. By exciting at 675 

nm, J-aggregates are thus selectively excited over H-aggregates or monomers. Selected TA 

spectra are plotted in Figure 4.5f. Similar to what we saw with the duplex dimer (Figure 

4.3a-d), the two GSB features and the ESA at short wavelengths of the adjacent dimer 

appear to decay together while the ESA at ca. 641 nm exhibits a more rapid decay. For 

example, at 1 ps delay the amplitudes of both ESA features are similar, but after 100 ps the 

ESA at 635 nm has decayed appreciably such that the overall TA signal has become 

positive in that region while the ESA at ca. 500 nm is still negative. 
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To extract the lifetimes of the adjacent dimer structures, we performed a GTA 

according to a four-component kinetic scheme (Figure 4.5g,h). Additional details 

regarding the mathematical and physical justification of the four-component kinetic 

scheme are shown in Section S8 of the Supporting Information. We attribute k1 and k2 with 

values of 1/6.0 and 1/40 ps-1, respectively, to two rate constants associated with a single 

population of short-lived adjacent dimer structures. As we saw above for the duplex and 

transverse dimer structures, we assign k1 (1/6.0 ps-1) to an excited-state process that results 

in a change of electronic structure, as primarily a reduction in amplitude of the ESA band 

at 641 nm is observed between SAS1 and SAS2 (Section S8). We attribute k2 (1/40 ps-1) to 

the excited-state decay rate of the short-lived adjacent dimer structures. Based on the 

distinct spectral features of SAS3 as compared with SAS1 and SAS2 (Section S8), we 

attribute k3 (1/242 ps-1) to the excited-state decay rate of a subpopulation of long-lived 

adjacent dimer structures. Thus, two different dimer structures with excited-state lifetimes 

of ca. 40 and 240 ps are observed in the adjacent dimer solution. 

To further characterize the heterogeneity of the transverse and adjacent dimer 

solutions, we examined the pump-wavelength dependence of their TA. While Figure 4.5 

displays the TA of the transverse dimer solution pumped at 600 nm, Figure 4.6 shows the 

TA of the transverse dimer solution pumped at 660 nm, which was chosen to selectively 

excite monomer and J-aggregate subpopulations. Compared with the TA surface shown in 

Figure 4.5a, the TA surface shown in Figure 4.6a exhibits more pronounced GSB and 

ESA features at ca. 660 and 500 nm, respectively. Compared with Figure 4.5b, less 

uniform decay of the TA spectra is observed in Figure 4.6b. For example, the GSB at 605 

nm decays more rapidly than the GSB at 660 nm, and the 400 ps TA spectrum largely 
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resembles that of the monomer. We then pumped the adjacent dimer solution at 600 nm to 

potentially selectively excite H-aggregate subpopulations. Compared with Figure 4.5e 

where the solution was pumped at 675 nm, the TA surface shown in Figure 4.6d exhibits 

additional GSB and ESA features at ca. 605 and 500 nm, respectively. Selected TA spectra 

shown in Figure 4.6e indicate that the GSB features at ca. 605 and 660 nm decay nearly 

synchronously for approximately 100 ps, but at later times the TA spectra resemble the 

monomer. Thus, it is clear from the pump-wavelength dependent TA results shown in 

Figures 4.5 and 4.6 that both the transverse and adjacent dimer solutions exhibit some 

level of heterogeneity. 
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Figure 4.6.  Femtosecond TA spectra of the type 2 transverse and adjacent dimer 
solutions pumped at 660 and 600 nm, respectively, with pump fluences of 40 and 15 
μJ/cm2, respectively. (a, d) TA surface plots of the transverse and adjacent dimer 
solutions. (b, e) Selected TA spectra. (c, f) The 100 ps time delay TA spectra along 
with the scaled basis spectra used to model the data and the resultant fit. Data are 
shown in black; transverse dimer, adjacent dimer, and monomer basis spectra are 
shown in purple, green, and blue, respectively; and the fit is shown in red. 

To further characterize the heterogeneity in the transverse and adjacent dimer 

solutions, we modeled their TA spectra using the SAS (or ‘pure’ spectra) of the monomers 

and transverse and long-lived adjacent dimer structures derived from the GTA. The 
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rationale for using these basis spectra is the following: (i) a small subpopulation of 

monomers is known to be present in the solutions25 and (ii) the presence of long-lived 

adjacent dimer structures in the no-salt type 1 solution composed primarily of duplex dimer 

solution suggests such aggregates may be present in other solutions. Figure 4.6c displays 

the results of modeling the 100 ps timescale TA spectrum of the transverse dimer solution 

excited at 660 nm as a linear combination of these basis spectra. The model matches the 

data quite well and indicates that mostly monomers and transverse dimer structures are 

present in the solution, possibly also with a small amount of long-lived adjacent dimer 

structures. Due to the presence of a strong GSB feature at 600 nm in the TA spectrum of 

the adjacent dimer solution, which closely matches the primary GSB feature of the 

transverse dimer structures, it is sensible to conclude that transverse dimer structures may 

be contributing to the TA signal as well. Thus, the transverse dimer structure was included 

as a basis spectrum in the analysis of the TA spectrum of the adjacent dimer solution. 

Figure 4.6f displays the results of modeling the 100 ps timescale TA spectrum as a linear 

combination of monomer, adjacent dimer, and transverse dimer basis spectra. Again, the 

model matches the data well and indicates that an appreciable population of transverse 

dimer structures is present in the adjacent dimer solution. Based on these results, we thus 

conclude that with respect to aggregate structures, the transverse and adjacent dimer 

solutions exhibit limited and appreciable heterogeneity, respectively. 

Trimer. Having characterized the excited-state dynamics of the transverse and 

adjacent dimer solutions, we next turn our attention to the excited-state dynamics of the 

trimer solution. Figure 4.7 displays the TA of the trimer solution pumped near its most 

intense absorption band at 560 nm. The TA surface and selected TA spectra shown in 
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Figure 4.7a,b exhibit two GSB features peaking at ca. 574 and 680 nm. Two ESA features 

are also observed at ca. 469 and 655 nm. Between early (1 ps) and intermediate (30 ps) 

time delays, the maximum of the primary GSB feature shifts toward longer wavelengths 

and broadens slightly. At the same time, the ESA maximum at 469 nm shifts to shorter 

wavelengths. At longer time delays (150 ps), the primary GSB feature has redshifted 

further, peaking at 582 nm, while the weak ESA observed at ca. 655 nm has decayed 

considerably. The significant spectral shifts observed in the TA data suggest that the trimer 

solution may be heterogeneous and that pumping the solution at 560 nm excites multiple 

aggregate structures. 
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Figure 4.7.  Femtosecond TA spectra of the type 2 trimer solution pumped at 560 
nm with a pump fluence of 29 μJ/cm2. (a) TA surface plot. Vertical dashed lines 
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indicate selected kinetics traces plotted in panel d. (b) Selected TA spectra. (c) Kinetic 
scheme used for GTA. (d) Normalized kinetics traces and their fits based on the 
kinetic model from panel c taken at probe wavelengths of 480 and 574 nm (black and 
red, respectively). Data are shown as circles, while fits are shown as solid lines. To 
better visualize the initial kinetics, the inset of panel d is plotted on a logarithmic time 
axis for kinetics traces taken at probe wavelengths of 574 and 600 nm (red and green, 
respectively). 

To extract the lifetime of the trimer structure(s) and investigate the possibility of 

multiple aggregate subpopulations, we subsequently performed GTA. The four-component 

kinetic scheme used to model the data is shown in Figure 4.7c. Additional mathematical 

and physical justification is provided in Section S9 of the Supporting Information. We 

assign the k1 and k2 rate constants with values of 1/2.0 and 1/26 ps-1, respectively, to a 

single population of short-lived trimer structures. As we observed above for the dimer 

structures, k1 is assigned to changes of electronic structure taking place in the excited state 

and k2 is assigned to excited-state decay to the ground state. We assign the k3 rate constant, 

which had a value of 1/82 ps-1, to the parallel excited-state decay of a second long-lived 

trimer structure. As can be seen in the selected TA spectra displayed in Figure 4.7b, the 

GSB of the long-lived trimer structure is redshifted compared with that of the short-lived 

trimer structure. Figure 4.7d displays selected kinetics traces and associated fits taken at 

probe wavelengths of 574 and 600 nm. As can be seen more clearly in the inset, the traces 

at 574 and 600 nm have greater contributions from the short- and long-lived trimer 

structures, respectively. Thus, Figure 4.7d provides evidence for different relaxation rates 

of two trimer subpopulations, which decay with lifetimes of 26 and 82 ps. 

To further characterize heterogeneity in the trimer solution, we performed pump-

wavelength dependent TA. Two TA surfaces for the trimer solution excited at 560 and 660 

nm are shown in Section S10. The two TA surfaces show very little resemblance as is 
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evident by the presence of drastically different GSB features. These results suggest that the 

trimer solution exhibits a considerable degree of heterogeneity. A Gaussian fitting analysis 

of the steady-state absorption spectrum of the trimer solution further supports this 

interpretation (Section S11). The analysis indicates that the absorption band at 589 nm is 

well described by two Gaussian lineshapes centered at 578 and 603 nm. The largest 

amplitude Gaussian lineshape centered at 578 nm can be explained by a predominant 

population of trimer structures—the most prominent GSB feature of the trimer structures 

appears in the vicinity of ca. 575 nm (Figure S9.5), which fits the expectation that the most 

prominent blueshifted steady-state absorption band of the trimer structure appear 

intermediate between that of the analogous dimer and tetramer structures with bands at ca. 

603 and 563 nm, respectively (see e.g. Figure 4.1d). The Gaussian lineshape centered at 

603 nm could arise from a subpopulation of transverse dimer structures, which, as was just 

noted, absorb most strongly in this spectral region. Additionally, the absorption band of the 

trimer solution that peaks at 650 nm is well described by two Gaussian lineshapes centered 

at 647 and 671 nm. The Gaussian lineshape centered at 647 nm coincides well with the 

monomer absorption band at ca. 650 nm. The Gaussian lineshape centered at 671 nm, on 

the other hand, coincides well with the most prominent GSB feature of the adjacent dimer 

solution that peaks at 669 nm (Figure 4.5e,f), which we take to be approximately 

representative of the most intense steady-state absorption band of the adjacent dimer 

structures. To further explore the heterogeneity of the trimer solution, we modeled the 100 

ps TA spectra of the solution excited at 660 nm, which appears to excite most 

subpopulations, with similar basis spectra as used above for the transverse and adjacent 

dimer solutions (Section S12). The model fits the data well and indicates that, in addition 
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to two trimer structures evidenced by GTA, the trimer solution likely contains additional 

subpopulations of monomers, adjacent dimers, and transverse dimer-like structures, which 

is further consistent with the Gaussian fitting analysis.  

Tetramer. Lastly, we performed TA measurements on the tetramer solution. We 

first determined that the solution is mostly homogeneous except for a small subpopulation 

of monomers (see Section S13). As such, exciting the solution at 560 nm, which 

corresponds to the most intense absorption feature in the steady-state absorption spectrum, 

selectively excites the tetramer structure. 
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Figure 4.8.  Femtosecond TA spectra of the type 2 tetramer solution pumped at 560 
nm with a pump fluence of 14 μJ/cm2. (a) TA surface plots. Vertical dashed lines 



112 

 

indicate selected kinetics traces plotted in panel d. (b) Selected TA spectra. (c) Kinetic 
scheme used for GTA. (d) Normalized selected kinetics traces and their fits based on 
the kinetic models from panel c taken at probe wavelengths of 565 and 614 nm (red 
and green, respectively). Data are shown as circles, while fits are shown as solid lines. 
To better visualize the initial TA response of the solution, the inset of panel d is plotted 
on a logarithmic time axis for the kinetics traces taken at probe wavelengths of 565 
and 614 nm. 

The TA surfaces and spectra for the type 2 tetramer structure (Figure 4.8a,b) are 

very similar to those collected for the type 1 tetramer structure selectively excited in the 

high-salt type 1 solution (Figure 4.3a,b). Specifically, both TA spectra exhibit an intense, 

narrow GSB feature peaking at ca. 565 nm, which coincides with the most intense band in 

the steady-state absorption spectrum. The GSB feature also straddles two less intense ESA 

features peaking at ca. 572 and 614 nm. To quantify the lifetime of the type 2 tetramer 

structure, we performed GTA according to a kinetic two-component scheme (see e.g. 

Figure 4.8c and Section S14). As we saw for the other structures, we assign k1 to a change 

of electronic structure taking place on the excited state and k2 to the excited-state decay of 

the type 2 tetramer structure. Figure 4.8d displays kinetics traces and fits at probe 

wavelengths of 565 and 614 nm. The synchronous decay of these traces to baseline is 

consistent with the decay of a single population. The semilogarithmic plot in the inset of 

Figure 4.8d highlights the early-time component associated with changes in electronic 

structure (i.e., k1). Based on the analysis, we derived k1 and k2 rate constants with values of 

1/1.3 and 1/40 ps-1, respectively. 

Overview.  

In summary, we find that the excited-state lifetimes of all Cy5 aggregate 

configurations are significantly shortened compared with the monomer (Table 4.1). 
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Table 4.1.  Excited-State Lifetimes of type 1 and type 2 DNA-Cy5 Constructs 
 

Type Construct Lifetime 
(ps) 

N/A Monomer 1300 
1 Duplex Dimer 10 
1 Tetramer 30 
2 Transverse Dimer 202 
2 Short-lived Adjacent 

Dimer 
40 

2 Long-lived Adjacent 
Dimer 

242 

2 Short-lived Trimer 26 
2 Long-lived Trimer 82 
2 Tetramer 40 

 
The type 1 aggregate lifetimes are some of the shortest, as the duplex dimer and 

type 1 tetramer exhibit lifetimes of ca. 10 and 30 ps, respectively. Conversely, the lifetimes 

of the type 2 aggregates exhibit a wider range of variability. Consistent with the type 1 

aggregates, we found the primary adjacent dimer population, the two trimers, and the type 

2 tetramer to exhibit lifetimes ranging from ca. 30 – 80 ps. In contrast, we found the 

transverse dimer and second adjacent dimer to exhibit considerably longer lifetimes of ca. 

200 and 240 ps, respectively. In addition to measuring the lifetimes, we discovered 

evidence of heterogeneity in all of the aggregate solutions with the duplex dimer, transverse 

dimer, and type 2 tetramer solutions exhibiting relatively little heterogeneity, and the 

adjacent dimer and trimer and solutions exhibiting more considerable heterogeneity. In the 

Discussion section, we consider various mechanisms that may explain the origin of the 

enhanced nonradiative decay in the aggregates and the appreciable variability in their 

lifetimes. 
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4.5 Discussion 

A primary goal of this study, and the focus of the first subsection, is to evaluate the 

relative impact of several structural factors—such as packing type, coupling strength, 

exciton delocalization, and dye separation—on excited-state lifetimes in DNA-templated 

Cy5 aggregates. In the second subsection, we proceed to discuss another factor contributing 

to the variability of excited-state lifetimes—heterogeneity—and the potential role of the 

DNA template. 

Structural Factors Impacting Excited-State Lifetime.  

We first consider the possible relationship between packing type and excited-state 

lifetime. According to Kasha’s molecular exciton theory, dyes that pack as H-aggregates 

(J-aggregates) are expected to exhibit decreased (increased) radiative rates due to the out-

of-phase (in-phase) interactions of their TDMs.57 As a result, assuming no change in 

nonradiative decay rate, the H-aggregates (J-aggregates) should exhibit longer (shorter) 

lifetimes compared with the dye monomer. Instead, for the broad set of H- and J-aggregates 

examined in the present work (Figure 4.1), we find no such correlation between packing 

type and lifetime (Table 4.1). Specifically, for the transverse dimer, trimer, and tetramer 

structures, which adopted an H-aggregate packing type, we observe drastically reduced, 

rather than increased, lifetimes compared with the monomer. In the case of the duplex J-

dimer and adjacent dimer structures, we also observe drastically reduced lifetimes 

compared with the monomer; lifetimes reduced to an extent inconsistent with enhanced 

radiative decay (i.e., superradiance) expected for a dimer aggregate.25 These results 

indicate that enhanced nonradiative decay is operative in both H- and J-aggregates. Thus, 
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we conclude that there is no correlation between packing type and lifetime and that 

nonradiative decay is the primary decay pathway in the DNA-templated dye aggregates. 

We next discuss the impact of coupling strength on excited-state lifetime. In a 

classic study, Sundström and Gillbro observed dramatically reduced lifetimes in aggregates 

of diethylthiadicarbocyanine iodide (DTDCI), a Cy5-like pentamethine dye.23 These 

authors attributed the reduced lifetimes observed in the aggregates, including a covalently 

bound dimer, to accelerated nonradiative decay. They proposed that accelerated 

nonradiative decay may be due to more strongly coupled dyes, based on predictions using 

a Fermi’s golden rule expression that related nonradiative decay rate to coupling strength. 

In the case of our aggregates, specifically the duplex dimer, transverse dimer, and type 2 

tetramer, we can determine the coupling strength, which we refer to as the excitonic 

hopping parameter (J). By modeling the optical properties of the different aggregate 

structures, which is described in greater detail below and in Section S15, we derived J to 

be 48 and 73 meV for the duplex and transverse dimer, respectively. For the type 2 

tetramer, we derived a maximum value of 136 meV (i.e., Jmax), which represents J for the 

most strongly coupled dye pair, and an average value of 68 meV (i.e., Javg), which was 

taken as the average of J over all dye pairs. Table 4.2 lists these values along with their 

respective lifetimes. 

Table 4.2.  Excitonic Hopping Parameter and Excited-State Lifetimes of Selected 
type 1 and type 2 DNA-Dye Constructs.  

DNA-Dye Construct Jmax 
(meV) 

Javg (meV) Lifetime 
(ps) 

Duplex Dimer 48 -- 11 
Transverse Dimer 73 -- 200 
Type 2 Tetramer 136 68 40 
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In contrast to the expectation that stronger electronic coupling leads to accelerated 

nonradiative decay and reduced lifetimes, we find that the measured lifetimes are larger for 

those Cy5 aggregates with larger J. For example, the duplex dimer with the smallest J value 

exhibits the shortest lifetime. In contrast, the transverse dimer and type 2 tetramer with 

larger J values exhibit larger lifetimes. From this comparison, we conclude that increasing 

values of the excitonic hopping parameter do not result in enhanced nonradiative decay 

and shorter lifetimes. 

The extent of exciton delocalization (i.e., the number of dyes over which an 

excitation is collectively shared) is another factor that may impact aggregate lifetime. 

Theoretical work has indicated, for example, that nonradiative decay rates can decrease 

considerably with increasing extent of exciton delocalization.61,62 A central element of such 

a model is that larger aggregates are expected to exhibit smaller nuclear displacements 

upon photoexcitation, which results in reduced nonradiative decay rates. There is 

experimental precedent for this theoretical prediction. As noted above, Sundström and 

Gillbro observed drastically reduced lifetimes for aggregates of DTDCI, whose monomer 

lifetime is 1.5 ns. Specifically, these authors measured dimer and trimer aggregate lifetimes 

of 19 and 50 ps, respectively, which is consistent with the interpretation that an increasing 

extent of exciton delocalization may suppress nonradiative decay rates. This correlation is 

not just specific to DTDCI. Das and Kamat, for example, found that dimer and trimer 

aggregates of the dye thionine exhibited lifetimes of 40 and 60 ps, respectively, as 

compared with a lifetime of 420 ps for the monomer.63 Consistent with these observations, 

we find that the 40 ps lifetime of the tetramer is nearly four times as large as the lifetime 

of the shortest-lived dimer, the duplex dimer, which had a lifetime of 10 ps (Table 4.1). 
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Additionally, we find that the shortest-lived trimer, with a lifetime of 26 ps, is intermediate 

between that of the duplex dimer and the tetramer. We chose to focus on the shortest-lived 

aggregates for this comparison because, as we propose below, we believe that an additional 

factor, dye separation, plays a primary role in influencing aggregate excited-state lifetime. 

Finally, we consider the impact of dye separation on excited-state lifetime. This 

potential relationship is motivated by Liang et al.’s pioneering work examining lifetimes 

and fluorescence emission in dimers of squaraine dyes, a family of dyes structurally very 

similar to cyanines,64 bridged by a varying number of methylene groups. These authors 

observed the shortest lifetimes and least fluorescence emission for the most closely spaced 

dimers and found that lifetime and fluorescence emission increased progressively as the 

distance between the dyes became greater. In the case of our DNA-templated Cy5 

aggregates, insights into dye separation can be gleaned by simulating the optical properties 

of the materials, namely the absorbance and circular dichroism spectra, via an approach 

based on Kühn−Renger−May (KRM) theory.47,49,58 Figure 4.9 displays the orientation of 

the TDMs that result from modeling the optical properties of the duplex dimer, the 

transverse dimer, and type 2 tetramer, highlighting the separation between TDMs in these 

aggregates. 
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Figure 4.9.  Orientation of TDM vectors for (a) duplex dimer, (b) transverse dimer, 
and (c) type 2 tetramer derived by modeling the optical properties of the materials 
via an approach based on KRM theory. The TDM vector orientations were derived 
in Section 4.8.15. Green double-headed arrows correspond to TDM vectors, which 
are taken to lie along the long axis of the Cy5 dye. Dashed lines indicate the critical 
approach distance derived by the modeling; see main text for further details. The 
critical approach distance for the duplex dimer (i.e., J-aggregate) was taken to be the 
end-to-end distance, while the critical approach distance for the transverse dimer and 
type 2 tetramer (i.e., H-aggregates) was taken to be the center-to-center distance.  

Because of their fundamentally different packing configurations (see e.g. Figures 

4.1 and 4.9), a direct comparison of the inter-dye separations of the J-like duplex dimer 

structure and the H-like transverse dimer and type 2 tetramer structures is not possible. To 

facilitate comparison, we thus define the end-to-end and face-to-face dye separation 
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observed in the J-like and H-like aggregate structures as critical approach distances (Figure 

4.9). Viewed in this manner, the modeling derives a dye separation distance of 3.4 Å for 

the duplex dimer, while for the transverse dimer and type 2 tetramer, dye separation 

distances of 6.7 and 3.4 Å, respectively, are derived. For the structures with the shortest 

dye separation, i.e., the duplex dimer and type 2 tetramer, we measure the shortest lifetimes 

of 10 and 40 ps, respectively. For the transverse dimer, in contrast, where the distance is 

appreciably larger, we observe a much longer lifetime of 202 ps. Thus, consistent with the 

work of Liang et al.,64 we observe a correlation between lifetime and dye separation. The 

reason for this correlation may be that at small separation distances the dyes exhibit 

appreciable wavefunction overlap. Furthermore, time-dependent changes in this 

wavefunction overlap may promote strong nonadiabatic coupling between the ground and 

excited states and thus facilitate nonradiative decay.14,25 We posit such wavefunction 

overlap may occur between the indolenine end groups and the bridging pentamethine 

chains for the duplex dimer and tetramer, respectively. 

Heterogeneity and Variability of Lifetimes.  

Another factor contributing to the observed variability of excited-state lifetimes in 

the DNA-Cy5 aggregates may be heterogeneity. Heterogeneity can manifest itself as 

multiple DNA structures present in the solution, even though the number and type of basis 

DNA strands are identical. This can manifest in the form of static heterogeneity, where the 

DNA strands assemble and relax into multiple distinct DNA structures (or conformers). 

Additionally, dynamic heterogeneity may exist, wherein each structure fluctuates locally 

at the base pair level on a 100s of μs timescale. This latter process is known colloquially 

as DNA ‘breathing’;65 it enables DNA replication and repair, and hence life on earth. 
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In a prototypical example of static heterogeneity, Cannon et al. reported “type 1” 

solutions of DNA-templated Cy5 aggregates (Figure 4.1a,b) that consist of a mixture of 

duplex DNA and DNA Holliday junctions.47 Specifically, they showed that DNA-

templated Cy5 aggregates constructed of DNA strands capable of forming both duplex 

DNA and DNA Holliday junctions (see e.g. Construct Preparation in Results), can indeed 

consist of a mixture of duplex DNA and DNA Holliday junctions by varying the amount 

of MgCl2 present in the solution (Figure 4.10). The authors also showed that the 

interconversion between these structures is a slow process taking place on the order of 

minutes, which is consistent with the macroscopic structural changes necessary for this 

interconversion. The static heterogeneity present in the solution is evidenced in the TA 

results presented in Figures 4.3 and 4.4—the TA of the high-salt type 1 solution is well 

described by a model consisting of a mixture of duplex dimer and Holliday junction 

tetramer subpopulations. In addition, Figures 4.3 and 4.4 show that two more components 

are required to model the data—a component associated with a small subpopulation of 

monomers, plus another component with optical properties and dynamics consistent with 

the long-lived adjacent dimer subpopulation (see e.g. Figure 4.5e-h and Section S6). We 

propose here that dynamic heterogeneity, or DNA ‘breathing’, may be the origin of these 

small subpopulations. Thus, leveraging the model originally developed by Cannon et al. 

that describes the solution as a mixture of duplex DNA and DNA Holliday junctions,47 we 

propose to expand the model to include two additional structures to explain the presence 

of these two additional subpopulations (see e.g. Figure 4.10). Specifically, we propose that 

restricted and extended DNA “bubbles”, or local pockets in the secondary structure that 

arise from DNA breathing, give rise to a small subpopulation of long-lived adjacent dimers 
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and monomers, respectively. The notion that DNA breathing might mediate 

interconversion between the short-lived duplex dimer and more longer-lived adjacent 

dimer and monomer configurations is wholly consistent with the correlation between dye 

separation and aggregate lifetime identified above. Additionally, in recent work by Marcus, 

von Hippel and co-workers in which they performed single molecule studies of Cy3-Cy5 

pairs attached to single strand-duplex DNA junctions, they demonstrated the tendency for 

single stranded DNA segments to adopt configurations that could be grouped into three 

sets, or macrostates, which they described as compact, partially-extended, and fully-

extended.66 The restricted and extended bubble configurations we propose to explain the 

additional aggregate and monomer subpopulations observed here may be consistent with 

this interpretation of discrete, thermally accessible, transient dye-dye configurations. 

 
Figure 4.10.  Proposed model of the high-salt type 1 solution, which consists of a 
mixture of duplex DNA and DNA Holliday junction structures. The part of the model 
shown in the orange box is a classic example of static heterogeneity. The 
interconversion between duplex DNA and DNA Holliday junctions is a macroscopic 
structural change that takes place on the timescale of minutes, thus establishing a 
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steady-state mixture of components. We propose to expand this depiction of the high-
salt type 1 solution with the addition of the structures shown in the gray box, which 
account for dynamic heterogeneity. Dynamic heterogeneity is present in these 
solutions via DNA ‘breathing’, a local structural change that takes place on a 100s of 
μs timescale. These structural changes are proposed to explain the presence of small 
subpopulations of long-lived adjacent dimers and monomers in the solution, as 
exemplified by the structures labeled “restricted bubble” and “extended bubble”, 
respectively. 

As another example of static heterogeneity, Mass et al. proposed a model for the 

“type 2” solutions of DNA-templated dye aggregates (Figure 4.1c,d) whereby the Holliday 

junction nanostructures can relax into multiple distinct configurations.58,67,68 Such 

configurations include an open configuration and two distinct isomers of a stacked 

configuration. Critically, these distinct DNA configurations impact the dye aggregate 

configurations that are accessed. For example, Figure 4.11 shows a range of possible DNA 

and dye aggregation configurations possible for the adjacent dimer, transverse dimer, 

trimer, and tetramer solutions. 
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Figure 4.11.  Proposed model for the composition of the type 2 solutions, which 
includes the (a) tetramer, (b) transverse dimer, (c) adjacent dimer, and (d) trimer 
solutions. The schematic shows three possible configurations of the DNA template, 
which impact the different dye aggregate configurations that are possible. Due to the 
particular solution conditions, the predominant DNA configurations are the two 
stacked iso I and II configurations. A third, open configuration, which is present in a 
low amount in these solutions, is shown in reduced opacity. 

To determine whether the open or stacked DNA configurations were predominant 

we first performed denaturation measurements. The results, shown in Table 4.3 and 

Section S16, indicate that the stacked configurations are the predominant configurations 

in the adjacent dimer, transverse dimer, trimer, and tetramer solutions. All of these 

solutions, which were prepared with 15 mM MgCl2 added, are found to exhibit a 

denaturation temperature on the order of ~60 °C, which is similar to that measured for a 

solution of unlabeled Holliday junctions with 15 mM MgCl2 added. In contrast, a much 

smaller denaturation temperature of ~48 °C is measured for the unlabeled Holliday 

junctions prepared in a solution with 100 mM NaCl added. Given that the unlabeled 

Holliday junctions with 15 mM MgCl2 and 100 mM NaCl added are known to primarily 

adopt stacked and open configurations, respectively, we therefore conclude that the two 

stacked configurations, iso I and II, are the predominant DNA configurations in the “type 

2” DNA-templated Cy5 aggregate solutions. 
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Table 4.3.  Denaturation Temperatures of type 2 DNA-Dye Constructs 

DNA-Dye Construct Tm 
(°C) 

Unlabeled (100 mM NaCl added) 48.5 
Unlabeled (15 mM MgCl2 added) 60.5 
Monomer 59.1 
Adjacent Dimer 59.0 
Transverse Dimer 60.9 
Trimer 60.5 
Tetramer 62.4 

 
Next, we consider the plausibility of the model proposed in Figure 4.11, which 

indicates that two stacked DNA configurations are possible. Focusing on the tetramer and 

transverse dimer structures, the model predicts that these structures may adopt either one 

or two distinct dye aggregate configurations, respectively. In the case of the tetramer 

solution, for example, iso I and II are essentially equivalent in the model (Figure 4.11a); 

that is, the four dyes are positioned close to one another in a similar manner, such that we 

might expect the same aggregate configuration for the iso I and II DNA configurations. In 

the case of the transverse dimer solution, two distinct aggregate configurations appear in 

the model (Figure 4.11b). Namely, one configuration, iso I, where the dyes are closely 

spaced, and a second configuration, iso II, where the dyes are much farther apart. The dyes 

are spaced so far apart, in fact, that we might expect them to not interact and to behave 

independently (i.e., as uncoupled monomers). Indeed, this interpretation is consistent with 

the disproportionately large subpopulation of monomers observed in the transverse dimer 

solution (Figure 4.6). Critically, the model predicts little aggregate heterogeneity for both 

the tetramer and transverse dimer structures. Consistent with this expectation, pump-

wavelength dependent TA measurements of the tetramer and transverse dimer solutions 

(see e.g. Figures 4.5 and 4.6 and Section S13) indicated that these solutions exhibit little 

aggregate heterogeneity. Additional insights may be gleaned from Table 4.3. For example, 
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we find that the denaturation temperatures of the tetramer and transverse dimer solutions 

are greater than that of the unlabeled Holliday junctions, which indicates that dyes in these 

structures may act to stabilize the overall DNA-dye nanostructure, presumably via dye-dye 

interactions. Thus, we conclude that the tetramer and transverse dimer solutions exhibit 

little aggregate heterogeneity, a result consistent with the model, and that stabilizing dye-

dye interactions may contribute to further suppression of aggregate heterogeneity. 

Now we turn our attention to the adjacent dimer solution. For the adjacent dimer 

solution, the model predicts that, compared with the transverse dimer, the dyes are further 

separated and that, unlike for the tetramer, the dyes can be arranged in one of two ways to 

form an aggregate (Figure 4.11c). In the case of the adjacent dimer solution, we observed 

a denaturation temperature that was less than that of the unlabeled Holliday junction (Table 

4.3). The lower denaturation temperature of the adjacent dimer solution may be explained 

by weaker dye-dye interactions, i.e., an overall destabilizing effect on the DNA-dye 

construct, which may, in part, be related to the larger separation of the dyes predicted by 

the model. The adjacent dimer solution also exhibited strong TA excitation wavelength 

dependence (Figure 4.6), suggesting appreciable heterogeneity. Although we found that 

the iso I and II configurations did not strongly impact aggregate heterogeneity for the 

tetramer and transverse dimers, apparently aggregate heterogeneity may occur in the case 

of the adjacent dimers due to the more distant spacing between dyes combined with 

differences in the flanking base pairs in the iso I and II configurations (Section S17). For 

example, Cunningham et al. showed that variations in the flanking base pairs can have a 

profound impact on aggregate packing type.24 Specifically, these authors showed that Cy3 

dimers templated using duplex DNA exhibited H- and J-aggregate packing types when 
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flanked with AT and GC base pairs, respectively. Consistent with this picture, a simple 

analysis of the TA of the DNA-templated Cy5 adjacent dimer aggregates indicated that the 

solution consisted not only of adjacent dimers, which tend to form J-aggregates with 

redshifted absorption spectra, but also a large proportion of transverse dimers, which tend 

to form H-aggregates with blueshifted absorption spectra (Figure 4.6). In further support 

of this interpretation, the absorption spectrum of the adjacent dimer solution (Figure 4.1d) 

exhibits obvious signatures of redshifted features attributable to adjacent dimers (i.e., J-

aggregates) along with a strong absorption band at 600 nm that is consistent with the 

presence of an appreciable fraction of transverse dimers (i.e., H-aggregates). Lastly, it is 

critical to mention that the location of dyes both on the center and on the periphery or only 

on the center of the Holliday junction in the case of the adjacent and transverse dimer 

structures, respectively, may be another factor contributing to the differing degrees of 

heterogeneity observed in these solutions (Section S17). We conclude that the model may 

also explain the lower denaturation temperature and considerable heterogeneity observed 

for the adjacent dimer solution. 

Regarding the trimer solution, the model suggests an even more complicated 

picture (Figure 4.11d). First, it is important to note that evidence indeed exists for the 

presence of “true” trimer configurations where the exciton is delocalized about all three 

dyes; for example, via the prominent H-aggregate absorption band that exhibits a blueshift 

intermediate between that of the transverse dimer and tetramer (Figure 4.1d). Furthermore, 

exciting the short-wavelength part of the blueshifted H-aggregate absorption band indeed 

appears to selectively excite “true” trimer configurations, which is evident by the mapping 

of the absorption spectrum onto the TA results in a similar manner to that observed for the 
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tetramer (see e.g. Figures 4.7 and 4.8). However, the model also predicts two trimer 

configurations that are not symmetric. On the one hand, the model predicts that the iso I 

configuration of the trimer could, in some sense, be considered a combination of iso I of 

the adjacent and transverse dimers. Viewed in this manner, we might expect to observe a 

subpopulation of these dimers in the trimer solution. Indeed, both the additional structure 

in the prominent H-aggregate absorption band at long wavelength (Figure 4.1d and 

Section S11) along with the prominent GSB feature appearing at 600 nm in the 

femtosecond TA spectra for the trimer solution excited at 660 nm (Section S10) are readily 

explained by invoking the presence of an additional subpopulation of transverse dimers. 

Similar to the iso I configuration, iso II of the trimer can be viewed as a combination of the 

iso I and II of the adjacent dimer. In the paragraph above, we argued that the distant spacing 

of the dyes in these configurations may explain the lower denaturation temperature and 

more extensive heterogeneity observed in that solution. In the case of the trimer solution, 

the addition of a third dye may further act to destabilize the DNA-dye nanostructure. 

However, Table 4.3 indicates that the denaturation temperature of the trimer solution is 

very similar to that of the unlabeled Holliday junction. To explain this seeming anomaly, 

it is possible that transverse dimers present in the solution, via iso I, may act to stabilize 

the structure and thereby increase the denaturation temperature of the solution to approach 

that of the unlabeled Holliday junction. Coincidentally, this interpretation may also explain 

the prominence of spectral features attributable to transverse dimers in the trimer solution 

(Sections S10 and S12); that is, the increased stabilization that the transverse dimer imparts 

may also increase the fraction of iso I configurations in the solution.  



128 

 

Finally, an additional source of heterogeneity may arise from the “semi-mobility” 

of the type 2 DNA templates. Whereas “mobile” Holliday junctions can undergo full 

branch migration (Figure 4.10, left panel) due to their fully symmetric nucleotide 

sequences (i.e., the two basis sequences are the reverse complement of one another), semi-

mobile Holliday junctions are only able to undergo limited branch migration, the extent of 

which is determined by the length of the symmetric (i.e., reverse complementary) domains 

on the basis sequences at the center of the junction.69 For the type 2 DNA template, the 

bases adjacent to the dye sites allow for branch migration of a single base which permits 

the Holliday junction to alternately shorten and lengthen the vertical and horizontal arms, 

respectively, by one base. This process is illustrated for the type 2 sequences in Section 

S18. For the transverse dimer, the horizontal displacement would increase the dye 

separation and possibly promote a subpopulation of monomers. The effect would be similar 

for the trimer and tetramer, but would instead promote smaller aggregates rather than 

monomers. Conversely, branch migration for the adjacent dimer would cause the dyes to 

move together as a unit and remain dimerized, but the changes in the DNA backbone may 

change the dye packing and lead to a distinct dimer subpopulation. Thus, both the stacked 

isomer and branch migration models may potentially contribute to the observed 

heterogeneity of the type 2 DNA templates. 

In summary, the extensive heterogeneity observed in the trimer solution may well 

be explained by this model of static heterogeneity, which, as described above, suggests that 

many distinct dye aggregate configurations are possible. Clearly, the choice of the number 

of dyes and their relative position on the DNA template impacts the extent of heterogeneity, 
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which, in the absence of mitigation strategies, may impact studies and applications that 

require homogeneous assemblies of materials. 

4.6 Conclusion 

In conclusion, we observed drastically reduced excited-state lifetimes across a 

broad set of DNA-templated Cy5 aggregates. For the type 1 aggregates, we measured 

lifetimes of ~10 and ~30 ps for the duplex dimer and type 1 tetramer, respectively, 

consistent with prior work.25 The type 2 aggregates also exhibited reduced lifetimes, but 

with a broader range of timescales. Specifically, we measured lifetimes of ~202 and ~40 

ps for the transverse dimer and tetramer, respectively, and lifetimes ranging from ~40-242 

and ~26-82 ps for the adjacent dimer and trimer, respectively. The reduced lifetimes result 

from significantly enhanced nonradiative decay rates concomitant with aggregation. By 

comparing the orientation of dyes of selected structures with their respective lifetimes, we 

observed a correlation between dye separation and lifetime whereby close spacing between 

dyes resulted in the shortest lifetimes. We also observed a weak correlation of lifetime with 

exciton delocalization. These results suggest that DNA-templated dye aggregates may 

indeed represent designer materials that can be custom tailored for a broad set of specific 

applications. For applications where short lifetimes are advantageous, such as in sensing 

and photodynamic therapy where either large emission contrast or extensive heat 

dissipation are desired, our results suggest that tuning materials for short dye separation is 

desirable. For applications where long lifetimes are important, on the other hand, large dye 

separation may be required. If both short dye separation and long lifetime are important, 

i.e., to achieve aggregates with large coupling strength and long-lived excited states, 

additional mechanistic insight may be needed to optimize these multiple parameters 
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simultaneously; otherwise, there may be a tradeoff among dye separation, coupling 

strength, and lifetime. 

We also provided significant insight into potential sources of heterogeneity in 

DNA-templated dye aggregates that may explain the broad set of measured lifetimes. 

Varying extents of heterogeneity in the different solutions, ranging from limited to 

extensive, were highlighted by pump wavelength dependent transient absorption combined 

with global analyses via parallel decay models. For example, the duplex dimer and 

Holliday junction-based transverse dimer and tetramer solutions appeared to exhibit 

limited heterogeneity, whereas the Holliday junction-based adjacent dimer and trimer 

solutions appeared to exhibit more extensive heterogeneity. We consistently observed a 

subset of aggregates with longer lifetimes in most solutions, which we proposed to arise 

from transient local structural fluctuations of the DNA template via ‘breathing’. The local 

structural fluctuations of the DNA may lead to large dye separation and correspondingly 

longer lifetimes, with a limiting case being two non-interacting dye monomers separated 

by a large distance. Another potential source of heterogeneity we identified was associated 

largely with the type 2 aggregates. Specifically, we found that the DNA Holliday junctions 

used to template the type 2 aggregates adopted a stacked configuration and that the stacked 

configuration could exist in one of two structural forms, iso I or II. The transverse dimer 

and tetramer aggregates had only one type of aggregate structure within this model, which 

was consistent with the general lack of heterogeneity observed in these solutions along 

with their higher denaturation temperatures. On the other hand, the adjacent dimer and 

trimer aggregates had two types of aggregate structures within this model, which was 

consistent with their more extensive heterogeneity and lower denaturation temperatures. 
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Moving forward, these materials may need to be further modified, e.g., by modifying the 

dye and/or DNA template to promote stronger dye and DNA interactions, respectively, to 

mitigate these potential sources of heterogeneity. 
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CHAPTER FIVE: CONCLUSIONS AND FUTURE WORK 

In conclusion, dye aggregates are diverse materials that can exhibit drastically 

different optical and dynamical properties than the corresponding isolated dye, which 

makes them of interest for applications in sensing, nanophotonics, computing, and quantum 

information. DNA nanotechnology can facilitate controlled assembly of dye aggregates, 

allowing for basic research into their properties in addition to providing a platform for 

realizing advanced applications. The preceding three chapters of this dissertation presented 

studies of several DNA-templated aggregates of the dyes Cy5 and Cy5.5. Taken together, 

these studies represent a significant contribution to the knowledge base of DNA-templated 

dye aggregates with specific contributions to our understanding of 1) how to achieve 

control of the optical spectra of DNA-templated dye aggregates, 2) structural parameters 

that control the excited-state dynamics of DNA-templated dye aggregates, and 3) how to 

identify and classify sources of heterogeneity. The results of these studies and their 

significance are summarized below, followed by a discussion of potential future work.  

The primary results from Chapter 2 are summarized as follows:  

1. Strongly-coupled heterotetramers of Cy5 and Cy5.5 are readily formed when templated 

onto the immobile DNA Holliday junction template first introduced by Cannon and 

coworkers.1  

2. The S0-S1 electronic transition energies of the heterotetramers are adequately modeled 

using a purely-electronic exciton theory model that neglects vibronic coupling and 

implicitly assumes the dyes reside at the corners of a square. The transition energies 
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can be fit globally using the nearest-neighbor exitonic coupling strength, JN, as the sole 

fitting parameter, with the best fit resulting from JN of 108 meV. The individual best 

fits of each tetramer spectrum result in JN values that cluster around the global fit 

average, ranging from 92 to 123 meV with increasing Cy5 content.  

3. The excited-state lifetimes of the heterotetramers and homotetramers are all very 

similar, ranging between 30 and 50 ps. These lifetimes are significantly shorter than 

those of the Cy5 and Cy5.5 monomers, which were 1870 and 920 ps, respectively. 

These short excited-state lifetimes in conjunction with the very low fluorescence 

intensity indicate that the reduction in excited-state lifetimes relative to the monomers 

is due to enhanced nonradiative relaxation upon forming aggregates.  

The study detailed in Chapter 2 was the first, to the best of our knowledge, to examine 

heterotetramers that depart from a 1:1 composition ratio of dye species. Studying these 

intermediate compositions allowed us to demonstrate that heteroaggregation of Cy5 and 

Cy5.5 leads to discrete tunability of the electronic transition energies. The ability of the 

purely-electronic exciton theory model to capture the progression of transition energies 

suggests that Cy5 and Cy5.5 are largely interchangeable in aggregates, exhibiting behavior 

reminiscent of alloying. These results are significant because they provide a potentially-

generalizable strategy for controlling the transition energies of dye aggregates, which is 

important for energy transfer applications as we highlighted with our proposed J-aggregate 

energy relay. The study also sheds further light on the phenomenon of nonradiative 

quenching of cyanines, showing that heteroaggregation has no appreciable effect on the 

nonradiative relaxation kinetics since the lifetimes of the homo- and heteroaggregates were 

all similarly decreased. 
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The primary results from Chapter 3 are summarized as follows:  

1. Fluorescence excitation measurements indicate that Cy5 monomers are present in 

the J-dimer and H-tetramer solutions and contribute the majority of the measured 

fluorescence emission. The Cy5 monomer fluorescence was observed despite 

performing gel electrophoresis to remove any free dye or SSDNA monomers from 

the solutions.  

2. An in-depth photophysical characterization of the duplex J-dimer and Holliday 

junction H-tetramer Cy5 aggregates first reported by Cannon et al. corroborates 

that both structures exhibit drastically-reduced fluorescence compared to the Cy5 

monomer. Relative fluorescence quantum yield measurements reveal that the 

fluorescence quantum yield of solutions of Cy5 monomer attached to SSDNA is 

~0.3, while the J-dimer and H-tetramer solution fluorescence quantum yields can 

be estimated to be 0.01 and 0.001, respectively.  

3. The excited state lifetimes of the Cy5 monomer, J-dimer, and H-tetramer are 1300 

ps, 11 ps, and 40 ps, respectively, as measured by femtosecond transient absorption 

spectroscopy.  

4. The TA kinetics traces of the J-dimer and H-tetramer solutions are multi-

exponential, with a long-lived component consistent with a small subpopulation of 

the Cy5 monomer subpopulation known to exist in the solutions.  

5. The fluorescence quantum yields and excited-state lifetimes can be used to 

calculate the radiative and nonradiative decay rates of the monomer, and make a 

bounded estimation of these quantities for the J-dimer and H-tetramer solutions. 

The nonradiative decay rates of the monomer, J-dimer, and H-tetramer solutions 
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were found to be 5.5 × 108, 9.1 × 108, and 2.9 × 108, respectively. Accordingly, 

nonradiative decay processes account for 99.9% and 99.96% of the relaxation 

observed in the J-dimer and H-tetramer, respectively. 

While not the primary result of the work, discovering the monomer subpopulations 

is a significant result because it allowed us to account for their presence in subsequent 

measurements and thus properly interpret our experimental data. It was important to 

report these subpopulations so that other researchers interested in DNA-templated 

aggregates can take them into account when interpreting their own measurements.  

Because of the monomer subpopulations, we interpreted our measurements of the 

fluorescence quantum yields of the J-dimer and H-tetramer solutions as an upper 

boundary of the fluorescence quantum yield of those structures. The dramatic reduction 

in fluorescence quantum yield exhibited by the J-dimer and H-tetramer was important 

to establishing that aggregation led to an increase in the nonradiative decay rate relative 

to the radiative decay rate. Taken with the fluorescence quantum yields, the reduced 

excited-state lifetimes can be attributed virtually entirely to an increase in the 

nonradiative decay rate of the aggregates with respect to the monomer. This result was 

significant because, at the time it was published, few studies had reported time-resolved 

measurements of DNA-templated dye aggregates, and there was some confusion about 

how to interpret reduced excited-state lifetimes. With this study, we added to a growing 

body of evidence that DNA-templated cyanine aggregates exhibit reduced lifetimes 

largely due to enhanced nonradiative decay.  

 The primary results from Chapter 4 are summarized as follows: 
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1. Spectrally-resolved femtosecond TA measurements of six DNA-templated Cy5 

aggregates revealed drastically-accelerated relaxation kinetics relative to the Cy5 

monomer, with lifetimes ranging from 10 to 240 ps. The reduced lifetimes were 

attributed to enhanced nonradiative decay upon aggregation. 

2. Analysis of lifetimes with respect to structural parameters suggests that increasing 

the extent of exciton delocalization (e.g. the number of dyes comprising the 

aggregate) somewhat attenuates the nonradiative decay enhancement upon forming 

an aggregate. This interpretation is consistent with theory that suggests that reduced 

nuclear displacement upon excitation in larger aggregates may lead to reduced 

nonradiative decay.2,3 Additionally, reducing inter-dye separation may lead to 

increased nonradiative quenching.  

3. Conducting transient absorption measurements at multiple excitation wavelengths 

can reveal the presence of aggregate and monomer subpopulations.  

4. Additional transient absorption measurements of the Type 1 aggregate solutions 

known to contain different ratios of the same 2 aggregate subpopulations were 

conducted at multiple excitation wavelengths and global target analyses of the 

resulting spectrotemporal datasets yielded species associated spectra that largely 

reproduce the known TA spectra of the subpopulations.  

5.  For heterogeneous aggregate solutions in which the subpopulations have similar 

lifetimes, global target analysis is of limited use. 

The results of the excited-state lifetime measurements paired with the limited 

structural analysis provide some important insights. For example, the observed reduced 

excited-state lifetimes in all aggregate solutions relative to the Cy5 monomer is 
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significant because it further supports the interpretation that enhanced nonradiative 

relaxation is a general effect of aggregation in Cy5 aggregates. However, in this study 

we measured a much larger range of lifetimes than for the aggregates studied in 

Chapters 2 and 3. For example, the 200 ps excited-state lifetime of the transverse 

dimer is ~20 fold longer than the 10 ps lifetime of the J-dimer, while being only ~7× 

shorter than the Cy5 monomer. Furthermore, we observed examples of both J- and H-

aggregates with excited state lifetimes greater than 200 ps. This observation is an 

important result because it shows that changing only the DNA template partially 

mitigated nonradiative decay enhancement. Finally, there appears to be no strong 

correlation between the excitonic coupling strength, J, and enhanced nonradiative 

decay, which is promising because proposed applications that require strong excitonic 

coupling such as quantum computing would suffer from greatly reduced excited-state 

lifetimes. 

Our results related to heterogeneity are also of potential use to the DNA-templated 

dye aggregate research community. In Chapter 4, we demonstrated that a simple test 

for heterogeneity is to collect TA measurements at multiple excitation wavelengths. 

This approach is complementary to the steady-state fluorescence techniques used in 

Chapter 3, allowing for detection of non-fluorescent aggregate subpopulations. By 

extracting spectra that largely resemble the TA spectra expected for the J-dimer, H-

tetramer, and monomer, we demonstrated the potential utility of GTA for analyzing TA 

datasets of heterogeneous solutions. We further demonstrated clear limits to the 

approach when the adjacent- and transverse-dimer TA spectra could not be extracted 

from a dataset containing contributions from both due to their similar lifetimes. These 
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spectroscopic and analytical approaches we first demonstrated in Chapter 4 have since 

become standard practice within our own research group for identifying heterogeneity, 

and will likely prove useful in future efforts to manage heterogeneity in spectroscopic 

studies of DNA-templated dye aggregates. 

The above results raise questions that motivate further investigation. Some of these 

questions and ideas for follow-up studies are presented below: 

1. Can aggregates of three or more distinct dyes undergo strong excitonic interactions? 

The results of Chapter 2 show that the immobile DNA Holliday junction can be 

used as a test bed for studying heteroaggregation. If DNA sequences modified with 

commercially-available dyes are used, it is no more complicated to prepare 

solutions of aggregates containing three or four distinct dyes than it is to use two. 

There are, however, considerably more permutations of heterotetramers afforded 

by using more distinct dyes, and it may be necessary to sample the permutations 

rather than prepare them all. 

2. Will DNA Holliday junction-templated heterotetramers of chemically-distinct dyes 

other than Cy5 and Cy5.5 exhibit a similar discrete tunability of their absorption 

frequency? Studies that reproduce the work of Chapter 2 using different pairs of 

chemically-distinct dyes to form heterotetramers could shed light on the generality 

of the alloy-like effect observed for Cy5 and Cy5.5. 

3. Can optical monomers be fully suppressed in solutions of DNA-templated dye 

aggregates at room temperature? In Chapter 3, we showed that monomers account 

for the majority of the fluorescence measured in DNA-templated aggregates of 

Cy5, despite efforts to eliminate single-stranded monomers from the solutions via 
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gel electrophoresis. In Chapter 4 we further showed, via global target analyses of 

spectrally-resolved transient absorption datasets of DNA-templated Cy5 aggregate 

solutions, that monomer subpopulations contribute to the TA spectra when the 

excitation wavelength overlaps with the optical absorption of the Cy5 monomer. 

We also identified DNA breathing as a probable source of “transient” monomers in 

solution. A future study could test this hypothesis by measuring how the 

fluorescence intensity of a DNA-templated aggregate solution changes as a 

function of temperature. Typically, one expects fluorescence intensity to increase 

with reduced temperature since nonradiative decay mechanisms such as 

photoisomerization are thermally activated.2 However, if DNA breathing is 

mediating the formation of a highly-fluorescent monomer subpopulation, then 

reducing the solution temperature will reduce the rate of DNA breathing, thereby 

reducing the population of monomers and increasing the population of virtually 

non-fluorescent aggregates. Thus, one expects a reduction in fluorescence intensity 

of DNA-templated Cy5 aggregate solutions at reduced temperature.  

4. What is the source of the longer-lived dimer subpopulation in the type-2 DNA-

templated adjacent dimer solution? From the GTA of the TA data measured for the 

adjacent dimer solution, we concluded that there are potentially two J-aggregates 

in the adjacent dimer solution: one with a lifetime of 40 ps, and the other with a 

lifetime of 242 ps. This 242 ps lifetime is the longest measured for a Cy5 aggregate 

in the studies presented in the preceding chapters. The presence of adjacent dimer, 

monomer, and short-lived J-aggregates make it difficult to study what leads to the 

longer lifetimes in this structure. In Chapter 2, we showed that subtle differences 
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in the absorption spectra of Cy5-Cy5.5 heterotetramers of the same composition 

arise from changing the position of the dyes on the DNA Holliday junction 

template. There are three other Cy5 adjacent dimer configurations that have not 

been studied. By preparing and characterizing solutions of these other dimers with 

the methods described above, we may find that one of the adjacent dimer 

configurations contains a larger fraction of these longer-lived structures. 

Additionally, we also noted in Chapter 4 that the DNA Holliday junction can 

undergo isomerization, and that the subpopulations may exist transiently as the 

DNA template undergoes structural reorganization. If the Holliday junction 

template could be modified to prohibit this isomerization, this hypothesis could be 

tested.  
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