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ABSTRACT OF THE DISSERTATION 

 

Tuning the Excitonic Properties of  

 Two-Dimensional Molecular Aggregates  

Across the Visible and Shortwave Infrared  

 

by 

 

Arundhati Prakash Deshmukh 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2021 

Professor Justin Ryan Caram, Chair 

 

Molecular aggregates are non-covalent self-assemblies of chromophores wherein excitations 

on individual molecules couple coherently over long distances. This leads to the formation of 

delocalized excitons with drastically altered photophysical properties from the monomers, 

including extreme blue or red shifts, narrow linewidths and high molar absorptivities. Kasha’s 

model relates the observed blue or red shifts to the underlying molecular arrangements in 1-

dimensional systems, known as H- or J-aggregates, respectively. In this dissertation, I explore how 

to modulate the excitonic couplings within an aggregate via molecular packing and topology in 

order to explore new photophysical behaviors. Chapter 1 covers the basic definitions, describes 
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the origins of the excitonic properties and the relevance towards various applications, and orients 

the readers to the overall goals of this dissertation.  

In Chapter 2, we extend Kasha’s model to 2-dimensional systems and show the unusual 

situation that arises from 2-dimensional (2D) transition dipole coupling in extended sheet-like 

aggregates. In addition to traditional H- and J-aggregation, we find a new case of ‘I-aggregation’ 

which shows intermediate characteristics of H- and J-aggregates. We demonstrate two examples 

of I-aggregates – extended 2D sheet aggregates of the dyes Cy7-Ph and Cy7-DPA, whose 

absorption spectra look quite like traditional J-aggregates but temperature dependence shows 

critical differences. This work shows the relative distance of the bright state from the band-edge 

can be tuned via relative slip between adjacent molecules, thus providing design principles to tune 

photophysical properties over a broader spectral range across visible (400 - 700 nm), near-infrared 

(NIR 700 - 1000 nm), and shortwave infrared (SWIR, 1000 - 2000 nm).  

Chapter 3 provides insights on controlling the self-assembly of aggregates, achieving selective 

stabilization of H- or J-aggregate morphologies. Independent control of solvation conditions 

allows us to access a large aggregation phase space which can be modelled using a three-

component equilibrium model. We obtain new insights into the self-assembly of the 2D 

aggregates. Mainly, the large sizes make the self-assembly highly cooperative and charge 

screening is important for stabilizing large aggregate morphologies. Such insights translate into 

general guidelines for thermodynamically controlling the aggregate self-assembly. We 

demonstrate this by aggregating several cyanine dyes into 2D sheet-like morphologies with narrow 

red shifted absorption spectra, enabling a library of 2D aggregates with absorptions spanning the 

visible and shortwave infrared (SWIR) regions.  
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In Chapter 4, we describe the subtle differences in the excitonic band structures across the 

aforementioned library of 2D aggregates. We show that various observables from absorption, 

emission and temperature dependent spectroscopy reveal the complex band structures of 2D 

aggregates, and thus form a comprehensive tool for probing excitonic band structures in general. 

With subtle control of geometric parameters such as length of the dye molecules and relative slip 

between adjacent molecules, we modify the excitonic band structure from mid-band I-aggregates 

that are weakly emissive to band-edge J-aggregates with high quantum yields and superradiance.  

The above work demonstrates the importance of supramolecular packings within the 

aggregates in modulating the excitonic properties. A high resolution structure of the 

supramolecular aggregates will, therefore, pave the way for precise chemical design with desired 

excitonic properties. In Chapter 5, we present the first high-resolution cryo-electron microscopy 

structure of a prototypical tubular J-aggregate - double-walled light harvesting nanotubes (LHNs) 

of amphiphilic cyanine dye C8S3. We employ a cryogenic fixation technique to preserve the native 

structure, followed by a single particle analysis using the Iterative Helical Real Space 

Reconstruction (IHRSR) algorithm and obtain density maps of the inner wall at 3.3 Å resolution. 

Our structure shows a 3 dimer (6 monomers total) asymmetric unit with brick layer arrangement, 

as opposed to the previously thought herringbone arrangement. We uncover important structural 

features that were previously unknown, providing new pathways for chemical modulation of the 

supramolecular self-assemblies and thereby, the excitonic properties.  

Several fundamental aspects about the structures and excitonic couplings remain open 

questions. Some of these challenges and experimental plans to address them are discussed in 

Chapter 6. Overall, this work establishes molecular aggregation as a tunable avenue for accessing 

unusual photophysical properties such as extreme spectral shifts, high SWIR quantum yields and 
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molar absorptivities, and narrow linewidths. Thereby, this work opens up organic chromophores 

to new functionalities including SWIR imaging, photonics, and telecommunications. Chemical 

modulation of exciton transport and practical applicability will be the main challenges to be 

addressed in the future. This work lays down the foundational principles that will enable 

researchers to approach such challenges. 
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Chapter 1 

Introduction to Excitonic Molecular Aggregates 

1.1 Chromophore molecular aggregates 

Molecular aggregates are non-covalent assemblies of chromophores that exhibit very distinct 

photophysical properties compared to their monomer counterparts. -conjugated planar molecules 

stack on each other in specific geometries, facilitated by an interplay of sterics, solubility, and  

interactions. Several examples of molecular aggregates are known in the literature among various 

classes of materials - (i) photosynthetic antenna complexes (Fenna-Mathews-Olson complex in 

green sulfur bacteria, LH2 complex in purple bacteria),1–5 (ii) melanin-based biological pigments,6 

(iii) conjugated polymers, e.g. polydiacetylenes, poly(3-hexylthiophenes),7–10 (iv) a host of small 

organic molecules like porphyrins, perylene bisimides, cyanines, pseudoisocyanines, squaraines, 

boron-dipyrromethene (BODIPY) derivatives,1,11–17 and (v) more recently, in microwave 

metamaterials.18  

1.2 Kasha’s model of H- and J-aggregates 

Kasha’s seminal work from 1950s provides simple relations between molecular arrangement 

and photophysical properties in dimers and linear aggregates and has been successfully 

implemented in several types of chromophore systems mentioned above (Figure 1.1).19,20 In this 

model, we treat molecules as bricks with a transition dipole moment (TDM) pointing along its 

length. Absorption of a photon by a molecule creates an exciton represented by the oscillating 

TDM. In molecular aggregates, these TDMs undergo dipole-dipole coupling over long distances 
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(upto micron scale). When the molecules are arranged cofacially (Figure 1.1), the lowest energy 

configuration will have a net zero TDM (all dipoles cancelling out) while the highest energy 

configuration (all dipoles in-phase, 𝑘 = 0) will have a non-zero TDM. Fermi’s golden rule says 

that the probability of an optical transition is directly proportional to the transition dipole moment 

operator (𝜇̂) squared. 

𝑑𝑃𝑎𝑏

𝑑𝑡
=

2𝜋

ℏ
|⟨𝜓𝑎|𝜇̂|𝜓𝑏⟩|2𝜌(𝐸) 

(1.1) 

 

Figure 1.1 Kasha’s model for 1D transition dipole moment coupling:  H- and J-aggregates 

Schematic representing transition dipole coupling in H-aggregates with co-facial linear 

arrangements (top left), J-aggregates with head-to-tail linear arrangements (top right), and spectral 

shifts corresponding to each arrangement. 

Therefore, based on Fermi’s golden rule, the lowest energy state will be optically dark while 

the higher energy one will have an allowed optical transition (called bright state). As a result, we 

observe a blue shift in the optical spectra of the aggregate compared to the monomer. Conversely, 
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when the molecules are arranged in a head-to-tail fashion, the lowest energy configuration has a 

net non-zero TDM and therefore, we observe a red shift in the optical spectra. The blue shifted or 

cofacial aggregates are called H-aggregates where ‘H’ stands for ‘hypsochromic’ whereas the red 

shifted or head-to-tail ones are called as J-aggregates named after the scientist Jelley, who first 

observed this phenomenon in 1936.21 J-aggregates are also, sometimes called as Scheibe 

aggregates, as Scheibe also observed this effect independently in 1937.11,22,23 Due to the dipole-

dipole coupling, extended H- and J-aggregates have characteristic spectral signatures with 

extremely narrow linewidths (~ hundreds of wavenumbers) and hundreds to thousands of 

wavenumbers of red or blue shifted absorption and emission compared to the monomers. In some 

cases, the ratio of the vibronic peaks in the spectra changes upon aggregation.1,24 For example, in 

H-aggregates the 0-1/0-0 vibronic peak ratio is enhanced compared to monomers while J-

aggregates have higher 0-0/0-1 peak ratio.1  

1.3 Frenkel exciton model 

In extended aggregate systems with large number (> 102) of monomers, several TDMs 

constructively add up over long ranges, i.e. they undergo non-nearest neighbor coupling resulting 

in huge enhancements of the net aggregate TDM. This long range coupling of chromophore TDMs 

has huge ramifications towards their excitonic properties. The long range coupling of TDMs leads 

to strong coupling that can allow for delocalized excitons to persist despite the high disorder that 

is present in solvated forms at room temperature.25 Such couplings and the resulting excitonic 

properties can be calculated using the Frenkel exciton Hamiltonian (Figure 1.2), which consists of 

monomer energies (𝜖𝑛) on the diagonal terms and couplings between individual monomer sites 

(𝐽nm) on the off diagonal terms,20,26 
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  𝐻𝑠 = ∑ 𝜖𝑛|𝑛⟩⟨𝑛| +𝑛  ∑ 𝐽nm|𝑛⟩⟨𝑚|𝑛≠𝑚  (1.2) 

Throughout this work, we may discuss the zero disorder case or the diagonal disorder case. All 𝜖𝑛 

are to a same value (which can be scaled to zero) for the no disorder case or span a Gaussian 

distribution of energies for diagonal disorder case. Diagonalizing this Hamiltonian allows us to 

find its eigenstates and eigenvalues (Figure 1.2).  

  𝐻𝑠 =   ∑ 𝐸𝑘|𝑘⟩⟨𝑘|𝑘  (1.2) 

where |𝑘⟩ is the 𝑘th eigenstate with energy 𝐸𝑘 . Eigenstates of the Frenkel exciton Hamiltonian 

form the exciton basis with a redistributed oscillator strength. The bright state (with all the dipoles 

oscillating in-phase) can be found using Fermi’s golden rule from eq. (1.1). In some cases, instead 

of the Frenkel exciton model, the essential state model has been applied to account for ground state 

charge transfer interactions in addition to excitonic coupling.27,28 

Frenkel exciton model with the dipole treatment for the coupling terms was first used by Kuhn 

and co-workers where the couplings between individual monomers were determined by dipole-

dipole coupling relations.29–31 A noteworthy point is that these terms extend over the entire 

Hamiltonian, and not just the first off-diagonal (which would only correspond to nearest-neighbor 

coupling). In other words, the matrix is not tridiagonal. 

The total number of states is conserved i.e. the total number of excitonic states are the same as 

the number of interacting monomeric states. In the large N limit, this effectively leads to an 

excitonic band with a density of states (DOS) out of which, the optically bright state can be 

determined using Fermi’s golden rule. It should be noted that these ‘dark’ excitonic states are 

always present irrespective of H- or J-aggregation. The geometric arrangements in H- or J-

aggregates only influence which of these states will be optically active. The optically active state 
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Figure 1.2 Schematic representation of a Frenkel exciton Hamiltonian with non-nearest 

neighbor coupling. 

Left: Frenkel exciton Hamiltonian with site energies on the diagonal (𝜖𝑛) and respective inter-site 

couplings (𝐽𝑛𝑚) on all off-diagonal terms. Diagonalization provides the excitonic states and their 

energies. 

corresponds to the highest or the lowest energy state in linear H- or J-aggregates, respectively. In 

other words, the optically active state is always at the band edge in 1D systems. Later on (Chapters 

2 and 4), we will show that this condition is not always true in higher dimensional aggregates with 

significant implications towards the photophysical properties. 

1.4 Other consequences of long range coupling 

Another direct consequence of the delocalized excitons is motional narrowing or exchange 

narrowing.32–34 This phenomenon explains the extremely narrow linewidths of these aggregates 

that persist even at room temperature in solution phase. As the excitons delocalize over several 

monomeric sites with slightly different energies, the fluctuations get averaged out following a 

Poisson distribution where 𝛤𝑖𝑛ℎ𝑜𝑚 ∝
1

√𝑁 
 (width of the distribution is inversely proportional to the 

square root of the number of samples). Exciton localization and finite size of the aggregates has 

often been explore as a line broadening mechanism.35–37 In the strong coupling regime (to which 
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the cyanine dyes aggregates belong), this leads to the distinctly narrow lineshapes of the extended 

aggregate systems.  

The bright state in such systems is comprised of a large number to TDMs oscillating coherently 

with each other. This leads to cooperative effects in the emission of the aggregates where the 

radiative rates are non-linearly enhanced compared to the monomeric counterparts. This 

phenomenon is called superradiance (𝜂𝑆𝑅) and is usually quantified as the ratio of radiative rate of 

aggregate to the monomer.38–42  

𝜂𝑆𝑅 =
𝑘𝑟

𝑎𝑔𝑔

𝑘𝑟
𝑚𝑜𝑛 

(1.3) 

The radiative rate itself has a fundamental dependence on the energy gap due to the energy gap 

law.43,44 As a result, comparing the radiative rates across the drastically different energy gaps of 

monomers and aggregates is not accurate. We, therefore, correct these for the energy gap as - 

𝜂𝑆𝑅 =
𝑘𝑟

𝑎𝑔𝑔
/𝐸𝑔

𝑎𝑔𝑔

𝑘𝑟
𝑚𝑜𝑛/𝐸𝑔

𝑚𝑜𝑛 
(1.4) 

Due to such enhanced radiative rates, excitonic aggregates are able to undergo very fast excited 

state energy or charge transfer with surrounding moieties. One example of this is the enhanced 

coupling with quantum dots enabling fast picosecond FRET.45–47 This is also one of the reasons 

for a huge interest in aggregates as photosensitizers for silver halide photographic plates prior to 

commercialization of digital photography.48 There is a vast literature studying photosensitization, 

adsorption and aggregation of dye molecules on silver halide surfaces summarized in a review by 

Herz.49 
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1.5 Applications of excitonic aggregates 

 

Figure 1.3 Advantages of shortwave infrared region of the electromagnetic spectrum 

a. Depiction of the visible, near-infrared (NIR) and shortwave infrared (SWIR) regions of the 

electromagnetic spectrum, b. An image showing the higher penetration of SWIR light through 

atmosphere (adopted from Sensors Unlimited63) and c. Non-invasive image of a mouse skull in 

NIR (left) and SWIR (right) showing brain vasculature (adopted from Carr et al., 201864). 

The aforementioned properties, directly imparted by the long range TDM coupling, are 

extremely relevant to several new technological and biological applications. The excitonic states 

with strong TDMs can be coupled to cavity mode or a plasmon mode, leading to hybrid states.50–

57 This has led to the new areas of research in polaritonics and plexcitonics. As mentioned before, 

these systems can also act as efficient energy transfer donors, acceptors or even as relay bridges 

between another donor and acceptor.46,47,58,59  Due to their narrow emission linewidths, energy 
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transfer with quantum dots as donors can be used to convert a broadband excitation into a narrow 

emission.46 Excitonic aggregates also be applied in several optoelectronic devices such as 

luminescent solar concentrators, organic light-emitting diodes, and solar cells.60–62 

Our interest in these systems arises from the fact that aggregation can afford a very high degree 

of spectral tunability, enabling spectral shifts beyond the visible region (400-700 nm) into near-

infrared (700-100 nm) and shortwave infrared (1000-2000 nm), abbreviated as NIR and SWIR 

respectively (Figure 1.3a).65 Due to reduced Rayleigh scattering (∝ 1/𝜆4), SWIR wavelengths are 

able to transmit up to longer distances through atmospheric fog, smoke or even, animal tissue as 

demonstrated in Figure 1.3b-c. SWIR is particularly useful for telecommunications and fiber-optic 

communication where the fast radiative rates of aggregates can enable rapid transmission of 

information.66 In biology, SWIR imaging is a powerful tool that can enable non-invasive therapies 

and surgeries with minimal background autofluorescence, resulting in high contrast images (Figure 

1.3c).64,67,68 Because of the concentration of the total oscillator strength in a narrow spectral 

lineshape, aggregates have high molar absorptivities that may enable higher quantum efficiencies 

required for biological imaging, the narrow emission lines can enable multicolor imaging with 

minimal crosstalk.67,69,70 Rare earth metals, quantum dots and nanoplatelets are some examples of 

inorganic SWIR emitting materials.71–73 Other than polymethine dyes, BODIPY derivatives, and 

single-walled carbon nanotubes, there are few examples of  organic species with strong SWIR 

absorption and emission.70,74,75 Aggregation can therefore be a new avenue for tuning the optical 

properties of organic materials into SWIR. 
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1.6 Importance of the supramolecular structure 

 

Figure 1.4. Slip dependence of coupling for point dipole, extended dipole, and transition 

density charges models 

a-b. Schematic representations of two dipole couplings for a. point dipole model, b. extended 

dipole model, c. A representative transition density charges model, and d. Coupling curves for a 

dimer with all three models showing that the point dipole model really overestimates the coupling 

at smaller slip values. Calculation by Chern Chuang. 

Kasha’s cofacial and head-to-tail aggregates describe two limiting possibilities. In most 

systems, molecules can stack in any possible geometry between these two cases. We take two 

molecules next to each other and calculate their dipole-dipole coupling as we slip them relative to 

each other as shown in Figure 1.4. We obtain a continuous variation of the coupling with respect 

to slip. This shows that the ultimate excitonic properties will be highly sensitive to the 

supramolecular arrangement of the molecules with the aggregate. Further, the couplings also 
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depend on the choice of coupling model (only considering dipolar couplings). The simplistic point 

dipole model shows a steeper dependence on slip with overestimated positive couplings. Transition 

density charges form a more accurate description where couplings are calculated from partial 

charges assigned to each atom (obtained from quantum chemical calculations). In the transition 

density charge model, the magnitudes of both positive and negative couplings are smaller and the 

zero-crossing point is at a higher slip. 

 

Figure 1.5. Schematics of herringbone arrangement and brick layer arrangement 

a. A herringbone style tiled layer rolled into a cylindrical geometry (adopted from Eisele et al., 

201277), and b. Brick layer model showing the direction of the chiral vector (adopted from Doria 

et al., 201879). Both the models have reproduced experimental spectra of a double-walled nanotube 

aggregate. 

Here, we only consider arrangements with one molecule per unit cell, called as the brick layer 

arrangement.31,76 However, situations with two or more molecules per unit cell are also possible 

leading to symmetry breaking (Figure 1.5). For example, the herringbone model has also been 

used to describe both 2D as well as tubular aggregates.77,78 Nevertheless, the dependence of 

couplings on molecular arrangement shows the importance of supramolecular packing in these 

systems. Particularly, given well defined relationships between the supramolecular structure and 
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excitonic properties, we may use aggregation as a new avenue to tune and avail new photophysical 

behaviors that are not conventionally accessible. 

1.7 Aggregate morphology 

Another way one can manipulate the TDM couplings is via different topologies. Instead of 

TDMs interacting within a linear chain, they can be arranged in a 2-dimensional brick layer pattern 

as in case of sheet-like aggregates or the sheets can be rolled up with a specific chiral vector, 

forming tubular aggregates. Several experimental examples of 2D aggregates as well as tubular 

morphologies such as double-walled nanotubes and bundles exist in the literature. However, the 

effect of different morphologies on the excitonic band structure and the photophysical properties 

is not well explored.  

1.8 Types of disorder in aggregates 

In addition, other aspects of the aggregates also need to be considered. Exciton transport within 

these systems and ultimately their lineshapes, and excitonic energy transfer properties are highly 

dependent on the degree of various disorders.80–83 Disorder may arise in these extended 

chromophore systems from structural and energetic fluctuations. Each aggregate may have a 

distribution of monomeric energies within a single sheet or tube, as well as, the distributions arising 

from an ensemble of multiple aggregates. Single aggregate disorder may arise from several 

structural factors such as folds or other defects in these periodic systems. All the above line 

broadening mechanisms fall under the umbrella of inhomogeneous (or static) disorder. 

Furthermore, since many of these systems are in solvated form at room temperature, exciton-

phonon couplings (i.e. coupling of the excitons to vibrational modes) and solvent bath interactions 

also contribute to the disorder, this type of broadening mechanism falls under homogeneous (or 
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dynamic) disorder. All of these factors lead to fluctuations in the nanoscale TDM couplings, 

thereby affecting the excitonic properties. In some cases, exciton self-trapping models have been 

proposed to explain temperature dependent emission properties.84,85 

This dissertation aims at manipulating the TDM couplings in supramolecular aggregates via 

chemical control of supramolecular packing within the aggregates and aggregate topologies. The 

overall goal of this work is to use aggregation as platform to explore new photophysical 

functionalities, for example, red shifted J-aggregates in SWIR. 

1.9 Cyanine dyes 

We focus on the aggregates of cyanine dyes. Cyanines are a large family of chromophores with 

the general structure shown in Figure 1.6a where two aromatic heterocycles are connected by a 

polymethine bridge. Cyanine dyes form a large structural data set with modifications on the length 

of the bridge allowing for spectral tunability and various substitutions to the heterocycles enabling 

control over their solubilities and sterics.12 Common heterocycles in cyanine dyes are 

benzothiazole, benzimidazole and benzoindole. A crucial aspect of the structure is the positive 

charge on the heteroatom that is delocalized over the entire cyanine bridge, also known as the  

‘cyanine form.’86 In dyes with longer chains, this charge tends to localize, forming the ‘dipole 

form’ or ‘bis-dipole form’ with the resulting absorption spectra showing a broadened flat lineshape 

(Figure 1.6b).87 The cyanine form does not show bond length alternation (confirmed through their 

crystal structure), and is crucial for the ground and excited state wave function overlaps, enabling 

high oscillator strengths. In fact, cyanine dyes are known to span the broadest range of the spectrum 
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Figure 1.6. Cyanine dyes – general structure and absorption spectra 

a. General structure of cyanine dyes with two aromatic heterocycles connected via a polymethine 

bridge; common heterocycles are also shown; b. Absorption spectra of a cyanine dye (structure in 

inset) as a function of increasing bridge length showing broadened peaks at higher lengths. Part b 

is adopted from Bricks et al., 201812. 

with increasing bridge length.12 As shown in Figure 1.6b, addition of just one double bond enables 

a shift of ~100 nm. Cyanine dyes are also known to readily aggregate into several different 

morphologies such as double-walled nanotubes, bundles and sheets.17,88–92 
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1.10 Relations to other materials 

Besides molecular aggregates, several materials show excitonic properties in the aggregated 

state. However, there are some subtleties that need to be considered before making such 

comparisons. Therefore, it is useful to clarify where do the excitonic transitions in the molecular 

aggregates lie with respect to extended solids or other molecular systems.  

 

 Figure 1.7 Comparison of aggregation-induced emission (AIE) with excitonically coupled 

aggregates 

a. Schematic depicting the mechanism of AIE - restriction of intramolecular motions upon 

aggregation in tetraphenyl ethylene, b. excitonically coupled aggregates where ordered 

arrangements of chromophores enable transition dipole coupling. 

Extended inorganic solids such as bulk semiconductors have strong electronic coupling but 

only in the nearest-neighbor range (tight-binding model) and the conduction and valence bands are 

formed through wavefunction overlap.93 The excitons in these systems are usually weakly bound 
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due to higher dielectrics with binding energies in ~1-10 meV range and the disorder is very low. 

The delocalized excitons in bulk semiconductors can be confined, as in case of quantum dots and 

nanocrystals, which increases the binding energies to 10-100s of meV. A key point is that inter-

nanocrystal couplings are still very weak.  

Free molecules in solutions present the other extreme from bulk semiconductors, where the 

excitations are completely described by the molecular HOMO and LUMO overlaps. In molecular 

aggregates, the molecular excitons undergo dipole-dipole coupling, which follows ∝ 𝑅−3 

dependence, and hence extends in the long range beyond just first or second nearest-neighbors. 

The exciton wavefunctions spread over multiple sites, forming a delocalized Frenkel excitons. 

Though, there is still a significant amount of disorder from vibronic couplings, solvation etc. 

Molecular aggregates, therefore present an intermediate regime that can bridge the bulk 

semiconductor and molecular properties. A similar exceptional case was recently reported in 

perovskite superlattices where the confined excitons within nanocrystals were coupled, resulting 

in collective emission phenomena similar to H- or J-aggregates.94 

Another extensive research area where aggregation plays a role in photophysical properties is 

aggregation-induced emission (AIE).95 A key distinction between AIE active materials and 

molecular aggregates is that the solid state emission in AIE comes from suppression of non-

radiative decay rates and there is no long-range inter-chromophore TDM coupling. The core idea 

of AIE is based on blocking the non-radiative decay pathways by restriction of intramolecular 

rotations. Non-planar moieties such as tetraphenylethylene (Figure 1.7) do not allow the formation 

of close packed structures in the aggregated state and the steric hindrance suppresses 

intramolecular rotations. In contrast,  stacking plays a key role in forming the highly ordered 
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structures that enable long range TDM coupling in excitonic molecular aggregates. The long-range 

TDM coupling enhances the radiative rates (as opposed to suppressing non-radiative rates), which 

lead to the characteristic excitonic properties of aggregates. Therefore, AIE active molecules 

should not be classified as excitonic aggregates and vice versa. 
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Chapter 2 

Extending Kasha’s Model to Two-Dimensional Aggregates  

Reproduced with permission from “Deshmukh, A. P.; Koppel, D.; Chaung, C.; Cadena, D.; Cao, 

J.; Caram, J. R. Design Principles for 2-Dimensional Molecular Aggregates using Kasha's 

Model: Tunable Photophysics in Near and Shortwave Infrared. J. Phys. Chem. C 2019, 123 (30), 

18702-18710. https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b05060” Copyright 2019 American 

Chemical Society. 

Aggregation can be used as a platform to access new photophysical behaviors such as strong 

absorptions and emissions in SWIR. In this chapter, we discuss two examples of sheet-like 

aggregates with strong SWIR absorptions but low emissions. We use the Frenkel exciton model 

for 2D aggregates to find the cause of such photophysical behaviors, introducing the concept of I-

aggregate, a new type of aggregate that shows mixed characteristics of H- and J-aggregates.  

2.1 Significance of shortwave infrared materials 

Near-infrared (NIR, 700 - 1000 nm) and shortwave infrared (SWIR, 1000 - 2000 nm) 

photoactive materials are highly sought out due to their superior performance in many applications, 

ranging from deep-tissue imaging,96 to telecommunications,97 and LIDAR.66 Light in the NIR and 

SWIR transmits over longer distances in the atmosphere and shows less loss for fiber-optic 

communication due to decreased scatter and absorption in this spectral regime.97 In biomedical 

contexts, significantly decreased auto-fluorescence from biomolecules in the SWIR promotes 

better signal-to-noise ratio in fluorescence imaging.64,98,99 

https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b05060
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However, there are few molecular species (such as carbon nanotubes, lanthanide complexes 

and flavylium polymethine dyes), which absorb efficiently beyond 1000 nm.74,98 Approaches for 

designing strong absorbers and emitters in NIR and SWIR are primarily based on covalent 

modification of conjugated dyes and semiconductor nanocrystal materials.47,74,100,101 These 

materials cannot necessarily offer high molar absorptivities and narrow linewidths, prerequisites 

for several technological applications such as nonlinear optics and photonics.102,103 However, 

another approach to achieving strong SWIR absorption is through coupling of multiple molecular 

transition dipole moments (TDMs, 𝜇) into extended excitonic states. The oscillator strength and 

radiative rate of a molecule are proportional to the square of the TDM (𝜇2 = |⟨𝑔|Σ𝑖𝑞𝑖𝑟𝑖|𝑒⟩|2, where 

𝑔 and 𝑒 represent the ground and excited state wavefunctions, 𝑞𝑖 and 𝑟𝑖 are the charges and their 

positions).104  In molecular aggregates, certain excitonic transitions are enhanced by a nonlinear 

increase in the oscillator strength due to long-range coherent coupling among TDMs.1 Molecular 

aggregates therefore can show increased absorption over a narrow wavelength range, enhanced 

emission due to faster radiative rates, and long-range coherent energy transport.1,12,79,105 

We define molecular aggregates as non-covalently bound molecular assemblies formed via 

entropic and Van-der-Waals driving forces.1 Molecules within an aggregate undergo coherent 

TDM coupling, and electronic excitations extend over many molecules to form delocalized Frenkel 

excitons.93 The net excitonic TDM depends on the phase relationship of individual TDMs, their 

coupling- both defined by the geometric arrangement of dipoles- and the energetic disorder among 

the chromophores.1 Kasha developed a simple formalism describing how aggregation leads to 

absorption shifts for molecular dimers and linear chain aggregates as shown in Figure 2.1a.19 When 

dipoles are aligned in a head-to-tail fashion, the optically active bright state (with non-zero TDM) 

is also the lowest energy exciton. As a result, these arrangements give rise to a red shift in the 
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absorption spectrum.  On the other hand, cofacial dye organization renders the highest energy 

exciton as the only optically active state resulting in a blue shift in the absorption spectrum. The 

blue-shifted aggregates are called H-aggregates whereas the red-shifted aggregates are called J-

aggregates.1,21 One can shift between H- and J-aggregation by changing the slip (or angle) between 

each dye monomer, and many groups have employed this approach to generate H- or J-aggregated 

structures.12,106 While the formalism for dimers and linear chains is well-known,1,19,107 

complications arise in the case of 2-dimensional (2D)  or quasi-2D sheet and tubular aggregates.108 

Along one axis, the predominant coupling will be negative (J-like) while coupling along the other 

axis could be positive (H-like). This is depicted as a cartoon in Figure 2.1b, where the coupling of 

the central brick (white) with its neighbors depends on the distance and the slip from the central. 

 

Figure 2.1. Excitonic couplings in 1D and 2D aggregates, structures and monomer spectra 

a. Schematic depicting H- and J-aggregation for dimers and linear chain aggregates based on 

Kasha’s model, n is number of monomers in the chain,  𝜇𝑀  and 𝜇𝑎𝑔𝑔  denote transition dipole 

moments of monomer and aggregate respectively, b. A schematic depiction of coupling of a central 

brick (white) within a 2-dimensional aggregate with its neighbors, c. Molecular structures of the 

cyanine dyes investigated, d. Absorption spectra of the dyes in their monomeric form in methanol 

solutions. 
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 The net coupling would be determined by bricks along all directions. Even though several 

experimental39,90 and theoretical30,109 examples of 2D aggregates are known, general principles to 

tune absorption through control over molecular stacking during self-assembly are limited. In this 

manuscript, we show how controlling 2D aggregation slip-stacking can be used as an approach for 

further red shifting the absorption, and that additional control is needed to create emissive 

aggregates. 

Many H- and J-aggregates have been reported based on small molecule chromophores like 

cyanines,12 perylene bisimides,110,111 porphyrins14,112 as well as for more extended structures like 

conjugated polymers,26 and pigment-proteins.1 Kasha’s model and its variations26,113 have been 

critical in describing the rich photophysics in such systems. We focus on cyanine dyes – a class of 

dyes which consist of a polymethine bridge connecting to two aromatic heterocycles. Cyanine dyes 

are particularly interesting because of their tendency to self-assemble into different topologies 

including dimers, single and double-walled nanotubes, bundles and sheets.88,89,114  As a class, 

cyanine dyes exhibit large TDMs (as high as 10 D) and a high degree of structural and spectral 

tunability.12,115 Recently, long-range exciton migration was shown in double-walled nanotubes of 

cyanine dyes in the visible region.116,117 Owing to these properties, cyanine dyes are extensively 

employed for  biological imaging, Förster resonance energy transfer (FRET), nonlinear optics and 

photoredox reactions.46,58,64,66,118 

In this chapter, we exploit molecular aggregate structure and dimensionality to achieve new 

materials with high absorption cross sections above 1000 nm. Through control of solvation 

conditions, we observe the aggregation of two NIR thiacarbocyanines dyes (Figure 2.1c) into 

multiple morphologies (like sheets, dimers) with unique spectral shifts.  Here we focus on their 
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most redshifted forms, which were found to be sheet-like structures with almost micron scale 

domains.  These structures display strong (105 M-1cm-1) SWIR absorption, though little to no 

direct emission.  To connect the observed photophysics to structure, we construct an analytical 

model based on long-range TDM coupling and calculate the density of states (DOS) and other 

optical properties. Unique to the sheet morphology, we describe an ‘I-aggregate’ one which 

exhibits intermediate photophysics between J- and H-aggregates, a red shifting yet non-emissive 

structure. Temperature dependent absorption spectroscopy experimentally confirms the model, 

distinguishing the I- and J-aggregates. Finally, we relate our results to the dye structures and 

induced slip, in analogy to Kasha’s rules to elucidate design principles for controlling the 

photophysics of 2D aggregates. 

2.2 Using aggregation to red shift absorptions into shortwave infrared 

We obtain dyes 3,3′-bis(4-sulfobutyl)-5,5′-dichloro-11-diphenylamino-10,12-

ethylenethiatricarbocyanine, ammonium salt (Cy7-DPA) and 3,3′-bis(4-sulfobutyl)-5,5′-dichloro-

11-phenyl-10,12-ethylenethiatricarbocyanine, ammonium salt (Cy7-Ph) from a commercial 

source. Previous work with similar cyanine dyes showed sheet-like aggregation in aqueous 

solutions, though detailed photophysical and structural insights were not provided.114,119,120 Cy7-

DPA and Cy7-Ph dyes, shown in Figure 2.1c, are structurally similar to each other apart from 

substitutions on their cyanine bridge which do not significantly alter their monomer absorption 

(Figure 2.1d). This makes them optimal candidates for comparing the effect of dye structure on 

aggregate formation and photophysics. Monomer absorption peaks of Cy7-DPA and Cy7-Ph lie in 

NIR at 807 nm (12,391 cm-1) and 792 nm (12,626 cm-1) respectively. 
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Adapting procedures from previous literature,21,88 we explored the phase space of aggregation. 

Unlike previous aggregation routes, which use direct dissolution of dye into water or brine, pH 

modification and templating,47,114,121,122 we pre-dissolve the dyes in methanol prior to mixing with 

water following the so-called “alcoholic route” to self-assembly.77 This procedure allows for 

independent control over methanol-water ratios and dye concentration, and aggregates form 

relatively rapidly (~ 24 h). In Figures 2.2a-b, we show selected absorption spectra of aggregates 

where we fixed the dye concentration at 0.2 mM while varying the methanol-water ratios from 0-

100% MeOH v/v (complete range shown Section 2.7, Figure 2.5). We observe sharp red-shifted 

J-like aggregate peaks in SWIR at lower methanol-water ratios (%MeOH) for both the dyes. The 

J-like peak of Cy7-DPA lies in SWIR at 1050 nm (9524 cm-1) while that of Cy7-Ph lies at 1000 

nm (10,000 cm-1). As we increase the %MeOH, the J-like peak decreases and the monomer peak 

increases for both the dyes (Figure 2.5). At 50% MeOH, we observe an H-aggregate peak at 698 

nm (14,327 cm-1) for Cy7-Ph whereas Cy7-DPA shows a second J-like peak (J2) at 1000 nm 

(10,000 cm-1) under the same conditions. We hypothesize that the diphenylamine (DPA) group in 

Cy7-DPA frustrates cofacial packing and as a result, we never observe an H-aggregate peak in 

Cy7-DPA. 
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Figure 2.2 Aggregates of Cy7-Ph and Cy7-DPA 

Top: Selected absorption spectra of a. Cy7-Ph and b. Cy7-DPA aggregates prepared by mixing 

methanol solutions of the dyes with deionized water with 20, 50 and 70% methanol (v/v). Final 

dye concentration was kept constant (0.2 mM) for all samples. 20% samples show a sharp 

redshifted peak in SWIR. Bottom: Cryo-electron micrographs of the most redshifted aggregates of 

c. Cy7-Ph and d. Cy7-DPA showing 2D sheet-like morphology. Numbers indicate sheet widths in 

nanometers.  

We perform cryo-electron microscopy (cryoEM) on the most red-shifted samples. CryoEM of 

the 10% MeOH samples reveals sheet-like morphology with large planar domains extending over 

hundreds of nanometers indicating the presence of long-range order in the J-aggregates (Figure 

2.2c-d). Similar sheet-like morphology and absorption lineshapes were observed for Cy5 and Cy7 

thiacarbocyanine dye aggregates.89,114 For a more global verification of domain sizes, we 
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performed dynamic light scattering (DLS). Estimates of domain sizes obtained from DLS agree 

well with cryoEM data with the smallest average across multiple trials being  700 nm for Cy7-

DPA and  900 nm for Cy7-Ph (Figure 2.6). We were unable to isolate the J2 morphology under 

tested conditions. However, because of its characteristic peak shape,114 we hypothesize that the J2 

peak on Cy7-DPA also arises from a sheet morphology with slightly different dye packing. The 

shoulder on J2 is from some conversion to J1. From a concentration dependence study (Section 

2.7 and Figure 2.7), we assign the H-peak of Cy7-Ph to a dimer.123 

2.3 Frenkel exciton model for 2D aggregates 

The presence of large domains and narrow linewidths suggests that the aggregates have long-

range delocalization of their transition dipole moments. We model the aggregate photophysics 

following the Frenkel exciton model with extended dipole treatment developed by Kuhn and co-

workers.25,29 First, following convention,124 we consider a monomer as a brick with an internal 

dipole representative of the TDM generated by a single excitation (Figure 2.3a). We then tile the 

bricks with a single variable parameter, the slip (𝑠), which represents the displacement along the 

long axis and construct the sheet (Figure 2.3a). Basing on the standard Frenkel exciton 

Hamiltonian,25  

𝐻𝑠 =  ∑ 𝐽(𝒏, 𝒎)|𝒏⟩⟨𝒎|

𝒏≠𝒎

+  ∑ 𝜖𝒏|𝒏⟩⟨𝒏|

𝒏

 
(2.1) 

where |𝒏⟩ represents the state where the 𝒏th molecule is in the excited state while all others in 

the ground state, 𝐽(𝒏, 𝒎)  the excitonic coupling between the two molecules, and 𝜖𝒏  is the 

individual site energy. Boundary effects are resolved by imposing periodic boundary conditions, 

𝐽(𝒏, 𝒎) = 𝐽(𝒏 − 𝒎). We then diagonalize the Hamiltonian, 𝐻𝑠 =   ∑ 𝜖𝑘|𝑘⟩⟨𝑘|𝑘 , where |𝑘⟩ is the 
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𝑘th eigenstate with energy 𝜖𝑘. For planar aggregates with one transition per unit cell, we obtain 

only a single state with finite oscillator strength 𝜇𝑘 =  𝜇0 |∑ ⟨𝑘|𝑛⟩𝒏 |, when all transition dipoles 

are in-phase (no nodes along either direction). This is the state that can absorb or emit light and is 

referred to as the bright state.  All other excitonic states contain at least one node, and thus are 

optically dark. We further calculate the density of states (DOS), 𝐷(𝐸) = ∑ 𝛿(𝐸 − 𝜖𝑘)𝑘 , as well as 

the energy of the bright state as a function of slip (see section 2.7 and Figures 2.8-2.9) for the 2D 

aggregates.  

The results from this model are summarized in Figure 2.3b, where we set 𝜖𝒏 = 0 for clarity. 

We observe, for 0 nm slip, an H-aggregate with the bright state blue shifted from the monomer. 

For higher slip values such as 0.7 nm, we observe a typical J-aggregate with a lower band-edge 

bright state. Interestingly, for intermediate slip values like 0.4 nm, the bright state is still red-

shifted from the monomer, but notably, not at the band-edge. We associate this case to an ‘I-

aggregate’, or intermediate aggregate as it displays a red-shifted bright state like J-aggregates but 

has excitonic states below the bright state, similar to H-aggregates. In other words, I-aggregates 

have a bright state which lies in the middle of the DOS but red-shifted from the monomer. I- and 

J-aggregates cannot be distinguished simply from their absorption spectra. We use their 

temperature dependent linewidth to determine where the bright state sits in the density of states. 
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Figure 2.3. Frenkel exciton model for 2D aggregates with extended dipole treatment, 

temperature dependence of Cy7-Ph and Cy7-DPA 

a. Schematic depiction of the brick arrangement model; b. Results from the analytical model 

showing monomer energy (dashed line) and relative position of the bright-state (solid line) within 

the density of states for 0, 0.4 and 0.7 nm slips; c. Pictures of sugar matrix stabilized aggregates 

as seen through a typical silicon camera with an IR filter (left) and with the IR filter removed and 

an 850 nm longpass filter added to remove stray light (right); d. Absorption spectra of sugar matrix 

stabilized aggregates- Cy7-DPA (red) and Cy7-Ph (blue) at 300 K (solid lines) and 78 K (dashed 

lines); e.  Full-width at half-maximum (FWHM) of the absorption peak as a function of 

temperature for Cy7-DPA (red circles) and Cy7-Ph (blue diamonds); f. Schematic describing the 

processes that contribute to the lineshape of Cy7-Ph and Cy7-DPA. 

We perform temperature dependent absorption spectroscopy on matrix stabilized Cy7-DPA 

and Cy7-Ph aggregates (20% MeOH). We prepare the stabilized aggregates using a previously 

reported sugar matrix stabilization procedure (pictures shown in Figure 2.3c).117,125  Comparison 

of solution and sugar matrix stabilized aggregates (Figure 2.12a) strongly suggests that the 
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aggregate morphology remains intact in sugar matrix. Upon cooling down from room temperature 

to 78 K, we find that the full-width at half-maximum (FWHM) of Cy7-DPA peak narrows from 

463 cm-1 to 303 cm-1 (34 %) and red shifts by 150 cm-1 as shown in Figures 2.3d-e. On the other 

hand, absorption of Cy7-Ph barely changes upon cooling. The peak position of Cy7-DPA is 

similarly sensitive to temperature as it red-shifts upon cooling while that of Cy7-Ph barely changes 

(Figure 2.12b). 

The effect of temperature on absorption lineshape is described by the origin of fluctuations that 

dephase the ground-excited state coherence. The absorption spectrum is the Fourier transform of 

the transition dipole autocorrelation function,107 

𝐴(𝑡) = 〈𝑎(𝑡)〉 ≈ 〈𝑒−𝑖𝜖b𝑡−𝑊b𝑡〉 (2.2) 

where 𝜖b is the energy gap between ground and excited state and 𝑊b represents how the system’s 

interaction with the bath leads to energetic fluctuations that dephase the phase relationship between 

ground and excited state wavefunctions. The brackets represent averaging over inhomogeneous 

disorder, or fluctuations in the environmental degrees of freedom slower than the lifetime of the 

exciton. Using the Redfield framework for exciton dynamics, and imposing the secular 

approximation and Markovian bath, we express 𝑊b for each exciton as follows:126–128  

𝑊𝑘 = ∑
𝑂𝑘𝑙

𝑒(𝜖𝑙−𝜖𝑘) 𝑘B𝑇⁄ − 1
𝐷𝑏(𝜖𝑙 − 𝜖𝑘)

𝑙≠𝑘

 

 

(2.3) 

where 𝑂𝑘𝑙 = ∑ |⟨𝑘|𝑛⟩⟨𝑛|𝑙⟩|2
𝑛  is the wavefunction overlap between the excitonic states, 𝑘B is 

the Boltzmann constant, and 𝐷𝑏(𝐸) = −𝐷𝑏(−𝐸) is the antisymmetrized bath spectral density. For 

homogeneous, translational invariant systems the secular approximation is by construct exact.124 

On the other hand, Markovian approximation is justified for fast dissipating environment. While 
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this is not necessarily true for the systems under consideration, as exemplified by the existence of 

vibronic progression observed in both monomer spectra (Figure 2.1d), the line width and its 

temperature dependence are well captured by the Markovian contribution.25 While the 

inhomogeneous contribution to the linewidth is mostly temperature independent, one can further 

breakdown the homogeneous linewidth (or dephasing rate) 𝑊𝑘  into (i) stimulated 

absorption/emission of phonons and (ii) spontaneous emission of phonons and relaxation to band-

edge. 

𝑊𝑘 = ∑
𝑂𝑘𝑙

𝑒|𝜖𝑙−𝜖𝑘| 𝑘B𝑇⁄ − 1
𝐷𝑏(|𝜖𝑙 − 𝜖𝑘|)

𝑙≠𝑘

+ ∑ 𝑂𝑘𝑙 ∙ 𝐷𝑏(𝜖𝑘 − 𝜖𝑙)

𝜖𝑙<𝜖𝑘

= 𝑊𝑘
(T)

+ 𝑊𝑘
(0)

 

(2.4) 

Here, 𝑊𝑘
(T)

 represents the stimulated absorption/emission portion, and thus depends on the 

thermal occupation of phonons (making it temperature dependent) whereas the 𝑊𝑘
(0)

 relies on the 

available DOS below the bright state and is temperature independent.112 In Cy7-Ph aggregates, we 

observe minimal change with temperature implying that the second term (relaxation to band-edge 

through spontaneous emission of phonons) is more dominant in the lineshape function. This 

implies sufficient DOS below the bright state, matching the description of an I-aggregate (Figure 

2.3b). On the other hand, we observe a significant narrowing upon cooling in Cy7-DPA which 

suggests that the first term dominates the lineshape function. Therefore, Cy7-DPA must have a 

bright state that is thermally accessible from the band-edge. We explain this in Figure 2.3f where 

the left side shows spontaneous emission of a phonon and the subsequent relaxation to the lower 
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energy state. This process is governed by the term Wk
(0)  of equation (2.4) which is temperature 

independent. Right side of Figure 2.3f shows stimulated emission of phonons, governed by Wk
(T) 

which depends on the thermal occupation of phonons. As a result, the spectrum shown on the left 

(blue) doesn’t change with temperature while the one on right (red) broadens with increasing 

temperature. Simply put, when the bright state is near the band-edge, it’s lineshape will be 

temperature dependent.  As it moves away from the band-edge, the lineshape is dominated by 

temperature independent relaxation within the density of states.  Despite both Cy7-Ph and Cy7-

DPA appearing to “J-aggregate” from their absorption spectra, the temperature dependence 

strongly suggests that the bright state is not at the band-edge.  

2.4 Design principles for 2D aggregates 

To correlate the structural parameters (slip) and spectroscopic observables, we calculate the 

DOS and bright state for generalized 1D and 2D aggregates as a function of slip (Figure 2.4a). We 

use a set of general parameters shown in Table 2.1, which represent the average of calculations 

used to determine the extended dipole parameters for Cy7-DPA and Cy7-Ph section 2.7). We 

express the coupling in terms of the variable 𝐽, defined as the coupling of a nearest neighbor head-

to-tail dimer (J = -2000 cm-1) calculated using extended dipole model (eq. (2.10)), and the slip in 

terms of the length of the brick (𝑏). The maximum and minimum eigenvalues define the upper and 

lower band-edge of the DOS and the region between the two extremes represents the exciton 

bandwidth. As seen from Figure 2.4a, 1D aggregates follow Kasha’s framework, always 

displaying (upper or lower) band-edge bright states irrespective of the slip. In 2D aggregates we 

observe regions H-, I- and J- aggregation (color-coded blue, purple and red respectively in Figure 

2.4a) based on the position of the bright state within the DOS. The point where the bright state 

intersects the zero coupling line corresponds to a previously reported ‘null aggregate’ meaning 
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that there is no excitonic shift even though the exciton bandwidth is large.129,130 Furthermore, 2D 

aggregates display increased possible spectral shifts due to stronger coupling. This unique band 

structure is a direct consequence of the 2D topology (Figure 2.13) and stems novel photophysical 

properties of 2D aggregates. 

 

Figure 2.4. Slip dependence of the band structure for 1D and 2D aggregates, schematic of 

design principles for 2D aggregate 

a. Bright state (black dots), upper (blue) and lower (red) band-edge of the excitonic band as a 

function of slip for 1D (top) and 2D (bottom) aggregates with non-nearest neighbor coupling. J is 

coupling for a head-to-tail dimer and b is the length of the brick. B. Schematic depiction of 

molecular design principles for 2D aggregates (alkyl chains have been omitted for simplicity). 

Packing with higher slip results in a bright state closer to the band-edge. 
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Table 2.1. List of parameters used in the Frenkel exciton model 

 𝒂 and 𝒃 are the short and long axes of the brick respectively, 𝝁 is the transition dipole moment 

and 𝒅 is the charge distance for the extended dipole. 

 𝒂 (Å) 𝒃 (Å) µ (𝑫) 𝒅 (Å) 

Cy7-DPA 7.3 19 4.2 9 

Cy7-Ph 8.8 22 4.0 3.5 

Generalized 8.1 21 4.1 6.3 

 

Similar behavior plays an important role in conjugated polymer photophysics (HJ aggregates) 

wherein, changing the relative strength of intra-/interchain coupling gives a mid-band bright 

state.7,129 While polymer networks involve covalent coupling along the polymer backbone and 

dipole-dipole coupling between the polymer chains, their absorption spectra have strong analogies 

to the Van-der-Waals aggregates described here. It is worth mentioning that these HJ aggregates 

have mid-band bright states that are not necessarily red shifted from the monomer whereas I-

aggregates have mid-band bright states red shifted from the monomer. Furthermore, epitaxially 

grown 2D crystals of a perylene based dye also resulted in a similar observation where limited 

aggregate size with non-unity aspect ratios gave dark band-edge J-aggregates.39 In this case, even 

with a dark band-edge, the next higher energy state was bright. Due to the extended nature of these 

2D I-aggregates, the bright state position in the density of states is a nearly continuous function of 

the slip as seen from Figure 2.4a, and is thus tunable using chemical modification. Size control of 

self-assembled aggregates is challenging in solution. However, many SWIR applications demand 

solution aggregates for processability and biological compatibility. Our approach enables chemical 

control of the slip while also being more versatile. 

Another recent theoretical investigation of 2D aggregates based on a simple dipole model 

demonstrates that temperature dependent peak shifts in absorption can be related back to structural 
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parameters like slip, however, they observe I-aggregate like behavior at higher slips.131 

Temperature dependent behavior of the bright state is dominated by the short-range interactions 

which depend strongly on the type of Hamiltonian used. Cy7-Ph shows little change in peak 

position while Cy7-DPA blue-shifts with increasing temperature, consistent with having different 

slip parameters (Figure 2.12b). Using our classification scheme, we estimate that the slip for the 

Cy7-Ph is  4-5 Å and that for Cy7-DPA is between 7-10 Å.  In general, the steric hindrance due 

to the DPA group will prohibit slips that are less than 7 Å (which correlates to 0.36 times its brick 

length), consistent with our observation that Cy7-DPA has a bright state closer to the band-edge 

than Cy7-Ph (Figure 2.4b). It is difficult to quantitatively compare our model to the experiment 

owing to the complexities arising from modeling the structural nature of disorder and variance in 

the system dielectric.132–134 The differences induced by the substituent on the proximity of the 

bricks may affect the actual coupling values but they won’t affect the overall behavior of H-, I- 

and J- aggregation significantly. 

Using an approximate slip parameter of Cy7-Ph we introduce diagonal disorder to fit the 

absorption FWHM and estimate the number of sites that participate in a given exciton. Focusing 

on Cy7-Ph which has a narrower range of likely slip parameters, we calculate the linewidth for a 

range of disorder values and compare to our experimental spectra. From this, we estimate that the 

diagonal disorder is 200 cm-1, and the inverse participation value is 8 (Figure 2.14).  Despite 

relatively strong disorder, the high degree of coupling in a 2D aggregate enables long-range 

delocalization lengths even at room temperature. This strongly implies that a band picture is 

appropriate in describing the relevant photophysics (Figure 2.13).  
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2.5 Conclusions 

We conclude by suggesting that in direct analogy to 1D aggregates described by Kasha’s 

model, 2D brick-like aggregates can be tuned through control of the slip parameter.  In general, in 

2D aggregates, a slip value less than 0.18 times the brick length forms an H-aggregate while a slip 

value greater than 0.26 times the brick length produces a J-aggregate. Interestingly, the remaining 

intermediate values result in I-aggregation which shows characteristics of both J- and H- 

structures. The observed spectroscopic behavior of Cy7-Ph and Cy7-DPA is thus directly 

correlated to dye structures.  

Our results demonstrate the significance of aggregate morphology and packing as a new 

avenue for tuning excitonic properties. In general, 2D aggregates with strong SWIR absorption 

can be made by simply tuning the solvation environment of NIR dyes. However, for 2D aggregates, 

the position of the bright state depends on the slip and is not restricted to the band-edge unlike 

linear or dimer aggregate systems allowing for emergent photophysics. Using temperature 

dependence, we confirm that Cy7-Ph forms an I-aggregate with dark states below the bright state. 

Cy7-DPA also forms an I-aggregate but has a bright state closer to the band-edge because of higher 

slip induced by the bulkier DPA group. This may explain why both the aggregates were not 

emissive. Nevertheless, 2D aggregates follow a generalized classification scheme which provides 

a roadmap to designing custom chromophore assemblies with desired properties. For example, the 

central position on the cyanine bridge may be further modified with bulkier groups to induce 

greater slips between chromophores to achieve band-edge J-aggregates. 

We can exploit the 2D topology to access unique excitonic properties and employ them for 

NIR and SWIR antennas. Wang et al. demonstrated enhanced FRET efficiency between a quantum 
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dot pair when mediated by a SWIR absorbing J-aggregate.46 This occurs despite the apparent low 

quantum yield of the aggregate suggesting I-aggregate mediated transport. I-aggregates present 

the possibility of energy transfer via dark states that can be accessed via near-field coupling similar 

to LH2 complex in photosynthetic bacteria.135 Recently, a theoretical study showed dark states in 

2D aggregates can be accessed via near-field coupling.136  Anantharaman et al. reported platelets 

of another Cy3 dye which show very small narrowing with decreasing temperature, suggesting 

that the platelets might be I-aggregates.121 The interesting aspect of I-aggregates– a red-shifted 

bright state far away from the band-edge– provides opportunities for NIR/SWIR absorption and 

charge injection into another semiconductor in photovoltaics enabling a complete utilization of the 

solar spectrum26,137,138 as well as for exploring fast energy transfer from I-aggregates to enhance 

the emission of NIR/SWIR materials.139 Recent studies have shown deep-tissue imaging of mice 

vasculature using flavylium polymethine dyes with monomeric SWIR emission.74 Chemical 

modification of such dyes following the principles outlined here could enable J-aggregation, 

pushing them deeper into the SWIR with high molar absorptivity needed for low dosage amounts. 

Furthermore, these materials open the possibilities for exciton-polariton coupling at telecom 

relevant wavelengths for antennas and other nanoscale optical devices.51 

2.6 Experimental methods 

Materials: Cy7-DPA and Cy7-Ph were obtained from FEW chemicals GmbH (catalog no. S0837 

and S2433). Spectroscopic grade methanol, sucrose and D-(+)-trehalose were obtained from 

ThermoFisher Scientific. All materials were used as obtained, without any further purification. 

Deionized water (18 M) was used for making all samples. 
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Sample preparation: Cuvettes and sample vials were pre-soaked in deionized water for 

hydrophilization. Dyes were pre-dissolved in methanol to make different concentrations of 

monomer solution. The monomer solution was then added to deionized water in a specific 

volume/volume ratio to prepare the aggregate solution. All solutions were stored in foil covered 

and parafilm sealed vials for 24 h before taking any measurements. For scanning the whole % 

MeOH range (10-100%) while keeping the dye concentration constant, the starting concentration 

of monomer solution was adjusted accordingly for each sample. For concentration dependence of 

the H-aggregate, % MeOH was kept constant at 70% white the final concentration was varied 

(0.05-0.5 mM). Samples for temperature dependence were prepared by sugar-matrix stabilization 

method previously reported.117 Dye aggregates were first prepared in water-methanol solutions as 

mentioned above and stored for 24 hrs to let the aggregates assemble. A saturated sugar solution 

was made by dissolving a 50:50 sucrose:trehalose (wt./wt.) mixture in distilled water. To a 100 L 

aggregate solution, 100 L of the saturated sugar solution was added slowly and gently mixed. 

This solution was drop-cast onto a 0.2 mm quartz cuvette and kept under vacuum in dark for 24 

hrs. CryoEM samples were prepared on mesh 200 lacey formvar/carbon copper grids obtained 

from Ted Pella Inc. The grids were plasma cleaned under a H2/O2 gas flow using Solarus Gatan 

Plasma cleaner for hydrophilization. Vitrobot Mark IV was used for plunge freezing the samples. 

About 3.5 L of the aggregate solution was dropped onto the grid, excess solution was removed 

by blotting for 3.0 s with standard blotting paper from Ted Pella and immediately dropped into 

liquid ethane maintained close to its freezing point using liquid nitrogen. The frozen grids were 

stored in liquid nitrogen. 

Measurements: All spectra were taken in a 0.2 mm path length quartz cuvette obtained from Starna 

Cells Inc. All room temperature absorption spectra were taken on a JASCO V-770 UV/Vis/NIR 
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spectrometer. Temperature dependent absorption measurements were performed using a Shimadzu 

UV/Vis/NIR spectrometer inside a liquid nitrogen cooled Janis ST-100 cryostat. Lakeshore 330 

Autotuning Temperature Controller was used to control the temperature. CryoEM images were 

recorded on a FEI TF20 electron microscope equipped with a field emission gun at 200 kV. 

CryoEM grids were loaded on to a Gatan 626 cryo-transfer sample holder, then inserted into the 

microscope and images were taken, all under liquid nitrogen. Images were recorded on a CCD 

camera with 4k x 4k resolution. Image defocus was used to enhance contrast. DLS experiments 

were performed on a Coulter Beckman Dynamic Light Scattering Analyzer in 1 cm path length 

cuvettes. 

2.7 Supporting information 

This section covers additional details about the results discussed in this chapter – aggregate 

spectra over complete % MeOH, dynamic light scattering of the 2D aggregates, concentration 

dependence to obtain the aggregation number of H-aggregate, a beginner student level description 

of the modeling methodology used in this paper, sugar matrix stabilization, excitonic states for 1D 

and 2d aggregates in k-space and estimation of exciton delocalization lengths. 

Aggregation of Cy7-DPA and Cy7-Ph in methanol-water mixtures 

We form a monomer stock solution by dissolving the dyes in methanol. We then mix the 

monomer solution with deionized water in varying volume/volume fractions. We keep the final 

dye concentration constant modifying the concentration of stock solution accordingly. Fig. 2.5 

show the variation of the aggregate and monomer peaks (2.2a-b) for the whole range of %MeOH. 

We obtain an average transition dipole moment (TDM,𝜇) from the absorption spectra for both the 

dyes using equations 1a and 1b:  
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𝑓 = 4.3 × 10−9 ∫ 𝜀 𝑑𝜈̅                                     (1a), 〈𝜇〉2 =
3ℎ𝑒2

8𝜋2𝑚𝜈̅
𝑓                                               (2.5) 

 

Figure 2.5. Aggregate and monomer peaks across full %MeOH range 

 Peak values for each aggregate and monomer peak (from Fig. 2.2a-b) as a function of %MeOH 

(0-100%) for a. Cy7-DPA and b. Cy7-Ph. 

where f is the oscillator strength, ε is the molar absorptivity, 𝜈̅ is the peak wavenumber, 𝑚 and 𝑒 

are the mass and charge of an electron and ℎ is Planck’s constant.104,140 The average TDMs were 

4.2 ± 0.9 D and 4.0 ± 0.5 D for Cy7-DPA and Cy7-Ph respectively. 

Dynamic Light Scattering (DLS) 

Cryo-electron microscopy reveals sheet-like morphologies for Cy7-DPA and Cy7-Ph 

aggregates with widths varying from 100-300 nm and lengths up to micron scale. Sheets of Cy7-

Ph appear to be longer than C7-Ph. For a bulk estimate of aggregate sizes, we performed dynamic 

light scattering (DLS) on the J-aggregates of Cy7-DPA and Cy7-Ph. We approximate particle sizes 

from the intensity distribution following the treatment done by Lotya et al.141 The particle size 

estimates are shown in Figure 2.6 and agree well with the aggregate extent shown in cryoEM 

images. 

Concentration dependence of H-aggregate  
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To assign the H-aggregate peak in Cy7-Ph (Figure 2.2a), we observed concentration 

dependence of the 70% MeOH sample.123 In this case, the %MeOH was kept constant while the 

total concentration of the dye was changed from 0.05-0.5 mM. The relative changes in the peak 

absorbances for monomer and H-aggregate peaks were used to obtain the number of monomers in 

the H-aggregate (dimer v/s extended aggregate) using the following set of equations: 

𝑛𝑀 ⇌ 𝐻 (2.6a) 

𝐾 =
𝐶𝐻

(𝐶𝑀)𝑛
 

(2.6b) 

Taking log and rearranging, 

Figure 2.6. Dynamic light scattering of Cy7-Ph and Cy7-DPA 

 DLS intensity distributions for a. Cy7-DPA and b. Cy7-Ph, 20% MeOH aggregate 

samples. (c) Auto-correlation function (ACF) of the solvent mixture (20% MeOH) 

showing no contribution coming from the mixture. Red, green and blue curves represent 

different trials. 
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log(𝐶𝐻) = log(𝐾) + n ∗ log(𝐶𝑀) (2.6c) 

where 𝑀 and 𝐻 denote the monomer and H-aggregate respectively. 𝐾 is the equilibrium constant 

and 𝐶  denotes the concentration of the species. 𝐶𝑀  can be obtained from the absorption co-

efficient of the monomer, 𝐶𝑀 = 𝐴𝑏𝑠𝑀 (𝜀𝑀 ⋅ 𝑙)⁄ . The absorption co-efficient for the monomer was 

found to be 3.82 x 105 M-1cm-1. Although the absorption co-efficient of the H-aggregate cannot be 

accurately determined, we can use the absorbance of the H-aggregate (𝐴𝑏𝑠𝐻) as a proxy. Since 

𝐴𝑏𝑠𝐻 ∝ 𝐶𝐻, the proportionality constant would simply change the intercept of eqn. (2.7c). Using 

this approximation, we obtain eqn. (2.7d): 

log(𝐴𝑏𝑠𝐻) − log ((𝜀𝐻 ⋅ 𝑙)) = log(𝐾) + n ∗ log(𝐶𝑀) (2.7d) 

log(𝐴𝑏𝑠𝐻) = log(𝐾′) + n ∗ log(𝐶𝑀) (2.7e) 

where 𝐾′ = 𝐾 (𝜀𝐻 ⋅ 𝑙)⁄  is a constant. This equation is only valid for the slope. To obtain the 

equilibrium constant accurately, we will need to determine the concentration of the H-aggregated 

species.123 Figure 2.7 shows a plot of log(𝐴𝑏𝑠𝐻)  v/s log(𝐶𝑀) , the linear fit gives 𝑛 =
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1.5 (0.7,2.3). This means that the H-aggregate peak at 698 nm (14326 cm-1) can be assigned to H-

dimer.  

  

Figure 2.7. Extracting H-aggregate aggregation number from concentration dependence 

Plot of log(AbsH) against log(CM) for H-aggregate samples (70% MeOH) with varying final 

concentration (0.05, 0.1, 0.2,0.5 and 0.5 mM). Straight line denotes a linear fit to equation 

(2.7e). 
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Extended dipole model 

We adapt the Frenkel exciton theory for modeling the aggregates.25,29 We start with an 

extended dipole model where we treat a molecule as rectangular brick with side lengths represented 

by 𝑎 (short side) and 𝑏 (long side) as shown in Figure 2.8. Along the long axis, we place partial 

charges of equal and opposite charge, equidistant from the center. From this charge separation, we 

calculate the magnitude of the transition dipole moment (TDM) on a single brick generated with 

one excitation. We build a sheet of similar bricks separated by the parameters 𝑎 and 𝑏, where the 

nearest bricks are ‘slipped’ with respect to each other by a slip parameter 𝑠. Each brick is callable 

with a specific label or index. We use monolayer sheet in our model as the it’s unlikely to affect 

the overall photophysics as suggested by previous literature.77 

  

Figure 2.8. Schematic of extended dipole 2D aggregate 

 Schematic depiction (not to scale) of a magnified extended dipole brick (left) and a 2D 

aggregate sheet constructed from slipped arrangement of the bricks (right).   
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Frenkel Exciton Hamiltonian and Density of States (DOS) 

Next, we construct the Frenkel exciton Hamiltonian from the electrostatic interaction between 

the TDMs. Represented in the site basis, the Hamiltonian is a matrix of dimensions 𝑛 × 𝑛, where 

𝑛 is the total number of bricks. Diagonal elements represent individual site energies and off-

diagonal elements represent coupling energies obtained from equation 3: 

𝐽𝑒𝑥𝑡,𝑛,𝑚~
𝜇2

𝑑
(

1

𝑟𝑚+𝑛+
−

1

𝑟𝑚+𝑛−
−

1

𝑟𝑚−𝑛+
+

1

𝑟𝑚−𝑛−
)                                                                                                 (2.8) 

where 𝜇 is the TDM per site, 𝑑 is the charge distance per site and 𝑟𝑚±𝑛±  is the distance between 

𝑚𝑡ℎ and 𝑛𝑡ℎ charge. 

As an example, we represent a coupling matrix for a 6x6 brick lattice (Figure 2.9).  As expected, 

nearest-neighbor coupling is the largest contribution. We go on to add inhomogeneous site 

disorder.  With an open variance parameter, we draw from a normal distribution centered around 

the monomer energy. A variance of zero results in all sites with identical energy (same chemical 

Figure 2.9. Example coupling matrix for a 6x6 aggregate. 
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environments). A nonzero variance shifts each monomer by an individually chosen amount as 

shown by varying diagonal elements. To eliminate edge effects, we add periodic boundary 

conditions (PBC) that couple the initial aggregate to repeated images of the aggregate along both 

major axes. In the limit of large site numbers, edge effects become less significant. In our modeling 

(shown later in section 6) we find the delocalization length is limited to 8 sites. Introducing the 

PBC and, therefore, eliminating the edge effects can be justified.  

Bright state energy and DOS 

Diagonalizing the 𝑛 × 𝑛 coupling Hamiltonian produces 𝑛 exciton energies corresponding to 

𝑛 exciton states (Figure 2.10). These eigenvectors are stationary exciton states, which can be 

written as a linear superposition of the states in the site basis. We then go on to obtain the density 

of states (DOS) by histogramming all the eigenvalues (energies) obtained from the Hamiltonian 

(Figure 2.3b). The optically active state (bright state) requires a net non-zero TDM as per Fermi’s 

Golden Rule.140 The net TDM per exciton was calculated as the sum of delocalization coefficients 

𝑐𝑙 (from eigenvectors) squared, 

𝜇𝑘 = |∑ 𝑐𝑘,𝑙
𝑛
𝑙=1 |

2
                                                                                                                                                     (2.9) 
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Summing before squaring accounts for the phase relationship between TDMs of each site.  We 

obtain the absorption spectra by histogramming eigenvalues weighed by with their respective net 

TDM. 

  

Figure 2.10. Depiction of Frenkel exciton Hamiltonian 

a. Coupling matrix in site basis and its diagonalization to the exciton basis, b. Example 

eigenvector for kth exciton where the coefficients correspond to the extent of 

delocalization over each site. 
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Approximating extended dipole model parameters for Cy7-DPA and Cy7-Ph 

To model Cy7-DPA and Cy7-Ph, we obtain the transition charge densities of both dyes using 

a semi-empirical method in the software ZINDO/S.142 The dyes were considered without the 

sulfonyl chains and with halogen groups replaced with methyl groups for simplicity. For an 

isolated monomer in vacuum, we optimize a ground state configuration using molecular modeling 

on Spartan and use it as an initial condition for ZINDO. We obtain many excited state transitions 

along with their net TDM, atomic coordinates of the excited state and the transition charges per 

atom. We select the transition with highest TDM as it represents the highest transition probability. 

Since the coupling calculation for many-dye systems is too computationally expensive with all 

charges considered, we fit extended dipole parameters for a dimer system to the dimer coupling 

calculated from transition charges. To start, we construct a dimer using the calculated transition 

charges obtained from ZINDO and compute coupling as a function of slip using the following eq.: 

 𝐽𝑑𝑖𝑚𝑒𝑟~ ∑ ∑
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
= ∑ ∑

𝑞𝑖𝑞𝑗

√(𝑥𝑖−𝑥𝑖)2+(𝑦𝑖−𝑦𝑖+𝑠)2

𝑛
𝑗=1

𝑛
𝑖=1

𝑛
𝑗=1

𝑛
𝑖=1                                                                       (2.10) 

where the numerator is the product of charges (one from each dye) and the denominator is the 

distance between these charges, 𝑛 is the total number of transition charges per dye, and 𝑠 is the 

slip. The total TDM per dye was calculated using the transition charge densities and distances 

relative to an arbitrary origin atom following eq.: 

𝜇 = ∑ 𝑞𝑖𝑟𝑖,0
𝑛
𝑖=1                                                                                                                               (2.11) 

We scale this TDM to match experimental values obtained from the absorption spectra shown 

in Figure 2.5. We construct an extended dipole dimer with the scaled TDM and brick dimensions 

extracted from the atomic coordinates and an open charge distance parameter. We calculate the 

coupling for this dimer as a function of slip using eqn. (2.10). We vary the parameter 𝑑 (charge 
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distance) until the two curves match to obtain a reasonable charge distance (Figure 2.11). The 

agreement is not the best for the entire range of slip values, but it fits well for smaller slip values 

which is where we expect our systems to be. 

 

Figure 2.11. Fitting out the extended dipole parameters from transition charge density 

coupling calculations of dimers 

a. Cy7-DPA and b. Cy7-Ph 

We average the parameters of both dyes and use them to calculate the coupling matrices for 

20x20 sheets at various slips. The complex dielectric environment in the aggregates gives rise to 

large long range coupling among monomer units. We approximate the dielectric environment by 

the scaling the coupling matrix by a factor of 70.54.  This scaling factor is an approximation of the 

dielectric constant (weighted sum of dielectric constants of methanol and water). A more accurate 

description of the dielectric environment is outside the scope of this paper. 

Sugar matrix stabilization and temperature dependence 

We prepare the stabilized aggregates using a previously reported sugar matrix stabilization 

procedure.117 Matrix stabilization allows the aggregates to maintain their morphology while 

keeping the samples optically transparent at low temperatures. Figure 2.12a shows the absorption 

spectra of solution and sugar matrix stabilized aggregates. Sugar matrix stabilization does not 



47 
 

affect the absorption of Cy7-DPA at all. It does, however introduce some disorder in Cy7-Ph as 

seen from the broadened absorption. Nevertheless, the aggregates morphology is still unaffected 

as the peak doesn’t shift. Figure 2.12b shows the peak position as a function of temperature. We 

observe a large red-shift for Cy7-DPA upon cooling, Cy7-Ph shows a slight blue-shift. 

Effect of dimensionality on band structure 

In Figure 2.13, we plot the eigenvalues of the Hamiltonian against the number of nodes in that 

eigenstate as a function of slip (each pair of sequential out-of-phase TDMs was considered a node). 

Disorder was not included in these calculations, nor were non-dipole-dipole forms of coupling 

(e.g. quadrupole or charge-transfer) and which can change the band-structure. The bright state 

always has zero nodes (kx, ky = 0). Here, we have assumed a finite size of the aggregate and the 

dielectric scaling factor (described in section 3.4). While the finite size of the aggregates will cause 

some redistribution of the oscillator strength around the bright state,35,143 we observe the 

Figure 2.12. Solution and sugar matrix spectra comparison, peak shifts with temperature 

a. Absorption spectra of Cy7-DPA (red) and Cy7-Ph (blue) aggregates in solution (solid line) 

and sugar matrix (dashed lines); b. Peak shift as a function of temperature for Cy7-DPA (red 

circles) and Cy7-Ph (blue diamonds) with respect to the peak position at 300 K. Negative 

(positive) values indicate red (blue) shift. 
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phenomenon of I-aggregation in the 2D aggregate.  In the 1D case shown in Figure 2.13a, the 

bright state is always on either side of the band-edge (highest or lowest eigenvalue) for slips. 

Contrastingly, in the 2D cases shown in Figure 2.13c-d, the bright state still maintains its zero node 

identity but it is not restricted to the band-edge depending on the slip value. This means that the 

dark states in I-aggregates may potentially couple to other transitions via near-field coupling.  

  

Figure 2.13. Representations of excitonic states in k-space 

 Eigenvalues of the aggregate Hamiltonian (with no disorder) as a function of number of nodes 

(kx, ky) for a. 1-D aggregate with increasing slip (blue = 0 nm, red=0.7 nm); b, c and d. 2-D 

aggregate with 0 nm, 0.4 nm and 0.7 nm slips respectively. 
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Estimating the extent of exciton delocalization 

The number of sites an exciton is delocalized over can be calculated as the inverse participation 

ratio (𝐼), which is the inverse sum of the scaling coefficients raised to the power of four (eq. 2.12a). 

We average 𝐼 over many realizations of the Hamiltonian with varying disorder to estimate the 

extent of exciton delocalization. In Fig. S10, we show the inverse participation ratio 𝐼  and 

linewidth 𝑊 of the absorption spectra for a 20x28 aggregate with increasing site disorder. 𝐼  is 

calculated and averaged over disorder realizations via 

𝐼𝑘 = ∑
1

|𝑐𝑘,𝑙|
4

𝑛
𝑙=1                                                                                                                                                           (2.12a) 

𝜇𝑘 = |∑ 𝑐𝑘,𝑙
𝑛
𝑙=1 |

2
                                                                                                                                                       (2.12b) 

𝐼𝑎𝑔𝑔 =
1

𝑛
∑ 𝜇𝑘 ∗ 𝐼𝑘

𝑛
𝑘=1                                                                                                                                                (2.12c)        

〈𝐼𝑎𝑔𝑔〉 =
1

𝑁
∑ 𝐼𝑎𝑔𝑔

𝑁
𝑙=1                                                                                                                                                  (2.12d) 

The linewidth is calculated by assuming that the absorption spectra can be decomposed into 

individual eigenstates, each with a Lorentzian profile with width determined by the dephasing rate 

𝑊𝑘 as in Eq.(3.3): 

𝐴(𝜔) = ∑ 𝜇𝑘
2 ∙

𝑊𝑘 2⁄

(𝜔−𝜖𝑘)2+(𝑊𝑘 2⁄ )2
𝑛
𝑘=1                                                                                                                            (2.13) 

We determine slip = 4.0 Å to be the best fit for the Cy7-Ph I-aggregate basing on the temperature-

dependent absorption spectra. And the bath spectral density is fitted from the monomer absorption 

lineshape to an Ohmic bath with exponential cut-off. 

𝐷𝑏(𝐸) = 𝜋𝜆 ∙
𝜔

𝜔c
𝑒−𝜔 𝜔c⁄                                                                                                                                               (2.14) 
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where 𝜆 = 600 cm-1 and 𝜔c = 1000 cm-1.  

As expected, 𝐼 decreases and linewidth increases with increasing disorder. This set of parameters 

slightly underestimates the contribution from the temperature-independent homogeneous 

linewidth (𝑊𝑘
(0)

). We attribute the deviation to the inaccuracy of the extended dipole model for 

the short-range interactions among the dyes. We estimate that the excitons are delocalized over 8 

sites at room temperature. 

 

Figure 2.14. Estimating the extent of exciton delocalization 

a. Inverse participation ratio (number of sites the exciton is delocalized over) and b. Linewidths 

for a 20x28 aggregate as a function of site disorder. Dotted lines indicate experimental 

linewidth. 
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Chapter 3 

Thermodynamic Control of Molecular Aggregate Self-

Assembly  

Reproduced with permission from “Deshmukh, A. P.; Bailey, A. D.; Forte, L. S.; Shen, X.; 

Geue, N.; Sletten, E. M.; Caram, J. R. Thermodynamic Control over Molecular Aggregate 

Assembly Enables Tunable Excitonic Properties Across the Visible and Near-Infrared. J. Phys. 

Chem. Lett. 2020, 11 (19), 8026-8033. https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02204” 

Copyright 2020 American Chemical Society. 

In the previous chapter, we showed that aggregation provides a platform to tune the 

photophysical properties. However, a prerequisite for such tunability is the control of the aggregate 

self-assembly itself. In this chapter, we demonstrate thermodynamic control over the self-assembly 

of cyanine dyes into H- or J-aggregated morphologies and provide insights for stabilizing the 

extended 2D morphologies with red shifted absorptions. 

3.1 Literature survey of aggregation routes 

Excitonic molecular aggregates are non-covalently assembled arrays of chromophores wherein 

monomeric transition dipole moments (TDMs) couple to form extended Frenkel excitons upon 

excitation. These aggregates exhibit emergent photophysical properties, such as extreme changes 

in their absorption, emission and lifetimes which are tunable through aggregate topology, 

molecular arrangement and energetic disorder.19,80,144  Large excitonic shifts afforded by long 

range TDM coupling make the aggregates extremely tunable across the broad spectral range from 

https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02204
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visible (400-700 nm) through near and shortwave infrared (NIR: 700-1000 nm and SWIR:  1000-

2000 nm respectively).12,145 Therefore, cyanine aggregates have extensive applications ranging 

from model systems for photosynthetic energy transfer, NIR/SWIR imaging, non-linear optics and 

plexitonics.88,146–148  

Table 3.1. Literature survey of aggregation strategies 

Common aggregation strategies for benzothiazole cyanine dyes, examples of dyes from literature 

aggregated using the corresponding strategy. General structures of the dyes are shown in Chart 1. 

To simplify the diversity in structures, we group the dyes according to the length of cyanine bridge. 

Aggregate preparation strategy 
Examples of common benzothiazole dyes 

aggregated 

Direct dissolution (in water, salt solution 

etc.) 
Cy1,23 Cy3,53,123, THIATS,149 Cy5,114 Cy789 

Langmuir-Blodgett films Cy1150,151 

Adsorption on a surface Cy1,152 Cy341,153, THIATS154 

Thin films THIATS,155,156 Cy3,157,158 Cy746 

Crystallization on interface Cy3159 

DNA or polymer templating Cy1,160 Cy3,161 Cy5,161,162 Cy7161 

Independent control of solvation conditions 

Cy7145 (Previous work) 

Cy3, Cy5, Cy7 (This work) 
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Understanding how these structures are stabilized and thereby controlling aggregate formation is 

a prerequisite to realizing potential technological and therapeutic applications. While many studies 

have elucidated the excitonic features of 2D and tubular cyanine aggregates and related it to their 

supramolecular structure,25,77,163 little work has been done in understanding how these structures 

are stabilized. In Table 3.1, we summarize the diverse array of literature protocols used to prepare 

J-aggregates with the characteristic narrow red shifted absorption for various benzothiazole 

cyanine dyes (Figure 3.1). While this diversity is rationalized with each procedure carrying its 

advantages or disadvantages, it provides little rationale to approach the self-assembly of new 

chromophore aggregates. Here, we show that a general and straightforward approach based on 

independent control of solvation conditions allows us to directly tune the thermodynamics of self-

Figure 3.1. General structure of benzothiazole 

cyanine dyes  

Sturctures of benzothiazole cyanine dyes aggregated 

using startegies listed in Table 3.1. Examples of common 

substituents are also listed. 
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assembly of cyanine aggregates in solution. A simple thermodynamic model allows us to construct 

a phase diagram for aggregation of cyanine dyes.  Thermodynamic control of self-assembly allows 

us to selectively stabilize an aggregate morphology under flexible conditions (such as extremely 

Figure 3.2. Schematic of aggregate equilibrium and independent control of solvation  

a. Schematic showing the transformation of monomers to H-aggregates (dimers) to J-aggregates 

(extended monolayer sheets) and characteristic lineshapes of absorption spectra of the 

corresponding species in solution; b. Structure of the dye Cy3-Et; c. Absorption spectra taken ~ 

24 hours after sample preparation where a predissolved monomer solution in methanol was 

injected into aqueous solution with or without NaCl while varying (top) dye concentration, 

(middle) v/v methanol:water ratio, and  (bottom) salt concentration. In each case, rest of the two 

factors were kept constant. 



55 
 

high or low dye concentrations), unlike previous methods which work under specific conditions. 

This makes the aggregates amenable towards a broader scope of experimental techniques, such as 

diffusion ordered spectroscopy (DOSY), and applications in devices. 

3.2 Independent control of solvation 

We focus on benzothiazole cyanine dyes that show a simple three component equilibrium 

between monomers, H-aggregates and J-aggregates which can be easily distinguished using their 

characteristic absorptions (Figure 3.2a). We use Cy3-Et (Figure 3.2b) as a model system, that is 

structurally close to the commonly studied THIATS.155 Several strategies have been used to 

aggregate THIATS and similar dyes, summarized in the Table 3.1, including direct dissolution in 

water,89 adsorption on silver halides,41 and spin coating.155 Here, we stabilize Cy3-Et aggregates 

under a variety of conditions by independent control of different solvation conditions. While salt 

addition and solvent/non-solvent mixtures are extensively used, our systematic implementation 

avails tunable range of conditions to stabilize a particular structure. We make a monomer solution 

in methanol and disperse it into water (with or without NaCl), a more generalized modification of 

the well-known ‘alcoholic route’.164 We use these parameters to access the aggregation phase 

space, and plot the resulting absorption spectra in Figure 3.2c.  

We vary (i) final dye concentration (top panel); (ii) solvent/non-solvent ratio (middle panel); 

and (iii) ionic strength by adding salt (bottom panel) keeping the other two factors constant. 

Unsurprisingly, we find that higher dye concentrations favor H-aggregation followed by J-

aggregation. In addition, high % MeOH (~ 70%) and low dye concentrations always favor 

monomeric state. As we decrease the % MeOH or increase the salt concentration, we observe 

gradual transformation of monomers to H-aggregate and finally to J-aggregate. Our results are 
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consistent with the hypothesis that ionic strength induced dielectric screening and hydrophobic 

interactions (lower % MeOH) stabilize extended aggregates.165 Moreover, this far simpler and 

easily generalizable approach yields the similar narrow red shifted absorption lineshapes for J-

aggregates, as seen in previous methods (Table 3.1), indicating that we are able to access the 

similar J-aggregate microstructures that lead to this characteristic lineshape with higher degree of 

control. 

Characterization of H- and J-aggregate structures: The use of different solvation conditions 

to stabilize a desired H- or J-state allows us to develop preparations that are amenable to 

characterization tools requiring high concentrations of a single species. For example, smaller 

aggregate species like dimers and oligomers are too small for characterization tools such as cryo-

electron microscopy (cryoEM) or atomic force microscopy (AFM). Multidimensional NMR 

methods such as diffusion ordered spectroscopy (DOSY) typically require very high 

concentrations where fully aggregated species tend to be more dominant than smaller aggregates. 

Using the methods outlined above, we were able to perform DOSY on H-aggregates, stabilizing 

the H-aggregate at a concentration of 1 mM by retaining a low volume fraction of deuterated 

methanol (10:90 MeOD:D2O, no NaCl).  In Figure 3.3a, all the peaks corresponding to the 

aggregate emerge at a single diffusion constant 1.32 x 10-10 m2/s while faster diffusing species 

such as counter ions and solvent show up at higher diffusion constants. A comparison with the 

DOSY spectrum of the monomer, in Figure 3.6, shows the H-aggregate is about twice the size of 

the monomer (Table 3.2). We thus conclude that the H-aggregate is a dimer consistent with 

previous concentration dependent absorption studies.123,166 For the redshifted J-aggregates, we 

perform CryoEM and AFM. CryoEM demonstrates extended rectilinear sheets with average 

dimensions of 500-1000 nm by several microns. AFM height analysis (Figure 3.3c) confirms 
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monolayer structures with molecular plane perpendicular to the plane of the sheet (section 3.7). 

We do not observe any conversion to nanotubes over a week for Cy7-Ph J-aggregates (Figure 3.8). 

Figure 3.3. Characterizations of H-aggregated oligomers and extended J-aggregates. 

a. 1H diffusion ordered spectroscopy (DOSY) of Cy3-Et H-aggregates at 1 mM concentration 

prepared in 90% D2O and 10% MeOD. Comparing hydrodynamic radius with monomer 

suggests a dimer morphology; b. Cryo-electron microscopy image of vitrified Cy3-Et J-

aggregate depicting sheet-like morphology. Numbers indicate sheet widths in nanometers; c. 

Atomic force microscopy image of Cy7-Ph J-aggregates with a histogram of the heights (bottom 

inset) enclosed in the white rectangle. The histogram is fit to a sum of three gaussians (cyan line) 

with R2 = 0.9695. Height of a single layer obtained from the histogram matches the height of a 

single molecule (top inset) indicating monolayer sheets. 
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H-aggregates occasionally show a slow conversion to J-aggregates over long times which may be 

due to solvent evaporation. As this conversion is very slow, we treat it as a quasi-equilibrium state. 

3.3 Thermodynamics of aggregation: three-component equilibrium model 

We construct a thermodynamic model that describes the energetic landscape governing self-

assembly of dimerized H-aggregates and sheet-like J-aggregates. Based on the observations in 

Figure 3.2c, we consider two general equilibria as follows.  

𝑛1𝑀 ⇌ 𝐻 (3.1) 

𝑛2𝐻 ⇌ 𝐽 (3.2) 

𝑀, 𝐻, and 𝐽 denote the monomer, H-aggregate and J-aggregate species respectively. 𝑛1 denotes 

the number of monomers in an H-aggregate and 𝑛1 ∙ 𝑛2 is the total number of monomers in the J-

aggregate. We use the subscripts 1 and 2 for the equilibrium constants (𝐾𝑒𝑞) and standard Gibbs 

free energies (∆𝐺°) of equilibria (3.1) and (3.2) respectively.  The respective equilibrium constants 

can be written as 

𝐾1 =
𝐶𝐻

𝐶𝑀
𝑛1

; 𝐾2 =
𝐶𝐽

𝐶𝐻
𝑛2

 
(3.3, 3.4) 

 The total concentration, 𝐶𝑡𝑜𝑡 is defined as 

𝐶𝑡𝑜𝑡 = 𝐶𝑀 + 𝑛1 ∙ 𝐶𝐻 + 𝑛1 ∙ 𝑛2 ∙ 𝐶𝐽 (3.5) 
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where 𝐶𝑀 , 𝐶𝐻 and 𝐶𝐽  denote the concentrations of monomer, H-aggregate and J-aggregate 

respectively. Upon substitution and rearrangement (complete derivation in Section 3.7), we arrive 

at the characteristic polynomial of 𝐶𝑀 with respect to total concentration, equilibrium constants 

and aggregate size. 

𝑛1 ∙ 𝑛2 ∙ 𝐾2 ∙ 𝐾1
𝑛2 ∙ 𝐶𝑀

𝑛1∙𝑛2 + 𝑛1 ∙ 𝐾1 ∙ 𝐶𝑀
𝑛1 + 𝐶𝑀 − 𝐶𝑡𝑜𝑡 = 0 (3.6) 

This high order polynomial will always have exactly one real positive root (proof in Section 3.7), 

which allows us to use standard root finding methods to find 𝐶𝑀 for a given set of parameters. 

Mole fractions of each species (𝜒𝑀 , 𝜒𝐻 and 𝜒𝐽) can be calculated for any combination of ∆𝐺° using 

equations (3-5). Thus, we can uniquely define the equilibrium composition of the solution for any 

combination of standard Gibbs free energies. This characteristic polynomial is independent of the 

choice of pathway (Section 3.7). 

In Figure 3.4a-c, we map the ternary equilibrium composition as we change the standard Gibbs 

free energies of H-dimerization on the x-axis and extended 2D J-aggregate formation on the y-

axis. We note that these Gibbs free energies are not truly independent as our experimental 

parameters may affect both. We set 𝑛1 = 2 based on our DOSY results (Figure 3.3a) and 𝑛2 = 10 

representing total aggregation number of 20 in extended J-aggregates. While this number greatly 

underestimates the number of J-aggregated monomers, it captures the sharp onset of J-aggregation 
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as a function of concentration. Each point on these maps represents a different equilibrium 

condition for a fixed 

 

Figure 3.4. Results from the three component equilibrium model, non-negative matrix 

factorization (NNMF), and fitting model to the experimental data  

Prediction of equilibrium composition using the three component model. a-c. Maps showing the 

variation of equilibrium composition as a function of standard Gibbs free energies of monomer to 

H-aggregate equilibrium (∆𝐺1
° ) and H-aggregate to J-aggregate (∆𝐺2

° ) for different total dye 

concentrations ( 𝐶𝑡𝑜𝑡𝑎𝑙 ), 𝑛1 = 2 , 𝑛2 = 10 , a. 𝐶𝑡𝑜𝑡𝑎𝑙 = 10−5 𝑀 ; b. 𝐶𝑡𝑜𝑡𝑎𝑙 = 10−4 𝑀 ; and c. 

𝐶𝑡𝑜𝑡𝑎𝑙 = 10−3 𝑀. The color of each pixel denotes the composition shown in the ternary plot on 
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the right with RGB value corresponding to mole fractions of J-aggregate, monomer and H-

aggregate respectively; d-f. Evolution of mole fractions of monomer (black), H-aggregate (blue) 

and J-aggregate (red) with total dye concentration for - d. two points on the ∆𝐺𝑜 maps denoted by 

square (∆𝐺1
° = −25 , ∆𝐺2

° = −200  kJ/mol) and diamond (∆𝐺1
° = −10 , ∆𝐺2

° = −185  kJ/mol), 

three vertical lines correspond to the 𝐶𝑡𝑜𝑡𝑎𝑙  values in a-c; e. varying ∆𝐺1
°  from −60   kJ/mol 

(darkest) to −20  kJ/mol (lightest) and ∆𝐺2
° = −150 kJ/mol; f. varying ∆𝐺2

°  from −300 kJ/mol 

(darkest) to −180  kJ/mol (lightest) and ∆𝐺1
° = −25 kJ/mol; g. Basis vectors obtained from non-

negative matrix factorization (NNMF) of experimental concentration dependence data (Figure 

3.10); (Inset) example of an experimental spectrum (green) with the decomposition into three 

NNMF vectors (dashed lines) corresponding to monomer (black), H-aggregate (blue), and J-

aggregate (red); h. Experimental mole fractions obtained from NNMF (circles) and the fitted mole 

fraction curves from the three component model (lines).  

concentration. Given a set of experimental Δ𝐺𝑜 ’s for any system, our model predicts the 

equilibrium composition at any concentration (Figures 3.4a-c). Changing solvation conditions 

such as % MeOH or salt concentration which directly affect ∆𝐺1
° and ∆𝐺2

° , spans this phase space, 

as might adding substituents to the chromophore. Direct transition from H-aggregate to J-aggregate 

involves a change in ∆𝐺2
°  (corresponding to extended aggregate formation). This suggests that 

increasing the ionic strength at low % MeOH (Figure 3.2c) mostly changes ∆𝐺2
° . At highly 

negative ∆𝐺2
° , we observe a direct transition from monomer to J-aggregate upon reducing ∆𝐺1

°.  

We pick two fixed points on the maps in Figures 3.4a-c corresponding to ∆G1
° = −25, ∆G2

° =

−200 kJ/mol (square), and ∆G1
° = −10, ∆G2

° = −185 kJ/mol (diamond) and plot them with other 

total chromophore concentrations in Figure 3.4d.  In all the cases, J-aggregates require a certain 

threshold concentration where we observe a sharp increase or ‘turn-on’ in the J-aggregate mole 

fraction. This non-sigmoidal nature of J-aggregate mole fraction curves is indicative of a 

cooperative mechanism and enables the formation of large aggregates.165 Figure 3.9 shows mole 
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fractions as a function of 𝑛2 which depicts the delayed and sharper turn-on in J-aggregation as a 

function of aggregate size. As increasing ionic strength transitions from H- to J-aggregate, we 

hypothesize that it primarily affects ∆𝐺2
°  due to additional charge screening. Figures 3.4e-f 

demonstrate that ∆𝐺1
𝑜 does not affect the J-aggregate onset but ∆𝐺2

𝑜 changes are coincident with a 

sharp decrease in monomer and H-aggregate.  

This sharp turn-on in J-aggregate is a clear indication of cooperative self-assembly akin to a 

phase transition or reaching a critical micelle concentration.167,168 We attribute the cooperativity to 

the 2-dimensional nature of sheet-like aggregates -- the number of potential molecular contacts 

increases linearly with the aggregate size.167 Unlike traditional 1D aggregates, cooperative 

assembly can be achieved without invoking a change in chemical potential for every additional 

monomer.165 Due to additional contacts in 2D aggregates, we require more charge screening as 

evident from our experiment (Figure 3.2c) where 2D aggregates are stabilized by adding salt. Our 

results suggest that many systems can be aggregated into 2D brick-layer sheets simply by 

stabilizing ∆𝐺2
°  relative to ∆𝐺1

°, for example, through control of solvent to non-solvent ratio or by 

adding salt. 

In order to show quantitative agreement between our model and experiment, we perform a 

concentration dependence of Cy3-Et at 20% MeOH and 0.05 M NaCl (Figure 3.10). Since there 

are three overlapping spectra, we decompose our observed spectra into J, H, and M spectra via 

non-negative matrix factorization (NNMF, Section 3.7).169 We obtain three basis vectors (Figure 

3.4g, example decomposition shown in inset), which are consistent with experimental spectra of 

the monomer, and published spectra for dimer H-aggregates and J-aggregates.123 We plot the mole 

fractions obtained from NNMF for this concentration series in Figure 3.4h (circles), capturing the 
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sharp increase in the J-aggregate at 10-4 M. Finally, we fit the mole fraction data for all three 

components simultaneously to arrive at Gibbs free energies of ∆G1
° = −24.8, ∆G2

°  =  −740.2  

kJ/mol (Section 3.7). This ∆G1
°  value is very close to previously reported dimerization energy for 

THIATS.123 The highly negative ∆𝐺2
° , indicating the strong favorability of extended 2D aggregate 

formation, is ascribed to the increased number of interactions in 2D aggregates.168  

3.4 Library of 2D aggregates from visible through shortwave infrared 

We demonstrate that principles for self-assembly used here are truly generalizable and are also 

extendable to other families of cyanine dyes such as benzimidazole cyanines. Figure 3.5 shows a 

list of cyanine dyes that form 2D sheet-like aggregates with tunable absorption from visible 

through SWIR. In all these cases, the aggregation behavior followed similar trends where lower % 

MeOH (20 - 30%) gave the extended J-aggregated sheets, the optimal salt and dye concentrations 

differ slightly among individual dyes. With the exceptions of TDBC and Cy7-DPA, we also 

observe similar H-aggregate peak at 50% MeOH. Particularly, larger dye molecules like Cy7-DPA 

and Cy7-Ph aggregate readily without any need for salt where as Cy3-Et and Cy5-Ph need slightly 

higher dye concentrations with added salt, suggesting that higher surface areas lead to stronger van 

der Waals interactions. A particular example of the well-known benzimidazole cyanine dye, 

TDBC is shown in Figure 3.5a. TDBC is also known to form sheet aggregates that have garnered 

interest in excitonic energy transfer and plexitonics.148 We show the principles outlined above can 

also be used to tune the self-assembly of TDBC into sheet like J-aggregates (Figure 3.11). TDBC 

and Cy7-DPA do not go through an H-aggregate state likely due the ethyl   
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Figure 3.5. 2D aggregates with absorption tunability from visible through shortwave 

infrared 

 (left) dye structures; (center) cryo-electron microscopy image of the 2D sheet aggregates and 

(right) absorption spectra of monomer (black), H-aggregates (blue), red shifted 2D aggregates (red, 
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solid line), and sugar matrix stabilized 2D aggregates (red, dashed line). Numbers on cryoEM 

images indicate sheet widths in nanometers. Absorption spectra of sugar matrix samples are 

arbitrarily scaled to compare the lineshapes with solution spectra. 

groups (in case of TDBC) and the bulky diphenylamine group (in case of Cy7-DPA) that might 

sterically hinder cofacial stacking. Furthermore, we show that all the 2D aggregates in Figure 3.5 

can be stabilized in a sugar matrix (dashed lines) which is known to protect the aggregates against 

photo and air damage,117 preserving the characteristic excitonic features while facilitating 

cryogenic and high excitation flux spectroscopies on the aggregates.  

3.5 Conclusions 

We conclude that aggregation strategy based on independently controlling the solvent to non-

solvent ratio, salt or dye concentration provides a general and tunable avenue for selectively 

stabilizing an aggregate morphology for the broad class of cyanine dyes. Our approach avails a 

broad range of aggregation conditions to stabilize a desired morphology, which in turn, controls 

the excitonic properties. In addition, tunability over a vast aggregation space enables new structural 

characterization techniques such as DOSY and broadens the application space. For example, 

aggregating at lower concentrations through lower non-solvent ratio can be used to control the 

optical density of aggregate antennas in thin films.  

We explain the conserved aggregation trends on the basis of a simple three component 

equilibrium model and gain insights into the thermodynamics of the self-assembly process. Our 

results show that ionic strength mainly effects ∆𝐺2
° , enabling direct transition from dimer H-

aggregates to extended J-aggregates at the same dye concentration and solvent composition, likely 

by stabilizing larger charged structures. Solvent to non-solvent ratio, on the other hand, likely 
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affects both ∆𝐺1
° and ∆𝐺2

°  as it can induce both H- and J-aggregation depending on the available 

dye concentration. NNMF untangles the constituent spectra and shows we can achieve excellent 

agreement between model and experiment. Finally, we show that solvation control can be extended 

to several sheet forming cyanine dyes thus enabling a tunable library with absorptions ranging 

from visible through SWIR. 

Kinetics and thermodynamics of aggregation of chromophores is a topic of extensive research, 

mostly focused on 1D -stacking structures of porphyrins and perylene bisimides.165,170,171 

However, extended 2D aggregates have unique features not reproduced in linear aggregates. The 

number of pair-wise interactions between an aggregate and a monomer is proportional to the 

aggregate size in the 2D case, whereas it is a constant for linear aggregates.  In analogy to bilayer 

formation in surfactants, one observes a near phase transition above a set concentration of dye in 

2D aggregates.168  In linear aggregates with pairwise interactions, phase transitions are rigorously 

forbidden.168 Despite the rich excitonic properties and diverse applications of cyanine dye 

aggregates, application of the thermodynamic self-assembly principles to the broad class of 

cyanine dyes aggregates is unprecedented. Overall, 2D aggregation provides a unique platform for 

even more stable structures at lower concentrations while retaining the excitonic features of J-

aggregates and the broad class of cyanine dyes is an excellent avenue for this. The simple and 

broadly applicable principles for aggregation presented here provide the first step toward realizing 

many potential applications of molecular aggregates. 

3.6 Experimental section 

Materials: All dyes were obtained from FEW chemicals GmbH (catalogue # S0046, S2278, 

S2284, S2433 and S0837 for TDBC, Cy3-Et, Cy5-Ph, Cy7-Ph and Cy7-DPA respectively). 
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Sodium chloride, sucrose, D-(+)-trehalose and methanol were obtained from ThermoFisher 

Scientific. Milli-Q water (18 MΩ) was used for making all aggregate samples. All materials were 

used as obtained, without any further purification.  

Preparation and absorption of aggregate solutions: Appropriate amounts of the dyes were 

weighed and dissolved in methanol to make monomer stock solutions, then diluted in methanol to 

make a series of monomer solutions of appropriate concentrations. Each diluted monomer solution 

was injected into water or aqueous NaCl with a specified mixing ratio. The concentration of the 

diluted monomer solution was decided such that the final concentration after water/ aq. NaCl 

injection is held constant. The calculations for this process were streamlined in a MATLAB code 

(available upon request). Glass vials used to store the samples were pre-soaked in Milli-Q water 

and aggregate solutions were allowed to equilibrate in dark for 24 h prior to measurement. 

Absorption measurements were taken on Agilent Cary 60 spectrometer for visible/NIR samples. 

SWIR absorption spectra were taken on JASCO V-770 UV/Vis/NIR spectrometer. Starna Cells 

quartz cuvettes of path lengths 0.01 mm, 0.2 mm or 1 mm were used depending on the dye 

concentration. 

Cryo-electron microscopy (CryoEM): Samples were prepared on mesh 200 lacey 

formvar/carbon copper grids obtained from Ted Pella Inc. The grids were plasma-cleaned under a 

H2/O2 gas flow using a Solarus Gatan Plasma cleaner for hydrophilization. Vitrobot Mark IV was 

used for plunge-freezing the samples. 5 μL of the aggregate solution was dropped onto the grid, 

and excess solution was removed by blotting for 3.0 s with standard blotting paper from Ted Pella 

and immediately dropped into liquid ethane. The frozen grids were stored in liquid nitrogen. Grids 

were loaded on to a liquid nitrogen cooled Gatan 626 cryo-transfer sample holder, then inserted 
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into the microscope. CryoEM images were recorded on a FEI TF20 electron microscope equipped 

with a field-emission gun at 200 keV and CCD camera.  

Atomic force microscopy (AFM): Films for AFM were prepared according to a previously 

reported drop-flow technique with some modifications.164 Aggregate solutions (2-3 drops) were 

dropped on a freshly cleaved mica substrate (1 cm diameter) kept at a small incline. Mica substrates 

were obtained from ThermoFisher Scientific. The solutions were allowed to slowly air dry on the 

bench while covered with a box to shield from room light and air currents. AFM measurements 

were done on Veeco Bioscope II AFM with tapping mode Al coated AFM tips obtained from 

NanoAndMore USA Corp. with 42 N/m force constant and a resonant frequency of ~320 kHz. 

Diffusion ordered spectroscopy (DOSY) NMR: NMR spectra were taken at room temperature 

on a Bruker Avance 500 MHz spectrometer with a 5 mm broadband probe and processed using 

TopSpin 4.07. After finding sufficient values for gradient pulse length (p30, δ) and diffusion time 

(d20, Δ) to yield spectra with 95 and 5% of original signal, 32 spectra were taken on a linear ramp 

and processed through TopSpin for diffusion constants. 

Sugar matrix stabilization: Prepared solutions of 2D aggregates after the 24 h equilibration step 

were mixed with a saturated sugar solution made by dissolving a 50:50 sucrose/trehalose (w/w) in 

distilled water. 100 μL aggregate solution was taken in a vial pre-soaked in Milli-Q water. To this, 

100 μL of the sugar solution was added drop-wise and gently mixed. The sugar-aggregate mixture 

was dropped onto a 0.2 mm quartz cuvette from Starna Cells Inc. and kept under vacuum in dark 

for 24 h for drying. 
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3.7 Supporting information 

This section covers the following additional information:  

Comparison of monomer – H-aggregate DOSY spectra and calculation of hydrodynamic radii, 

wide view AFM of Cy7-Ph, description of AFM height analysis, aggregate spectra over long time, 

derivation of the characteristic polynomial, effect of aggregation number of the mole fractions, 

detailed explanation of NNMF, details of the fitting the model to experimental mole fractions, 

concentration and % MeOH screens for TDBC aggregates. 

Diffusion ordered spectroscopy (DOSY)  

 

Figure 3.6. Comparison of DOSY spectra of monomer and H-aggregate of Cy3-Et 

a. Cy3-Et monomer (5 mM) in CD3OD and b. Cy3-Et H-aggregate (1 mM) in 10% CD3OD/D2O 

(v/v). 

Figure 3.6 shows the DOSY spectrum of Cy3-Et monomer. Similar to the H-aggregates DOSY 

(also shown in Figure 3.6b on same scale as the monomer for comparison), all the protons from 

the dye molecules show up at a unique diffusion constant. We use Stokes-Einstein relationship to 

estimate the size from the diffusion constant. For viscosity of solvent the mixture, a weighted 
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average of the known viscosities for D2O and CD3OD was used. The hydrodynamic radii and other 

calculation parameters, given in Table 3.2, show that the H-aggregate is roughly twice the size of 

the monomer.  

Table 3.2. Diffusion ordered spectroscopy (DOSY) data of Cy3-Et 

Diffusion coefficients obtained from DOSY and parameters used to calculate the hydrodynamic 

radii of Cy3-Et monomers and H-aggregates from Stokes-Einstein relation. 

Sample 
Diffusion Coefficient 

(m2s-1) 
Solvent Viscosity (kgm-1s-1) 

Hydrodynamic 

Radius (nm) 

H-

aggregate 

(1 mM) 

1.32 × 10−10 
10% 

CD3OD/D2O 
1.05 × 10−3 1.56 

Monomer 

(5 mM) 
4.96 × 10−10 

100% 

CD3OD 
6.0 × 10−4 0.72 

 

Atomic Force Microscopy of J-aggregate 

We use AFM analysis to probe the height of 2D sheets and their layer structure. As Cy3-Et J-

aggregate solutions require added salt, complicating height analysis, Cy7-Ph J-aggregates 

(prepared without salt at 20% MeOH, 0.2 mM dye as described in our prior work) were 

analyzed.145  AFM images of Cy7-Ph (Figure 3.3c) are fit to the difference in heights between 

adjacent layers.164,172 We plot a histogram of the heights of a selected region (Figure 3.3c bottom 

inset) and fit to a sum of 3 Gaussians, y = Σ𝑖=1
3 ai ∙ e

−(
𝑥−𝑏𝑖

𝑐𝑖
)

2

where 𝑎𝑖, and 𝑏𝑖 respectively are the 

amplitudes, center positions of the Gaussians and 𝑐𝑖 are related to width. The height of a single 

sheet was calculated from the difference in the center positions of adjacent peaks (𝑏𝑖+1 − 𝑏𝑖), and 
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is 1.18 ± 0.01 nm, which matches the height of a Cy7-Ph molecule ~1.2 nm (Figure 3.3c, top inset). 

Thus, we conclude that the sheets are monolayers with the molecular plane perpendicular to the 

plane of the sheets. Since we do not observe significant differences in spectral lineshapes or  

 

Figure 3.7. Wide view AFM image of Cy7-Ph 2D aggregate  

AFM image of a drop casted film of Cy7-Ph on freshly cleaved mica with a wider view showing 

sheet morphology. Height analysis confirms the sheets are monolayers. 
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Figure 3.8. Aggregate spectra over long time 

Absorption spectra of Cy7-Ph aggregates; a. 30% MeOH, b. 70% MeOH at different 

concentrations taken 24 h after sample preparation (solid lines) and after 1 week of sample 

preparation (dashed lines). 

electron microscope images for different dyes studied here, we hypothesize that this aggregate 

morphology applies to all J-aggregates studied. 

Characteristic Polynomial Derivation 

We model the equilibrium between the monomer, H-aggregate and J-aggregate using the 

following equations: 

𝑛1𝑀 ⇌ 𝐻 (3.7) 

𝑛2𝐻 ⇌ 𝐽 (3.8) 

where 𝑀, 𝐻, and 𝐽 denote the monomer, H-aggregate and J-aggregate respectively. 𝑛1 denotes the 

number of monomers in an H-aggregate and 𝑛1 ∙ 𝑛2 is the total number of monomers in the J-

aggregate. Initially, the monomers assemble into an H-aggregate, which is a dimer. When the total 
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number of monomers reach a certain limit, they assemble into a large J-aggregate, which is a 2D 

sheet in all the cases discussed here. This assumption is justified by our experimental observations 

where we see an H-aggregate peak rising initially, which then goes down with a sudden increase 

in the J-aggregate peak. The equilibrium constant is related to standard Gibbs free energy by 

∆𝐺𝑜 = −𝑅𝑇𝑙𝑛(𝐾), where R, T and K are the universal gas constant, standard temperature and 

equilibrium constant respectively.  

Let 𝐾1  and 𝐾2  denote the equilibrium constants for equations (3.7) and (3.8) respectively. 

Therefore, 

𝐾1 =
𝐶𝐻

𝐶𝑀
𝑛1

 
(3.9) 

𝐾2 =
𝐶𝐽

𝐶𝐻
𝑛2

 
(3.10) 

𝐶𝐻 = 𝐾1 ∙ 𝐶𝑀
𝑛1 (3.11) 

Substituting eq. (3.9) into eq. (3.10) and rearranging eq. (3.10), 

𝐶𝐽 = 𝐾2 ∙ (𝐾1 ∙ 𝐶𝑀
𝑛1)

𝑛2
= 𝐾1

𝑛2 ∙ 𝐾2 ∙ 𝐶𝑀
𝑛1∙𝑛2   (3.12) 

Further, if 𝐶𝑡𝑜𝑡 is the total dye concentration in the solution, 

𝐶𝑡𝑜𝑡 = 𝐶𝑀 + 𝑛1 ∙ 𝐶𝐻 + 𝑛1 ∙ 𝑛2 ∙ 𝐶𝐽 (3.13) 
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Substituting eq. (3.9) for 𝐶𝐻 and eq. (3.12) for 𝐶𝐽 into eq. (3.12),   

𝑛1 ∙ 𝑛2 ∙ 𝐾2 ∙ 𝐾1
𝑛2 ∙ 𝐶𝑀

𝑛1∙𝑛2 + 𝑛1 ∙ 𝐾1 ∙ 𝐶𝑀
𝑛1 + 𝐶𝑀 − 𝐶𝑡𝑜𝑡 = 0 (3.14) 

or  

𝑛1 ∙ 𝑛2 ∙ 𝑒−∆𝐺2
𝑜/𝑅𝑇 ∙ 𝑒−𝑛2∙∆𝐺1

𝑜/𝑅𝑇 ∙ 𝐶𝑀
𝑛1∙𝑛2 + 𝑛1 ∙ 𝑒−∆𝐺1

𝑜/𝑅𝑇 ∙ 𝐶𝑀
𝑛1 + 𝐶𝑀 − 𝐶𝑡𝑜𝑡 = 0 

Eq. (3.14) can be solved analytically for 𝐶𝑀 for a known value of  𝐶𝑡𝑜𝑡. 𝐶𝐻 and 𝐶𝐽 were obtained 

using eq. (3.9) and eq. (2.12) respectively. We get the mole fractions (𝜒) of each component using 

following equations. 

𝜒𝑀 = 𝐶𝑀 /𝐶𝑡𝑜𝑡 (3.15a) 

𝜒𝐻 = (𝑛1 ∙ 𝐶𝐻) /𝐶𝑡𝑜𝑡 (3.15b) 

𝜒𝐽 = (𝑛1 ∙ 𝑛2 ∙ 𝐶𝐽) /𝐶𝑡𝑜𝑡 (3.15c) 

All mole fraction curves are calculated by solving the above polynomial, (3.14) using standard 

root finding functions in MATLAB (code available upon request) for a set of parameters 

𝑛1, 𝑛2, Δ𝐺1
𝑜 and Δ𝐺2

𝑜 while varying 𝐶𝑡𝑜𝑡. The aggregation map shown in Figure 3.4a-c is calculated 

by fixing 𝑛1, 𝑛2, 𝐶𝑡𝑜𝑡 while varying  Δ𝐺1
𝑜 and Δ𝐺2

𝑜. The obtained mole fractions 𝜒𝑀, 𝜒𝐻 , 𝜒𝐽 were 

used as RGB values for each pixel on the maps in Figures 3.4a-c with red, green and blue 

corresponding to J-aggregate, monomer and H-aggregate respectively. 

Number of real positive roots of the polynomial: 
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For 𝑛1 = 2, (3.14) can be simplified to a general form 𝑎𝑥𝑚 + 𝑏𝑥2 + 𝑥 − 𝑐 = 0 where 𝑚 is a 

large even number and 𝑎, 𝑏, 𝑐 > 0. It can be proven that any general equation of this form will 

only have one real positive root.i

Let us denote the polynomial as 𝑃(𝑥) = 𝑎𝑥𝑚 + 𝑏𝑥2 + 𝑥 − 𝑐 . Therefore, 𝑃(0) = −𝑐  and 

lim
𝑥→∞

𝑃(𝑥) = ∞. Using intermediate value theorem, 𝑃(𝑥) will have at least one real positive root. 

Further, 𝑃′(𝑥) = 𝑚𝑎𝑥𝑚−1 + 2𝑏𝑥 + 1 which is always positive for all 𝑥 ≥ 0 as long as 𝑎, 𝑏, 𝑐 >

0 which is true in this case (equilibrium constants and aggregation numbers are always positive). 

In other words, 𝑃(𝑥) is a monotonically increasing function for all 𝑥 > 0. Using Rolle’s theorem, 

𝑃(𝑥) can have at most one real positive root. Therefore, 𝑃(𝑥) has exactly one real positive root. 

Dependence on choice of pathway 

This model does not depend on the choice of pathway. We obtain the same characteristic 

polynomial if we write the equilibrium equations as monomers adding on to H-aggregates instead 

of H-dimers exclusively reacting to form J-aggregates, as shown below. 

𝐻 + (𝑛1 ∙ 𝑛2 − 𝑛1)𝑀 ⇌ 𝐽 (3.16) 

Here, we model the equilibrium as monomers adding on to the H-aggregate as opposed to H-

aggregates combining to form a J-aggregates in eq. (3.7) and (3.8). The stoichiometric coefficient 

                                                           
iN. S. (https://math.stackexchange.com/users/9176/n-s), Is there an analytical way to find the number of real 
positive roots of polynomials of the form ax^m +  bx^2 +  x − c =  0?, URL (version: 2019-12-20): 
https://math.stackexchange.com/q/3483221. 
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𝑛1 ∙ 𝑛2 − 𝑛1 is necessary to balance the equation. Let 𝐾2
′ denote the equilibrium constant for eq. 

(3.16).  

𝐾2
′ =

𝐶𝐽

𝐶𝐻 ∙ 𝐶𝑀
𝑛1∙𝑛2−𝑛1

 
(3.17) 

Substituting 𝐶𝐻 from eq. (3.11) and rearranging, 

𝐶𝐽 = 𝐾2
′ ∙ 𝐾1 ∙ 𝐶𝑀

𝑛1∙𝑛2 (3.18) 

In order to relate the 𝐾2
′ with 𝐾2, we multiply eq. (3.7) by 𝑛2 − 1 and add to eq. (3.8), resulting in 

eq. (3.16). 

 (𝑛2 − 1) ∙ 𝑛1 ∙ 𝑀 ⇌ (𝑛2 − 1)𝐻; 𝐾1
𝑛2−1

 

+ 𝑛2𝐻 ⇌ 𝐽; 𝐾2 

 𝐻 + (𝑛1 ∙ 𝑛2 − 𝑛1)𝑀 ⇌ 𝐽; 𝐾1
𝑛2−1

∙ 𝐾2 

Therefore, we get 𝐾2
′ = 𝐾1

𝑛2−1
∙ 𝐾2. Substituting this in eq. (3.18), we obtain a relationship that is 

same as eq. (3.12), 

𝐶𝐽 = 𝐾1
𝑛2 ∙ 𝐾2 ∙ 𝐶𝑀

𝑛1∙𝑛2 (3.19) 

Thus, substituting eq. (3.9) and (3.18) for 𝐶𝐻 and 𝐶𝐽 respectively, in eq. (3.13), we obtain the same 

characteristic polynomial as eq. (3.14). 
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𝑛1 ∙ 𝑛2 ∙ 𝐾2 ∙ 𝐾1
𝑛2 ∙ 𝐶𝑀

𝑛1∙𝑛2 + 𝑛1 ∙ 𝐾1 ∙ 𝐶𝑀
𝑛1 + 𝐶𝑀 − 𝐶𝑡𝑜𝑡 = 0 (3.20) 

 

 

Figure 3.9 Dependence of mole fractions on aggregation numbers 

Mole fractions of the monomer (black), H-aggregates (blue) and J-aggregates (red) as a function 

of total dye concentration for G1
o = -25 kJ/mol and G2

o = -300 kJ/mol ; n1 = 2 and n2 = 10, 15, 

20 and 25 (darkest to lightest respectively). 

 

Effect of aggregation number  

Given the extended nature of J-aggregates, realistic n2 values to be used in the model should 

be very large (> 102). However, finding roots of high order polynomials with existing algorithms 

is subject to error. To assess the approximation of the effect of increasing aggregation number in 

(3.14), we plot mole fraction in Figure 3.9 for higher n2 values. With increasing n2 we observe a 

delayed onset or sharp ‘turn-on’ of J-aggregation concurrent with a sharp decrease in monomer 

and H-aggregate. 
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Non-negative matrix factorization 

We obtain the mole fraction from experimental data using non-negative matrix factorization 

(NNMF). In NNMF, a large matrix V is factorized into two matrices W and H where all elements 

of the matrices are non-negative numbers. We construct a matrix of the spectra shown in Figure 

3.10 with each row representing a spectrum at a different dye concentration, Vm x n where m and n 

are the number of samples and number of elements in one spectrum respectively. Using the 

standard NNMF package from MATLAB, we factorize this matrix into a weights matrix Wm x 3 

and a spectra matrix H3 x n where each row represents the spectrum of a pure component. We 

narrow down the NNMF algorithm by using starting points for known spectra of monomers and 

J-aggregates. While pure monomer spectrum is easily isolated, we chose a spectrum at high dye 

and salt concentration at low % MeOH for the J-aggregate since these conditions yield mostly J-

aggregated species. 

𝑽𝑚×𝑛 = 𝑾𝑚×3 ∗ 𝑯3×𝑛                                 (3.21) 

The factors 𝑾 and 𝑯 are chosen such as to minimize the root mean square residual (𝐹) of the 

product with original matrix where 𝐹 = √∑ |𝑽−𝑾∗𝑯|𝑛,𝑚
2

𝑛∗𝑚
. The matrix 𝑯 is plotted in Figure3.4g. The 

three vectors obtained from NNMF represent the spectra of each component i.e. monomer, H-

aggregate and J-aggregate. We normalize the weights matrix 𝑾  along each row to get 

experimental mole fractions (circles on Figure 3.4h) 𝑊𝑖𝑗 =
𝑊𝑖𝑗

∑ 𝑊𝑖𝑗𝑗
 . We interpolate this function 

and obtain the crossing point where the normalized weights corresponding to the monomer and H-

aggregate are equal. Later on, we will use eq. (3.24) to obtain the experimental value of ∆𝐺1
𝑜 from 

the monomer H-aggregate crossing concentration. 
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Figure 3.10. Concentration dependent spectra of Cy3-Et 

Experimental concentration dependence spectra of Cy3-Et in 20% MeOH and 0.05 M salt. This 

dataset was used to perform NNMF. 

Obtaining experimental Gibbs free energies 

Derivation of analytical expression for ∆𝐺1
𝑜 : To decrease the fitting space, we derive a simple 

analytical expression for ∆𝐺1
𝑜 using the monomer to H-aggregate crossing point.  We apply the 

condition 𝜒𝑀 = 𝜒𝐻  or 𝐶𝑀 = 𝑛1 ∙ 𝐶𝐻  on eq. (8). For 𝑛1 = 2 , combining this condition with 

equation (3.9) gives 𝐶𝑀 = 1
(2 ∙ 𝐾1)⁄ . Substituting this in eq. (3.14), we get 

𝑛2∙𝐾2

2(2𝑛2−1) ∙ (
1

𝐾1
)

𝑛2

+
1

𝐾1
− 𝐶′𝑡𝑜𝑡 = 0   or 

𝑛2 ∙ 𝑒−∆𝐺2
𝑜/𝑅𝑇

2(2𝑛2−1)
∙ 𝑒

𝑛2∙∆𝐺1
𝑜

𝑅𝑇 + 𝑒
∆𝐺1

𝑜

𝑅𝑇 − 𝐶′𝑡𝑜𝑡 = 0 

(3.22) 
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where 𝐶′𝑡𝑜𝑡  is the dye concentration where monomer and H-aggregate mole fractions are same 

and 
1

𝐾1
= 𝑒∆𝐺1

𝑜/𝑅𝑇. For ∆𝐺1
𝑜 < 0 ,taking the limit 𝑛2 → ∞, eq. (3.21) can be reduced to  

1

𝐾1
= 𝐶𝑡𝑜𝑡 or 𝑒∆𝐺1

𝑜/𝑅𝑇 = 𝐶′𝑡𝑜𝑡 (3.23) 

Therefore, ∆𝐺1
𝑜 = 𝑅𝑇 ln(𝐶′𝑡𝑜𝑡) (3.24) 

Interpolating the experimental mole fractions obtained from NNMF in Figure 3.4h, we obtain 

𝐶′𝑡𝑜𝑡 = 40.8 𝜇𝑀 which results in ∆𝐺1
° = − 25.0 kJ/mol.  

Fitting model to experimental data: We define a custom function using the polynomial in (3.14) 

with 𝑛1, 𝑛2 as fixed parameters and ∆𝐺1
𝑜, ∆𝐺2

𝑜 free parameters. We use the analytically obtained 

value of ∆𝐺1
𝑜 as a starting point in the fitting. Narrowing down the possible range of ∆𝐺2

𝑜 value, 

on the other hand, was more complicated due to its strong dependence on 𝑛2. Therefore, we fix 

the aggregation numbers in our model to 𝑛1 = 2  and 𝑛2 = 30  (limited by our computational 

capacity) while fitting the data in Figure 3.4h. We get an estimate of ∆𝐺2
𝑜 by visual inspection of 

the mole fraction curves and then use this estimate as a starting point in the least squares curve 

fitting. We then fit our three component model to this data, finding good agreement for 𝑛1 = 2 and 

𝑛2 = 30 (greater values of 𝑛2are numerically unstable) and optimize the values of ∆G1
° = −24.8  

kJ/mol, ∆G2
°  =  −740.2  kJ/mol using least-squares curve fitting (lines in Figure 3.4h). 
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Applying design principles to TDBC 

 

Figure 3.11. Screening aggregation conditions for TDBC 

Absorption spectra of TDBC dye aggregates formed by independently tuning a. dye concentration 

in MeOH:water mixtures with 50% MeOH v/v; (inset) structure of TDBC dye; b. 20% - 70% 

MeOH in methanol-water mixtures with fixed dye concentration of 0.2 mM.  

 



82 
 

Chapter 4 

Tuning the Excitonic Band Structure of Two-Dimensional 

Aggregates 

In the previous chapter, we prepared a library of 2D aggregates with absorptions ranging from 

visible through SWIR wavelengths. Different building blocks for each aggregate within this library 

result in subtle differences in the nanoscale molecular packing (slips and brick lengths). In this 

chapter, we discuss how these differences affect the excitonic band structure and utilize such 

molecular packing parameters to modulate the excitonic band structure from mid-band I-

aggregates to band-edge J-aggregates. 

4.1 Importance of excitonic band structure 

Excitonically coupled molecular aggregates are materials derived from chromophores whose 

optoelectronic behavior changes upon aggregation due to collective interactions of monomer 

transition dipole moments. Such aggregates are represented in many natural and synthetic 

materials, including conjugated polymers, supramolecular chromophore assemblies and 

photosynthetic complexes.1,12 Extended aggregates of chromophores have found applications in 

many areas - picosecond energy transfer,12,47,154 polaritonics or plexitonics,51,148,173,174 various 

optoelectronic devices such as luminescent solar concentrators, OLEDs,61,62 and shortwave 

infrared technologies (SWIR, 1000-2000 nm).66,69,175 In extended aggregate systems, the huge 

enhancements of transition dipole moments lead to excitonic superradiance wherein a large 

number of in-phase TDMs lead to collective emission phenomena. Superradiance can be useful in 
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modulating exciton transport and telecommunication related applications.66,79 Excitonic band 

structure plays a key role in all of these applications as quantum yields, energy/charge transfer 

rates and other photophysical properties are directly dependent on it. Structure-property 

relationships for the excitonic band structures will therefore allow for supramolecular tunability of 

such properties, enabling rational design of molecular aggregates.  

In the 1950s, Kasha developed a framework to relate the excitonic shifts in the optical spectra 

of molecular aggregates to the underlying structure. Within this framework, when the transition 

dipoles are arranged head-to-tail, the excitonic state with all dipoles oscillating in-phase (or 𝑘 =

0) is lowered in energy compared to the monomer. This leads to a red shift in the optical transitions. 

1D excitonic systems with such head-to-tail arrangements are called J-aggregates.19 This 𝑘 = 0 

state is the ‘bright state’ as it has the highest transition probability based on Fermi’s golden rule.1 

Conversely, co-facial arrangement leads to blue shifted transitions as the bright state is higher in 

energy than the monomer, known as H-aggregates. All other arrangements result in Davydov 

splitting with two dipoles per unit cell, producing two excitonic peaks for any single set of 

electronic transitions.149,176,177 J-aggregates are typically characterized by enhanced quantum 

yields from their respective monomers, high radiative rates and narrow linewitdths.12,32 H-

aggregates, on the other hand, usually have low quantum yields as non-radiative relaxation to the 

dark band edge excitonic state dominates the excited state decay.12 

4.2 Deviations from Kasha’s model 

Kasha’s model arises from considering only dimers and 1-dimensional chains as well as nearest 

neighbor dipolar interactions. These limitations lead to the model’s failure in describing systems 

with permanent dipole moments,27 charge transfer or quadrupolar excitonic coupling,113  or higher 
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dimensional aggregates, e.g. sheet-like and tubular aggregates.39,145,178  Examples of non-Kasha 

behavior have also been observed in polydiacetylene, poly(3-hexylthiophene) and other 

conjugated polymers, referred to as segregated “HJ” aggregates, wherein interchain and intrachain 

couplings have opposite signs.7,179,180 In some cases, different forms of couplings can cancel out, 

resulting in a null aggregate with no excitonic shift in optical spectra in spite of a significant 

excitonic bandwidth.129,130 More recently, HJ aggregates with dominant H-like (or J-like) coupling 

called as Hj (or hJ) aggregates were also reported for perylene diimides.181 

Using the Frenkel exciton model with only long-range dipole-dipole couplings,25 we have 

previously shown the presence of  ‘I-aggregates’ in 2D lattices.145 We define I-aggregates with an 

excitonic band where the bright state is red shifted from the monomer but still has dark states 

below it, drawing characteristics from both H- and J-aggregates. We showed that such behaviors 

depend upon the relative slip between adjacent monomer in the 2D lattices. I-aggregates have red 

shifted aggregate to monomer absorption (J-like) and yet low quantum yields (H-like).145  J-

aggregates, on the other hand, should have a band edge bright state and therefore, enhanced 

quantum yields with respect to the monomers. J-aggregates can also show excitonic superradiance 

because of the enhanced quantum yields and reduced lifetimes.  Superradiance cannot be defined 

for I-aggregates or H-aggregates as there is no emission from the non-band edge excitonic states 

to begin with.  

4.3 Need for a classification system for 2D aggregates 

Since I- and J-aggregates both show aggregate to monomer red shifts, a more comprehensive 

classification system for 2D aggregates is needed. Here, we demonstrate the distinct possibilities 

of excitonic band structures in 2D aggregates and their experimental signatures. Pathways for 
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chemically tuning the excitonic band structures are necessary to access a breadth of photophysical 

properties in molecular aggregates as well as to optimize material properties for specific 

applications. For example, chemically tuning the band structures from a non-band edge I-aggregate 

to band edge J-aggregate will enable aggregates with high quantum yields, a prerequisite for 

several applications.58,182 

We start with a detailed discussion of the theoretical basis for excitonic band structures of 2D 

aggregates provided by Chaung et al.163 The positive or negative contributions of short and long 

range couplings lead to critical differences in the band structures which has distinct spectroscopic 

signatures in emission and temperature dependent properties. Based on this, we provide a 

classification system for 2D aggregates based on aggregate to monomer shifts, temperature 

dependent peak shifts and broadening, as well as quantum yield enhancements.  We measure 

quantum yields, lifetimes, superradiance, temperature dependent peak shifts and full-width at half 

maximum (FWHM) changes across a set of 2D aggregates of six closely related cyanine dyes. We 

go on to show that such differences in the band structures and ultimately, the photophysical 

properties, can be manipulated with the supramolecular packing of the chromophores within the 

extended 2D structures. Specifically, the relative slip between adjacent monomers as well as length 

of the monomer determine the relative contributions of short and long range couplings, which in 

turn, lead to the distinct excitonic band structures of H-, I- and J-aggregates. Our findings lead to 

an internally consistent description of the distinct photophysical behaviors –  enhanced or 

suppressed quantum yields relative to their monomers, differences in superradiance and red or blue 

shifts with temperature.  Stochastic Hamiltonian modelling relates the aggregate geometries and 

disorders to the underlying band structures, providing a pathway for supramolecular tuning of the 

observed the photophysical properties. Our findings can be utilized to rationally design molecular 
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excitonic systems with tunable photophysical properties, enabling optimization of material 

properties for specific applications. 

4.4 Significance of short and long range couplings 

We calculate the excitonic density of states (DOS) and the bright state energy using the Frenkel 

exciton Hamiltonian with brick layer model. This approach is explained in detail in Chapter 2. 

Within this model, we treat each monomer as a brick ,with a given dipole moment (𝜇), length (𝐿), 

width (𝑤), and tile them in a 2D brick layer lattice with different slips (𝑠).25,29,145 The eigenvalues 

of this Hamiltonian provide the excitonic DOS and Fermi’s golden rule gives the bright state. In 

Figure 4.1a, we plot the bright state, upper and lower band edge of the DOS for a 2D brick layer 

aggregate with vaarying slip values. As we increase the slip, the band structure goes from H-

aggregate (bright state blue shifted from monomer), to I-aggregate (bright state red shifted but 

away from the band edge) and finally to J-aggregate (bright state at the lower band edge).  

Prior theory by Chuang et al. explains the origin of H-, I- and J-aggregate behaviors on the 

basis of the types of short and long range couplings in 2D aggregates.163 The possibilities of short 

and long range coupling for a 2D aggregate with in-plane TDMs are explained in Figure 4.1b. 

Long-range interactions in extended 2D systems with in-plane TDMs always contribute a net 

negative coupling (𝐽𝐿𝑅 < 0). Short range interactions can either be positive or negative depending 

on the relative slip, orientation and the coupling model. In cases where the short-range couplings 

are positive and higher in magnitude than the long range couplings, we obtain a 2D H-aggregate 

situation. All slip values in the blue region of Figure 4.1a show this behavior. In Figure 4.1c, we 

show a representative example of the excitonic DOS for a slip value denoted by ‘i’ on Figure 4.1a. 

Since there are always some negative contributions in the 2D case, the bright state is not at the 
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upper band edge.163 When the short-range coupling is positive, but smaller than the long-range 

coupling, the bright state is redshifted from the monomer but still has lower energy dark states 

below, making it an I-aggregate. The overall coupling, in this case, is negative resulting in red 

shifted aggregate to monomer absorptions. This is denoted by purple shaded region on Figure 4.1a 

Figure 4.1 Role of short and long range coupling for H-, I-, and J-aggregation. 

a. Bandwidth of the excitonic DOS and position of the bright state (dotted line) as a function 

of slip in 2-dimensional (2D) aggregates, dashed line indicates monomer energy. Blue region: 

bright state higher in energy than monomer (H-aggregate), purple region: bright state lower in 

energy than monomer but away from the lower band edge (I-aggregate), and red region: bright 

state lower in energy than the monomer and at the band edge (J-aggregate), b. schematic 

showing possibilities of short and long range couplings for 2D aggregates with in-plane dipoles 

leading to H-, I- and J-aggregates, c. representative excitonic DOS for slips corresponding to 

the vertical lines i, ii and iii on part a showing H-, I- and J-aggregate band structures 

respectively. Solid red line indicated bright state energy and dashed line indicates monomer 

energy. Curved dashed arrows indicate the direction of temperature dependent shifts. 
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and a representative DOS is shown in Figure 4.1c corresponding to the slip denoted by ‘ii’. For a 

2D J-aggregate, both the short and long range couplings are negative, making the bright state also 

the lowest energy state in the excitonic DOS, similar to Kasha’s model. This scenario is shown in 

red shaded region on Figure 4.1a and a representative DOS in Figure 4.1c (denoted by ‘iii’). 

As shown in Figure 4.1c, the excitonic DOS has several sharp peaks, called as Van Hove Peaks 

(VHPs). VHPs arise from extremums in the dispersion relations where the dispersion curve is flat 

i.e. 
𝑑𝐸

𝑑𝑘
= 0 (in the 2D case, the extremums are saddle points in the dispersion curves). Effectively, 

a VHP consists of a large number of states concentrated in a close energy range. In other 2D 

materials (e.g. graphene), this is known to cause superconductivity, topological insulators and 

other unusual phenomena.183–185 In case of the molecular aggregates, position of the bright state 

relative to the VHPs can be useful in distinguishing I-aggregates from J-aggregates and ultimately, 

explaining a lot of the photophysical properties such as quantum yields and linewidths. 

Chuang et al. also developed a theory providing relationships between the position of bright 

state relative to the VHP and temperature dependent peak shifts.163 For bright states lower in 

energy than the VHP, the local slope of the DOS is positive meaning that there are more dark states 

on the higher energy side of the bright state than on the lower energy side. Therefore, there is an 

asymmetric distribution of the dark states near the bright state which pushes the bright state away 

towards lower energy, resulting in a red shift with increasing temperature. Thus, Chuang et al. 

prove that the positive slope near the bright state results in a red shift with increasing temperature 

(indicated by dashed arrows on Figure 4.1c). Conversely, for bright states higher in energy than 

the VHP, the local slope of the DOS is negative with relatively higher number of states below the 

bright state and thus, we observe a temperature dependent blue shift.  
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4.5 Classification scheme for 2D aggregates  

Such distinct possibilities in 2D aggregates suggest that excitonic peak shifts alone are not 

diagnostic of the band structure, coupling strength, and emissivity. To probe higher dimensional 

aggregate structures, one must go beyond aggregate to monomer absorption peak shifts and 

narrowing. Expanding on previous theories,145,163 we present a classification system encompassing 

such diverse excitonic behaviors in 2D aggregates based on peak shifts and peak broadening with 

temperature as well as room temperature quantum yields. Following paragraph and Figure 4.2 

summarize our classification system: 

For 2D systems, a blue shifted absorption from aggregate to monomer indicates H-aggregation. 

Whereas, for aggregates with red shifted absorptions from their monomers, both I- and J-

aggregation is possible. The position of the bright state with respect to the VHPs contributes to the 

temperature dependent properties. For band-edge J-aggregates, the local slope of the DOS is 

always positive. Therefore, band-edge J-aggregates must show red shifts with increasing 

temperature, whereas I-aggregates can show red, blue or no shifts with temperature depending on 

the local slope (positive, negative or zero respectively) of the DOS near the bright state. As a result, 

a blue or not shifting aggregate peak with temperature can be a conclusive evidence for an I-

aggregate. Temperature dependent red shift along with enhanced quantum yield at room 

temperature can be a conclusive evidence for J-aggregates.  

Changes in quantum yields with temperature can also be related to I- or J-aggregation behavior 

based on thermal occupation of the bright state. In band-edge J-aggregates, one expects a 

decreasing quantum yield upon heating as the occupation number of the lowest energy bright state 

will decrease with temperature. For non-band edge I-aggregates, higher temperatures enable 



90 
 

occupation of higher energy states leading to increasing quantum yield upon heating. For band-

edge J-aggregates, temperature dependent power laws can inform on exciton-phonon coupling 

processes that lead to thermal broadening (discussed in detail later). Further, the amount of thermal 

broadening can also be used as a relative measure of the total distance of the bright state from the 

band edge (also discussed in detail later).145 Overall, these properties form a complete description 

of the distinct behaviors possible in 2D excitonic systems, where each experimental observable 

Figure 4.2 Flowchart summarizing the classification scheme for 2-dimensional excitonic 

aggregates. 

 The classification is based on aggregate to monomer shifts, temperature dependent shifts and 

quantum yield enhancement from the monomers. Dashed vertical lines indicate monomer 

energy and solid red or blue lines indicate the bright state. 
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(quantum yields, temperature dependent shifts and broadening, power laws) can be related to a 

specific aspect of the excitonic band structure. 

4.6 Differences in emissive properties of six 2D aggregates 

We demonstrate examples of the distinct excitonic band structures across 2D aggregates of six 

dyes with different polymethine bridge lengths (Cy3, Cy5 and Cy7; Cy = cyanine) and 

substitutions on the central position, shown in Figure 4.3a. In our earlier work, thermodynamic 

control of the aggregate self-assembly enabled selective stabilization of each aggregate 

morphology via an interplay of concentration, solvent:non-solvent ratio, and dielectric screening. 

Figure 4.3 Comparitive set of six 2D aggregates - dye structures and aggregate absorption 

spectra  

a. Structure of the six dyes explored in this work – benzimidazole cyanine dye TDBC and 

benzothiazole cyanine with varyingcentral position subsitutions and bridge lengths, b. 

Absorption spectra of all the aggregates in solutions (solid lines) and dried sugar matrix (dashed 

lines). All aggregate solutions are in water-methanol or aq. NaCl-methanol mixtures.  
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Using this approach, we were able to stabilize the 2D sheet-like morphology of all the dyes studied 

here (Figure 4.6).186 We also include the well-known dye 3,3‘-bis(4-sulfobutyl)-5,5‘,6,6‘-

tetrachloro-1,1‘-diethylbenzimidacarbocyanine, sodium salt (TDBC), commonly used in photonic 

applications.187,188 All 2D aggregates are prepared by injecting a methanol solution of the dye in 

water or aqueous NaCl (see experimental section for exact conditions), followed by equilibration 

in dark for 24 h. By changing the dye lengths as well substitutions on the central position of the 

cyanine bridge (Figure 4.3a), we afford extended 2D aggregates with different brick lengths and 

slips. Prior models have related these parameters to the subtle variations in excitonic band 

structure.163,178 As shown in Figure 4.3b, the absorptions of these 2D aggregates range from 587 

nm (TDBC) to 1050 nm (Cy7-DPA). The narrow lineshape with a high energy tail observed across 

all aggregates is characteristic of extended 2D aggregate structures, and is also seen in other 2D 

aggregates of perylene bisimides.35 

We measure the emissive properties of all the aggregates at room temperature (RT).  We 

highlight TDBC as an archetypal example in Figure 4.4 owing to the narrowest absorption 

linewidth (Figure 4.3b) and highest quantum yield of TDBC aggregate (discussed later in Table 

4.1). As seen from the solution absorption and emission spectra in Figure 4.4a, TDBC aggregate 

(red) has  narrowed absorption and emission compared to the monomer (blue), and very small 

Stokes shift (2 nm) in the aggregate form.12 Figure 4.4a inset shows the time-correlated single 

photon counting (TCSPC) histograms for both the monomer and aggregate of TDBC. Absolute 

quantum yields and lifetimes in RT solutions for all the monomers and aggregates across the 

library are shown in Table 4.1 (see Figure 4.7 and Table 4.3 for all absorption, emission spectra 

and lifetimes breakdown of the aggregates). We calculate the radiative rates for all the aggregates 
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and monomers from lifetimes and quantum yield of each sample. We define excitonic 

superradiance (𝜂𝑆𝑅) as: 

𝜂𝑆𝑅 =
𝜇𝑎𝑔𝑔

2

𝜇𝑚𝑜𝑛
2

 
(4.1) 

where 𝜇𝑎𝑔𝑔  and 𝜇𝑚𝑜𝑛  are the transition dipole moments of aggregate and monomer 

respectively. Other definitions of superradiance exist in literature,38,39 superradiance factor as high 

as 62 has been reported for thiacarbocyanine J-aggregates using previous metrics. However, these 

do not account for the effects of the energy gap law.43 We use eq. (4.1) which includes the effects 

of drastic changes in energy gaps of aggregate to monomer using the following equation:  

𝜇2 =
Φ3𝜋𝜀𝑜ħ4𝑐3

𝜏𝑛𝐸𝑔
3  

(4.2) 

where Φ,  𝜏, 𝑛 and 𝐸𝑔 denote the quantum yield, lifetime, refractive index and energy gap 

respectively. We approximate the energy gap as the mean of absorption and emission peak 

energies.  

We observe that all the Cy3 dye aggregates have significantly enhanced quantum yields at RT 

as compared to their respective monomers, with TDBC showing the highest Φ𝑎𝑔𝑔 = 49 ± 3 % 

(17 times higher than the monomer). On the other hand, the quantum yield of the Cy5-Ph aggregate 

was found to be suppressed from the monomer. Both the Cy7 dyes had very low quantum yields 

that were below our detectable limit (< 0.01 %). All the Cy3 dye aggregates were also superradiant 

indicating enhanced transition dipole moments in the aggregates. TDBC and Cy3-Et aggregates 

were superradiant in spite of having higher aggregate lifetime than monomer. This can be 

explained by the relatively higher enhancement factors for the quantum yields of TDBC and Cy3-

Et aggregates. Moreover, the radiative rates are known to show an inverse relationship with the 
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energy gap.43 The measured lifetimes do not include this factor, which is accounted for later in eq. 

(2). In case of TDBC, aggregate lifetime is 1.8 times higher than that of the monomer (without 

accounting for the lower energy gap effects) but the quantum yield is about 17 times higher. Cy5-

Ph aggregate had a suppressed transition dipole moment from its monomer, mainly attributed to 

the two orders of magnitude lower quantum yield than the monomer. A notable point is that 

according to the traditional H- and J-aggregate classification based on aggregate to monomer 

Figure 4.4 Complete spectroscopic characterization of TDBC aggregate – absorption, 

emission, lifetimes, emperature dependent absorption and emission 

a. Normalized absorption (solid lines) and emission (dashed lines) spectra for TDBC monomer 

(blue), and TDBC aggregate (red). Inset: Time correlated single photon counting data for 

TDBC monomer (blue), and TDBC aggregate (red) with biexponential fits in black, b-g. 

temperature dependent spectroscopy data for TDBC aggregate in sugar matrix from 78 K to 

300 K with estimated error of ±2 K, b. normalized absorption spectra, c. normalized emission 

spectra, d. absorption full-width at half-maximum (FWHM), e. absorption peak energy, f. 

emission FWHM, g. emission peak energy. Fits are from eqs. (3) and (4) for FWHM and peak 

energies respectively. 
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shifts, all these aggregates would be J-aggregates despite the significant differences in their 

emissive properties (Figure 4.7). 

Table 4.1 Emission and superradiance parameters for all 2D aggregates in solutions at room 

temperature.  

Lifetimes (𝜏), quantum yields (𝜙), and transiton dipole moments (𝜇) for all monomers (subscript 

mon) and aggregates (subscript agg) along with superradiance rates (𝜂𝑆𝑅) calculated using eq. (4.1) 

and eq. (4.2) are shown. Errors on quantum yields are standard deviations across 3 samples. 

 

  

 

 

 

 

4.7.Temperature dependent spectroscopy of sugar matrix stabilized 

aggregates 

 To investigate the origins of such differences, we use temperature dependent spectroscopy. 

We stabilize all the 2D aggregates in a 50:50 (w/w) sucrose:trehalose sugar matrix, following a 

previously reported procedure.117 Sugar matrix stabilization protects the aggregate morphologies 

at low temperature so that other possibilities like the changes in the aggregate structure itself can 

be ruled out. Moreover, the frustrated packing afforded by structural mismatch between the sugars 

keep the samples optically transparent by forming a glassy matrix (unlike water which crystallizes 

at 273 K). Figure 4.3b shows the absorption spectra of all J-aggregates in sugar matrix (dashed 

Dye 
𝝉𝒎𝒐𝒏

(ps) 

𝝉𝒂𝒈𝒈

(ps) 
𝚽𝒎𝒐𝒏 (%) 

𝚽𝒂𝒈𝒈 

(%) 

𝝁𝒎𝒐𝒏 

(D) 

 𝝁𝒂𝒈𝒈 

(D) 
𝜼𝑺𝑹 

TDBC 80 150 2.8 ± 0.2 49 ± 3  13 40 9 

Cy3-Et 60 195 0.31 ± 0.03 14 ± 2 5 20 18 

Cy3-H 268 207 5.7 ± 0.6 13 ± 4  10 20 4 

Cy5-Ph 467 229 9.2 ± 0.5 

0.028 

± 

0.005 

12 1 0.008 

Cy7-Ph 410 - 4.4 ± 0.2 - 11 - - 

Cy7-DPA 637 - 2.3 ± 0.2 - 7 - - 



96 
 

lines) superimposed with their solution spectra (solid lines). We do not observe major changes in 

the lineshapes or peak positions indicating that the overall aggregate morphologies are still intact. 

In some cases, there is a slight broadening (Cy7-Ph) or shift (Cy5-Ph) in the sugar matrix, 

indicative of additional disorder though it is minor compared to the overall lineshape. 

We conduct temperature dependent absorption spectroscopy on all the sugar matrix stabilized 

aggregates, along with temperature dependent emission for all the aggregates with detectable 

quantum yields. Figures 4.4b-g show one complete dataset for TDBC while those for the other 

dyes can be found in Figures 4.8-4.11. For TDBC, we observe that the aggregate peak red shifts 

and broadens as we increase the temperature from 78K to 300K (Figure 4.4b-c). Summarized in 

Table 4.2, all the Cy3 and Cy5 aggregates including TDBC redshift with increasing temperature 

while the Cy7 aggregates show blue or no shift (Figure 4.4b and Figure 4.8e-f).  

The red shifting behavior for all Cy3 dyes implies a bright state that is lower in energy than 

the VHP. The high RT quantum yields suggest that they are not only at lower energy than the VHP 

but are also at the band-edge. Therefore, we classify all the Cy3 aggregates including TDBC as 

Kasha’s J-aggregates with band-edge bright states. In contrast, Cy5-Ph aggregates have a red 

shifting peak with temperature even though the RT quantum yield is suppressed from the 

monomer. This implies that the bright state of Cy5-Ph is at lower energy of the VHP but still has 

significant dark states below such that non-radiative pathways dominate the excited state decay. 

Therefore, we classify Cy5-Ph as an I-aggregate with a bright state lower in energy than the VHP. 

All the Cy3 and Cy5 aggregates show similar trends in temperature dependent emission as well, 

where the aggregate peaks red shift with increasing temperature (Figures 4.10-4.11). 
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Recalling the theory by Chuang et al., the temperature dependent shifts are sensitive to the 

local slope of the DOS.163 Therefore, Cy7-Ph which showed no shift  (Figure 4.8), must have a 

bright state farther from the band-edge in a relatively flat region between the VHPs. Since Cy7-

DPA is blue shifting with temperature, it has a bright state at higher energy than the VHP (or 

locally negative slope of the DOS). Therefore, we classify both Cy7 cases as I-aggregates.  

These observations are also consistent with our previous studies where we used a thermal 

broadening based metric to conclude that Cy7-Ph has a bright state farther away from the band-

edge as compared to Cy7-DPA.145 The relative distance of the bright state from the band edge can 

be qualitatively gauged by means of the amount of thermal broadening. In cases where the bright 

state so far from the band edge that it is thermally inaccessible, one expects no broadening 

(irrespective of the relative position to the VHP), as in the Cy7-Ph aggregate (Figure 4.8). Cy7-

DPA shows thermal broadening despite being an I-aggregate, meaning that the bright state is closer 

to the band-edge such that it is thermally accessible.  

In band-edge J-aggregates, thermal line broadening and shifts are modeled using exciton-

phonon coupling with the environment which have been previously described with power laws 

and uniquely reflect the combination of exciton DOS and exciton-phonon coupling spectral density 

(also called as system-bath coupling).127,189–191 Linewdiths can be thought of as the sum of rates of 

varios phonon assisted exciton scattering processes. The rates are a result of energy conservation 

between the system and the surrounding bath, as well as the couplings between the two.  The latter 

is a constant for homogenous, translationally symmetric systems while the former gives a  

weighted average of system+bath DOS, and therefore the power law. Such power law scalings of 

FWHM and peak shifts can be used as an indication of the types of underlying exciton-phonon 

coupling processes. We fit the extracted linewidths and peak energies to power laws as shown in 
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Figure 4.4d-g. The following eq. (4.3) and eq. (4.4), were used for fitting the FWHM (𝜔) and peak 

energies (𝜈𝑜) respectively: 

𝜔2 = (𝑎𝑇𝑏)2 + 𝑐2 (4.3) 

𝜈0 = 𝑎0𝑇𝑏0 + 𝑐0 (4.4) 

The first terms denote the homogeneous contributions following a power law ( 𝑏 , 𝑏0  for 

FWHM and peak energies, respectively) while the second term (𝑐 , 𝑐0  for FWHM and peak 

energies, respectively) denotes the extrapolated inhomogeneous limit at 0 K. Table 4.2 summarizes 

the power laws obtained from temperature dependent absorptions for all band-edge aggregates. 

The corresponding power law fits for the rest of the aggregates are shown in Figure 4.9. 

Table 4.2 Summary of temperature dependence absorption data for 2D aggregates.  

Power laws (𝑏  parameter from eq. (4.3) for FWHM and  𝑏0 from eq. (4.4) for peak energies), and 

direction of temperature dependent peak shifts. Error ranges are from 95% confidence intervals. 

Despite similar excitonic shifts and energies, we find that the benzathiazole aggregates display 

a different power-law dependence in its spectral shift and FWHM compared to the benzimidazole 

dye TDBC aggregate. We hypothesize that the different heterocycle and additional alkyl group 

results in a modified phonon DOS for TDBC. The power laws observed here for 2D aggregates 

Dye 
Power law for 

FWHM (b) 

Power law for 

peak energies (b) 

Peak shift with 

increasing 

temperature 

TDBC 1.4 ± 0.2 1.8 ± 0.3 Red 

Cy3-Et 0.9 ± 0.1 1.0 ± 0.2 Red 

Cy3-H 1.0 ± 0.2 1.1 ± 0.6 Red 

Cy5-Ph 1.0 ± 0.2 1.1 ± 0.3 Red 

Cy7-Ph - - None 

Cy7-DPA - - Blue 
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are lower than those reported for other 1D and quasi-1D systems such as light-harvesting 

nanotubes (𝑏 = 2 ± 0.5) and pseudoisocyanine (𝑏 = 3.4).117,191  

Changes in linewidths arise from the coupling of exciton degrees of freedom (system) to 

vibrational degrees of freedom (environment/ phonon bath). Specifically, under the weak-

coupling, fast-environment limit, to which many of the J-aggregates studied belong, the power-

law exponent (𝑏) of the temperature dependent line width can be broken down as 𝑏 = 𝑑 + 𝑠 + 1, 

where 𝑑 and 𝑠 are the scaling of the exciton DOS at the band edge, and low-frequency system-

bath coupling spectral density respectively.127,189,192 𝑠 = 1 for an Ohmic bath while 𝑠 < 1 for a 

subohmic bath. A similar expression can be derived for temperature dependent peak shifts which 

reflects the same underlying band structure (see Section 4.11).163 For 2D excitonic systems with 

non-nearest neighbor dipole-dipole couplings, the system DOS scaling has been shown to follow 

a 𝑑 = 0.5  dependence.193 Thus, we obtain 𝑠 = 0 for TDBC and 𝑠 ~ − 0.5  for the rest of the 

benzothiazole Cy3 and Cy5 aggregates indicating that the system-bath coupling spectral density 

in the TDBC aggregate is independent of frequency while the negative sign for rest of the band-

edge aggregates indicates an inverse scaling. The scaling laws may be explained by the fact that 

the excitonic couplings in these systems are quite large (103 cm-1), and the higher frequency 

components of system-bath coupling will be highly suppressed in comparison. For finite coherent 

length, pure dephasing may compete with population relaxation and lead to linear scaling with 

temperature.192 Although, this is unlikely in our case, since all aggregates had upto micron scale 

sizes as seen from cryoEM images (Figure 4.6).186 
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4.8 Screening aggregate geometries using stochastic modeling of the 

Hamiltonian  

The general method for calculating the excitonic DOS is explained in Figure 4.12 along with 

slip dependence of  the bright state and the band edges for TDBC and Cy7-DPA. We screen large 

parameter space for of possible aggregate packing parameters (slips) and disorder values for all 

the aggregates using the stochastic sampling methods for the DOS, and Chebyshev kernels the 

absorption spectra.178 The stochastic density of states is calculated by taking a random 

superposition of all eigenstates, projecting it down onto a specific energy in the spectrum, and then 

averaging over many random samplings. This approach is computationally less expensive than 

diagolalizing large Hamiltonians and allows for rapid screening of several aggregate geometries 

with realistic sizes (~ 106 monomer units). Several disorder realizations can be afforded at no 

additional cost. By screening thousands of configurations for each aggregate, we obtain the slip 

dependence of the excitonic band and the position of the bright state (𝑘 = 0). In Figure 4.13, we 

show large parameter screens for FWHM and peak positions of all six aggregates. Best fit slip 

parameters for each aggregate were determined by comparing the calculated spectral widths to 0 

K FWHM obtained from the power law fits listed in Table 4.5 i.e parameter 𝑐 from eq. (4.3). We 

narrow down the possible slip – disorder space to the grey squares in Figure 4.13.  

From the narrowed down range of slips (grey squares on Figure 4.13), we use a slip of 5.0 Å 

and plot the calculated excitonic DOS and absorption spectra in Figure 4.5a. While the realistic 

slips may be slightly different for each aggregate depending on the central position substitution, 

we use this representative value as it was consistent with our experimental observations among the 

narrowed down range of slips. As the brick length increases from Cy3 to Cy7 dyes and relative 
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slip (normalized to brick length) decreases (Figure 4.5b), we observe that the excitonic band 

structure goes from band-edge J-aggregate to mid-band I-aggregate. Our calculations in Figure 

4.5a show that all the Cy3 dyes have a band-edge bright state, lower energy than the VHP. This is 

consistent with our inference from Tables 4.1 and 4.2, based on temperature dependent shifts and 

emissive properties. Cy5-Ph, while lower energy than the VHP, also has a broad linewidth with 

significant oscillator strength farther up in the DOS, explaining the suppression of aggregate to 

monomer quantum yield and the red shifting behavior. Finally, Cy7-Ph and Cy7-DPA both have 

bright states away from the band-edge, explaining the I-aggregate behavior seen in our 

Figure 4.5 calculated excitonic band structures and corresponding aggregate geometries 

a. Calculated exciton density of states (grey region) and absorption spectra (red lines) at 0 K of 

all 2D aggregates for a slip of 5.0 Å (top six panels) and given disorder values. The last panel 

shows the same for Cy7-DPA with higher slip of 5.5 Å, b. schematics of the corresponding brick 

layer geometries. 
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experiments. Cy7-Ph also has the absorption peak in the relatively flat region of the DOS, 

consistent with our temperature dependent experiments which showed no shift. While Cy7-DPA 

appears to have local negative slope at 5.0 Å slip, the realistic slip is higher than that of Cy7-Ph 

due to a bulkier center position substitution as we have previously shown.145 This is shown in the 

bottom two panels of Figure 4.5a, where a higher slip value pushes the bright state in a locally 

positive slope region of the DOS, explaining the temperature dependent blue shifts. The bottom 

three panels clearly confirm our inference from Table 4.2 that both the Cy7 aggregates are I-

aggregates.  

Thus, supramolecular modulation of chromophore packing in 2D aggregates can allow for 

tunable excitonic band structures where the position of the bright state relative to the band-edge 

and to the VHP can be controlled with slips and molecular lengths. Such dependencies are a direct 

consequence of the relative contributions of positive and negative couplings afforded by different 

brick layer geometries. Furthermore, these relations can be exploited to chemically tune the band 

structures of higher dimensional aggregates and ultimately control the photophysical properties 

relevant for their applications. J-aggregates can be useful for non-invasive SWIR imaging due to 

their high quantum yields and narrow linewidths but SWIR aggregates reported so far have very 

low quantum yields ( 𝜙𝐹 < 1% ), possibly because many are, in fact, non-band edge I-

aggregates.69,175 By making SWIR aggregates with higher slips, their bright states can be pushed 

close to the band-edge yielding high quantum yield J-aggregates in SWIR, which could be 

transformative for SWIR technologies. 

We note that our findings are agnostic of the nature of the couplings (dipole-dipole, charge- 

transfer etc.) and depend mainly on the relative strengths of the short and long range couplings. 

Here, we show the importance of supramolecular packing parameter in modulating the relative 
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contributions of short and long range couplings. Specifically, the point dipole model greatly 

overestimates the short-range contributions and results in a very small I-aggregate region while 

the more accurate TC model gives a much larger I-aggregate region (Figures 4.12c-d). In addition 

to the supramolecular geometries, the type of the nearest-neighbor couplings can also be used to 

modulate the relative contributions from short and long range couplings. 

4.9 Conclusions 

Our work shows that different nanoscale aggregate geometries can be used to avail the vast 

diversities in the excitonic properties of 2D aggregates. Excitonic band structure of such 

aggregates can be experimentally probed using temperature dependent spectroscopy, which forms 

a comprehensive tool, relating specific experimental observables to distinct aspects of the excitonic 

band structure. We show temperature dependence studies of six 2D aggregates where carefully 

chosen dyes with varying brick lengths and central position substitutions afford the different 

aggregate geometries. Different nearest neighbor coupling curves could be realized with charge-

transfer interactions (e.g. donor acceptor molecules).27,113  

Photophysical properties are highly dependent on the position of bright state within the DOS. 

J-aggregates, with a band edge bright state, are known to have high quantum yields and 

superradiance rates,12,38,79 making them applicable in several areas such as shortwave infrared 

imaging,69,175 polaritonics,148 and telecommunications.66 J-aggregates have also been shown to 

exhibit fast picosecond FRET, serving as efficient antennas and bridges for energy transfer.46,47 I-

aggregates on the other hand have low quantum yields. Yet, the mid band bright state can exhibit 

collective oscillations of transition dipoles, enabling fast energy or charge transfer in the near-

field.136,145 Supramolecular tunability of the excitonic band structure, demonstrated here, will 
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therefore have exciting implications in several fields including shortwave infrared imaging, 

excitonic energy transfer, polaritonics, and plexitonics.51,157 

4.10 Experimental methods 

Materials: All dyes were obtained from FEW chemicals GmbH (catalog # S0046, S2278, 

S2275, S2284, S2433 and S0837 for TDBC, Cy3-Et, Cy3-H, Cy5-Ph, Cy7-Ph and Cy7-DPA 

respectively). Sodium chloride, sucrose, D-(+)-trehalose and methanol were obtained from 

Thermo Fisher Scientific. Milli-Q water (18 MΩ) was used for preparation of the aggregate 

samples. All materials were used as obtained without any further purification. 

Preparation of aggregate solutions: All aggregates were prepared using a previously reported 

method of independent control of different solvation conditions.186 A dye monomer solution of 

appropriate concentration was prepared in methanol, followed by injection into Milli-Q water or 

aqueous NaCl with a desired concentration. For specific mixing ratios (20% MeOH or 30% 

MeOH), the concentration of starting solution was adjusted appropriately. Solutions were allowed 

to equilibrate in the dark for 24 h prior to measurement. Glass vials as well as cuvettes used for all 

aggregates were pre-soaked in Milli-Q water. Following list shows specific final conditions for 

each aggregate. 

TDBC: 0.2 mM dye, 20% MeOH 

Cy3-Et: 0.5 mM dye, 20% MeOH, 0.05 M NaCl 

Cy3-Ha: 0.2 mM dye, 20% MeOH, 0.04 M NaCl 

Cy5-Ph: 0.8 mM dye, 30% MeOH, 0.08 M NaCl 

Cy7-Ph: 0.2 mM dye, 20% MeOH 
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Cy7-DPA: 0.2 mM dye, 20% MeOH 

aCy3-H aggregate was found to precipitate out of the solution over < 1 week, possibly due to 

air sensitivity. All solution samples were used within 48 h of preparation. 

Sugar matrix stabilization: Saturated sugar solution made by dissolving a 50:50 

sucrose/trehalose (w/w) in distilled water, followed by rigorous vortexing for a few minutes to 

ensure saturation.81 100 μL of equilibrated aggregate solution (after 24 h storing step) was 

deposited into a glass vial pre-soaked in Milli-Q water. To this, 100 μL of the sugar solution was 

added drop-wise and gently mixed while shielded from light. The sugar-aggregate mixture was 

dropped onto a 0.2 mm quartz cuvette from Starna Cells Inc. (also pre-soaked in Milli-Q water) 

and kept under vacuum in the dark for 24 h. 

Room temperature absorption, emission, and quantum yield measurements: Absorption 

spectra were collected on a JASCO V-770 UV-Visible/NIR spectrophotometer and JASCO V-730 

UV-Visible/NIR with a 2000 nm/min scan rate after blanking with the appropriate solvent. 

Photoluminescence spectra were obtained on a Horiba Instruments PTI QM-400 equipped with a 

liquid nitrogen cooled InGaAs detector for SWIR. Quartz cuvettes (2 x 10 mm path length) were 

used for room temperature absorbance and photoluminescence measurements. 

Quantum yield (Φ𝐹) is defined as Φ𝐹 =  
𝑃𝐸

𝑃𝐴
, where 𝑃𝐸 and 𝑃𝐴 represent the number of photons 

emitted and absorbed, respectively. Absolute quantum yields were determined in a Horiba petite 

integrating sphere for all compounds. To determine absolute quantum yield, the number of photons 

absorbed and emitted are measured independently. The emission background for the blank was 

normalized by the transmission ratio of the blank and sample at the excitation line. Quantum yield 

was calculated via FelixGX software provided by Horiba Instruments. Error was taken as the 
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standard deviation of three independent replicates. For monomers, sample optical density was kept 

below 0.1 to avoid fluorescence quenching and reabsorption effects. Since aggregate formation is 

concentration sensitive, aggregate samples had OD > 1 further complicated by the small Stokes 

shift which lead to reabsorption of emitted light from the fluorophore. Both of these effects were 

corrected in post processing, using previously derived correction factor with relevant 

modifications for our cuvette path length (2 x 10 mm).194 In some cases (Cy3-Et monomer and 

Cy5-Ph aggregate), the quantum yields were too low to be reliably measured in the integrating 

sphere, so relative quantum yields were measured according to established protocol.195 The 

standards used were commercial indocyanine dye Cy3196 and Cy7-Ph monomer (this work) for 

Cy3-Et monomer and Cy5-Ph aggregate respectively. 

Temperature dependent spectroscopy: Temperature dependent absorption measurements 

were performed using a Shimadzu UV/Vis/NIR spectrometer (SWIR samples) or Agilent Cary-60 

spectrometer (Vis/NIR) samples. Dried sugar matrix samples were loaded inside Janis ST-100 

cryostat using a custom built copper cuvette holder and cooled with liquid nitrogen. Cryostat was 

mounted inside commercial spectrometers with the help of custom-machined Al mounts. 

Lakeshore 330 Autotuning Temperature Controller was used to control the temperature. CAD files 

of all custom built parts are available upon request. For temperature dependent emission spectra, 

home-built setup equipped with Thorlabs CPS series lasers (532 nm for all Cy3 aggregates and 

650 nm for Cy5-Ph), longpass filters of appropriate wavelengths (550 nm for all Cy3 aggregates 

and 695 nm for Cy5-Ph) and a Ag parabolic mirror were used for collection. The collected 

emission was fiber coupled into a Flame Ocean Optics spectrometer using a reflective collimator. 

Cryostat was mounted on an XY stage using custom built Al plates. All emission spectra were 

corrected for Jacobian conversion factor from wavelength to wavenumber scale. In some cases 
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where emission spectra were noisy, appropriate functions were used to get the best fit. FWHM and 

peak positions were extracted numerically from interpolated or fitted spectra in all cases. Estimates 

of temperature error of ± 2 K were shown on all power law graphs. Actual temperature fluctuations 

were across all measurements were less than ± 0.5 K. 

Lifetime measurements Lifetimes were recorded at room temperature using a homebuilt, all-

reflective epifluorescence setup.197 The dye solutions were excited via a pulsed laser output from 

a 532 nm pulsed diode laser (LDH-P-FA-530B, PicoQuant) with 80 MHz repetition rates and 30 

s acquisition times with excitation powers ranging from 11 nW to 3.76 W depending on the 

samples. The emission was subsequently filtered with a 90:10 beam splitter [BSX10R, Thorlabs], 

various long pass filters and hot mirror [10CLVR-1, Newport], and detected by avalanch 

photodiodes (PD050-CTD, Micro Photon Devices). Time-correlated single photon counting 

(TCSPC) traces were histogrammed using a Picoquant HydraHarp 400 and analyzed via the 

corresponding software.  

To determine the lifetime of TCSPC traces, we fitted the TCSPC histograms to a numerical 

convolution of the instrument response function (IRF) with biexponentials. The IRF was 

determined based on back-scatter from a cuvette with water (for all aggregate samples), and 

methanol (for all monomer samples), and fitted to an arbitrary function (convolution of a Gaussian 

and exponential) to get an analytical form. MATLAB code for the fitting is available upon request.  

Cryo-electron microscopy (CryoEM): CryoEM of Cy3-H was obtained using a previously 

established protocol. We direct the readers to our previous work for the protocol and the cryoEM 

micrographs of rest of the aggregates studied here.186 
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4.11 Supporting experimental results 

 

Figure 4.6 CryoEM image of Cy3-H J-aggregate showing 2D morphology.  

Readers are directed to ref. 1 for cryoEM images of rest of the aggregates. 
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Figure 4.7 Room temperature solution UV-vis spectroscopy of all the six monomers and 

aggregates  

Normalized absorption (solid lines) and normalized emission (dashed lines) of monomers (blue) 

and aggregates (red) a. TDBC (reproduced from main text), b. Cy3-Et, c. Cy3-H, d. Cy5-Ph, e. 

Cy7-Ph, and f. Cy7-DPA. 

 

Table 4.3 Lifetime data of all emissive aggregates and all monomers.  

Lifetimes are obtained from time correlated single photon counting using a biexponential fit. 

Instrument response function was numerically convolved in the fitting function. 

Sample 𝒂𝟏 (%) 𝒂𝟐 (%) 𝝉𝟏 (ps) 𝝉𝟐 (ps) 𝝉𝒂𝒗𝒈 (ps) 

TDBC monomer 98 2 78 462 80 

TDBC aggregate 97 3 147 576 150 

Cy3-Et monomer 93 7 56 388 60 

Cy3-Et aggregate 93 7 185 598 195 

Cy3-H monomer 83 17 243 536 268 
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Cy3-H aggregate 94 6 197 1049 207 

Cy5-Ph monomer 84 16 426 935 467 

Cy5-Ph aggregate 69 31 178 649 229 

Cy7-Ph monomer 51 49 262 987 410 

Cy7-DPA 

monomer 
73 27 710 268 637 

 

 

Figure 4.8 Normalized temperature dependent absorption spectra of all sugar matrix 

stabilized aggregates from 78 K (blue) to 300 K (green)  

a. TDBC (reproduced from earlier), b. Cy3-Et, c. Cy3-H, d. Cy5-Ph, e. Cy7-Ph, and f. Cy7-

DPA.   



111 
 

 

Figure 4.9 Temperature dependent absorption power laws for all the 2D aggregates.  

a-f. FWHM (circles), (solid line) power law fits using eq. (4.3) and 95% prediction interval (dashed 

lines) of the fits for a. TDBC (reproduced from main text), b. Cy3-Et, c. Cy3-H, d. Cy5-Ph, e. Cy7-

Ph, and f. Cy7-DPA. The data point on part e near 460 cm-1 is an outlier, the distance is artificially 

enhanced due to the short scale. g-l. Absorption peak energies (diamonds), power law fits using 

eq. (4.4) in main text (solid line) and 95% prediction interval (dashed lines) of the fits for g. TDBC 
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(reproduced from main text), h. Cy3-Et, i. Cy3-H, j. Ch5-Ph, k. Cy7-Ph, and l. Cy7-DPA. Error 

bars are estimates of ± 2 K.  

Justification for squared FWHM power laws  

For linewidths, we use a modified form of the previously used power laws where the two terms 

are added in quadrature according to eq. (4.3). We justify this on the basis of the lineshapes 

described by Voight functions, where a temperature dependent Lorentzian representing 

homogeneous disorder is convolved with a temperature independent Gaussian (inhomogeneous 

disorder).117 The widths of both components are added in quadrature in the convolved function 

with the Lorentzian part being the dominant contribution in the studied temperature range. This 

captures the full range of temperature dependent behavior. In the high temperature limit, the 𝑏 

parameter from eq. (4.3) can be directly compared to previous power laws. Interpreting the power 

laws for mid-band I-aggregates is more complicated as the lineshapes may be dominated by 

multiple processes including relaxation to the band-edge.145 

Table 4.4 Temperature dependent emission power law fit parameters. 

 from main text eq. (4.3) and (4.4) for FWHM and peak energies respectively. 

 

 

 

 

 

Dye 
Power law for 

FWHM (b) 

Power law for 

peak energies (b) 

Peak shift with 

increasing 

temperature 

TDBC 1.0 ± 0.2 1.3 ± 0.3 Red 

Cy3-Et 1.7 ± 0.6 0.9 ± 0.8 Red 

Cy3-H 1.3 ± 0.5 2.4 ± 0.6 Red 

Cy5-Ph 1.4 ± 0.2 1.4 ± 1.2 Red 
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Figure 4.10 Normalized temperature dependent emission spectra of red shifting 2D 

aggregates.  

a. Cy3-Et, b. Cy3-H, c. Cy5-Ph. 

Figure 4.11 Temperature dependent emission data for all the band edge 2D aggregates.  

a-c. FWHM (circles), power law fits using eq. (3) in main text (solid line) and 95% prediction 

interval (dashed lines) of the fits for a. Cy3-Et, b. Cy3-H, c. Cy5-Ph. Emission peak energies 

(diamonds), power law fits using eq. (4) in main text (solid line) and 95% prediction interval 

(dashed lines) of the fits for c. Cy3-Et, d. Cy3-H, e. Cy5-Ph. Error bars are estimates of ± 2 

K. 
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Derivation of power laws for temperature dependent peak shifts 

It is assumed that the exciton-phonon coupling is perturbative and that the environmental 

degrees of freedom relax faster than those of the systems such that a Markovian Redfield treatment 

is justified. The detailed derivation leading to this point can be found in previous works.128,163 

We start with the Markovian lineshape operator in the system energy eigenbasis in the time 

domain 

𝐾(𝑡) = ∑|𝑘⟩⟨𝑘| (Γ𝑘
pd

+ ∑ Γ𝑘𝑙
rd

𝑁

𝑙≠𝑘

) 𝑡

𝑁

𝑘=1

 

here |𝑘⟩ is the kth energy eigenstate of total N excitonic molecules, Γ𝑘
pd

 is the pure dephasing 

rate, and Γ𝑘𝑙
rd is the dephasing rate induced by the population transfer from states l to k. For strongly 

delocalized excitonic aggregates Γ𝑘𝑙
rd is the dominating contribution, and it takes the following form 

under the Markovian Redfield approximation: 

Γ𝑘𝑙
rd =

1

𝑁
{

𝐽(𝜔𝑘𝑙)

𝑒𝜔𝑘𝑙/𝑇 − 1
+ 𝑖

1

𝜋
p. v. ∫ 𝑑𝜔 𝐽(𝜔) [

2𝜔𝑘𝑙

(𝜔2 − 𝜔𝑘𝑙
2 )(𝑒𝜔/𝑇 − 1)

+
1

𝜔 − 𝜔𝑘𝑙

]

∞

0

} 

where 𝐽(𝑥) is the bath spectral density, 𝑇 is the temperature, and p. v. stands for Cauchy 

principal value of the following integral. We have taken ℏ = 1 for brevity. The real part of this 

expression gives the homogeneous part of the spectral width and the imaginary part describes the 

peak shift of the line shape.  

In most cases we are interested in the bright state (𝜔𝑏), such that exciton density of state near 

the bright state can be cast into a power-law scaling form 𝐷(𝜔) = (𝜔 − 𝜔𝑏)𝑑. For example, it is 
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well known that 𝑑 = −0.5, 0, 0.5  for 1D, 2D, 3D nearest-neighbor coupled square lattices, 

respectively. Again, in the large aggregate limit, we replace the summation over l by an integral 

𝐾(𝑡) ≈ 𝑡 ∙ (𝑊𝑏 + 𝑖𝑆𝑏) 

𝑊𝑏 = ∫ 𝑑𝜔 
𝜔𝑑 𝐽(𝜔)

𝑒𝜔/𝑇 − 1

∞

0

 

𝑆𝑏 =
2

𝜋
p. v. ∫ 𝑑𝜔 ∫ 𝑑𝜔′ 𝜔𝑑  𝐽(𝜔′) [

𝜔

(𝜔2 − 𝜔′2 )(𝑒𝜔′/𝑇 − 1)
+

1

𝜔 − 𝜔′
]

∞

0

∞

0

 

Following Heijs et al.,189 we take the spectral density to be of the form 𝐽(𝑥) = 𝜆𝑥𝑠𝜃(𝜔𝑐 − 𝑥) 

where 𝜆  and 𝜔𝑐  are constants and 𝜃(𝑥)  is the Heaviside function. In the fast bath limit, i.e. 

𝜔𝑐/𝑇 ≫ 1, one arrives at the power-law temperature scaling of the spectral width 

𝑊𝑏 = 𝑇𝑑+𝑠+1 ∫ 𝑑𝑥 
𝑥𝑑+𝑠

𝑒𝑥 − 1

𝜔𝑐/𝑇

0

≈ 𝑇𝑑+𝑠+1 ∫ 𝑑𝑥 
𝑥𝑑+𝑠

𝑒𝑥 − 1

∞

0

∝ 𝑇𝑑+𝑠+1 

The spectral shift is slightly more involved but can be similarly derived 

𝑆𝑏(𝑇) − 𝑆𝑏(0) =
1

𝜋
p. v. ∫ 𝑑𝜔 ∫ 𝑑𝜔′  

 𝜔𝑑+1 𝜔′𝑠

(𝜔2 − 𝜔′2 ) (𝑒
𝜔′

𝑇 − 1)

𝜔𝑐

0

𝐽𝑐

0

 

= 𝑇𝑑+𝑠+1 ∙
1

𝜋
p. v. ∫ 𝑑𝑥 ∫ 𝑑𝑥′  

 𝑥𝑑  𝑥′𝑠

(𝑥2 − 𝑥′2 )(𝑒𝑥′ − 1)

𝜔𝑐/𝑇

0

𝐽𝑐/𝑇

0

∝ 𝑇𝑑+𝑠+1 

with additional assumptions that the system density of state scales as (𝜔 − 𝜔𝑏)𝑑 up to 𝐽𝑐 ≫ 𝑇, 

and that the principal value exists, both hold for all cases covered in our study.  



116 
 

4.12 Computational methods and supporting model results 

We use the brick layer model with a Frenkel exciton Hamiltonian to relate the observed 

differences in the band structures to the molecular packing geometries. In Figure 4.12a, we outline 

our approach of computationally modeling the band structures for a specific aggregate packing 

geometry afforded by each dye structure. Following convention, we approximate the dye molecule 

extent as a brick with specified widths and length (L) and tile the bricks with a slip s (vertical offset 

between adjacent bricks).29 The brick widths were kept constant as we do not expect  stacking 

distances to vary across the current dataset. 

 The procedure is summarized as follows: We start with a geometry optimization for a single 

monomer, followed by calculation of coupling curves with respect to slip for a dimer using 

transition charge (TC) densities where each atom within the dye molecule is assigned a partial 

charge. The TC coupling curves for all aggregates are shown in Figure 4.12b. An extended dipole 

model coupling curve is then to fit the TC curve (Figure 4.12c), obtaining effective extended dipole 

lengths and charges for the dyes (Table 4.5).29 These dipoles are then embedded in a large 2D 

lattice, followed by the Frenkel exciton Hamiltonian to calculate the DOS of the extended 2D 

aggregates. 

ZINDO Transition charge dimer model 

Dyes were prepared for Zindo calculations by replacing Cl atoms with F atoms and truncating 

the sulfonate side chains at methyl groups. The geometry of each dye was then optimized by UFF 

to its planar form. The ZINDO S0  S1 transition density was calculated.142 For constructing the 

TC dimer model, a second dye was positioned 4.0 Å along the vector perpendicular to the plane 

of the molecule, with a slip vector parallel to the Cl-Cl vector of the molecule. The coupling curve 
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at many slip values was then calculated from the transition charge densities. An extended dipole 

coupling function is then fit to the transition charges coupling curve, 

𝐽𝑒𝑥𝑡(𝑟𝑛 − 𝑟𝑚) =
𝜇2

𝑑
(

1

𝑟𝑚+,𝑛+
+

1

𝑟𝑚−,𝑛−
−

1

𝑟𝑚−,𝑛+
−

1

𝑟𝑚+,𝑛−
) 

where 𝜇 is the effective dipole strength, 𝑑 is the charge separation distance, and 𝑟𝑛𝑚 = 𝑟𝑛 −

𝑟𝑚, the ± subscripts denote the ‘extended charges within each brick segment. For full detailed 

description of the brick set up, please see our previous work of the subject.145 As shown in Figure 

4.12b the extended dipole provides a significantly better fit to atomistic transition charges 

coupling. The brick length for all bricks was taken to be the 5-5’ position Cl-Cl distance on the 

optimized dye geometry with an additional 2 Å of buffer space added, while the short length of 

the brick was set to 4 Å for all dyes, approximately the average 𝜋 − 𝜋 stacking distance for the 

aromatic heterocycles. As shown in Table 4.5, the final dipole strengths for the model were 

rescaled to be proportional monomer solution dipoles. We find that ZINDO dramatically 

overestimates the transition dipole in cyanine dyes but rescaling to the measured monomer 

transition dipole strength led to a total monomer to aggregate shift consistent with the experimental 

spectra without need for an effective aggregate dielectric.  

Extraction of the H/I/J Regions of the Hamiltonian 

The disorder free, 𝛿𝑖 = 0, Frenkel Exciton Hamiltonian can be diagonalized Bloch waves.  

𝐻𝐹𝐸 =  ∑(𝐸0 + 𝛿𝑖)|𝑖⟩⟨𝑖|

𝑖

+ ∑ 𝐽𝑒𝑥𝑡(𝑟𝑖 − 𝑟𝑗)|𝑖⟩⟨𝑗|

𝑖𝑗

 

Thus, to simply extract the H/I/J regions of each fit model, we can set 𝐸0 → 0 without loss of 

generality, construct the coupling matrix 𝐽𝑒𝑥𝑡 and diagonalize via 2D FFT. All calculations were 
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done on aggregates of size 𝑁𝑥 = 𝑁𝑦 = 405, beyond the need for the method of images to impose 

boundary conditions on the aggregate. The k = 0 bright state is then calculated as the sum of the 

coupling matrix  𝐽𝑒𝑥𝑡. Representations of these regions can be seen in main text Figure 4.12d-f. 

We observe significant differences in the slip dependent properties of the excitonic band 

structure depending on the coupling model as well as the aggregate packing geometry. We show 

in Figures 4.12d-f the bandwidth and position of 𝑘 = 0 bright state as a function of slip for zero 

disorder point dipole and extended dipole models of TDBC. The use of an extended dipole model 

opens up a larger range of slips which show I-aggregate behavior. We attribute this to the point 

dipole model that shows a steeper slip dependence and therefore, results in a very small I-aggregate 

region (Figure 4.12d). Further, the slip dependence for Cy7-DPA (Figure 4.12f) shows the effect 

of longer brick length, where again the possible slip range for I-aggregation is expanded. This is 

the result of increased positive contributions to the short-range couplings due to longer molecular 

species.198 The total band width of the excitonic DOS is bounded by twice the absolute value of 

the net coupling which has a minimum at zero i.e. when it changes sign from positive to negative. 

As a result, the bandwidth is minimized around the boundary between I- and J-aggregate regions 

on Figures 4.12d-f. 
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Figure 4.12 Modeling the excitonic band structures of 2D aggregates – methodology and 

supporting results 

a. Flow chart describing the stochastic modeling approach, b. TDBC ZINDO transition charges 

coupling curve (black), shown with the fits of the extended dipole Hamiltonian (red) and the point 

dipole Hamiltonian (blue). The fit parameters for the extended dipole models are shown in Table 

S1. The fit magnitude of the point dipole for TDBC was 4.6 D. c. Slip dependent coupling curves 

for dimers of all dyes calculated from the transition charges (TC), d-f. Slip dependent behavior of 

the band structure– upper band edge (UB, black line), lower band edge (LB, grey line) and bright 

state (BS, dotted line) with H-, I- and J-aggregation regions color coded as blue, purple and red 

respectively for 2D aggregates of d. TDBC using point dipole model, e. TDBC using extended 

dipole model, f. Cy7-DPA using extended dipole model. Dashed lines indicate monomer energy 

and dotted lines indicate the bright state. 
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Table 4.5. Summary of the parameters used in the model for calculating excionic DOS and 

for screening aggregate slips - disorder values.  

Brick lengths for each aggregate estimated from geometry optimized structure, ZINDO calculation 

results – transition dipole moment and it’s ratio to experimental dipole moment calculated from 

eq. (4.2), extended dipole charge separations and magnitudes from fitting the TC coupling curves. 

Finally, the 0 K extrapolated FWHM obtained from temperature dependence i.e. parameter 𝑐 in 

main text eq. (4.3).  

Dye 

Cl-Cl 

distance 

(Å) 

ZINDO 

transition 

dipole 

moment 

(D) 

ZINDO/ 

Expt. 

Dipole  

ratio 

Fit charge 

separation 

distance 

(Å) 

Ext. 

Model 

Dipoles 

scaled 

dipole (D) 

0 K 

FWHM 

(cm-1) 

 

TDBC 17.35 53.56 4.12 4.3 2.80 161 ± 2 
 

Cy3-Et 16.84 51.16 10.23 4.4 1.70 276 ± 11 
 

Cy3-H 16.78 51.50 5.15 4.1 2.50 286 ± 10 
 

Cy5-Ph 18.89 60.73 5.06 4.8 2.60 464 ± 20 
 

Cy7-Ph 21.76 75.39 6.56 5.4 2.00 428 ± 3 
 

Cy7-DPA 21.64 69.01 9.86 6.3 1.80 302 ± 10 
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Figure 4.13 Screens of slips and disorder values using stochastic approach for all the 2D 

aggregates.  

a-f, predicted FWHM values, and g-l predicted peak shifts relative to the zero disorder case for all 

aggregates at 0 K. Grey squares on FWHM screens denote parameters narrowed down by mean-

square error fitting with respect to 0 K FWHM obtained from power law fits given in Table 4.5. 
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Rapid screening of disorder and slip conditions 

Leveraging a recent stochastic wave function based method to efficiently extract the DOS and 

absorption of the Hamiltonian, slip and disorder is screened for all dye models.178  We found that 

at a 4 cm-1 resolution of the DOS and k=0 absorption, only twelve stochastic wave functions and 

disorder realizations were necessary to produce the fully resolved spectra. Results from various 

aggregate geometry and disorder screens are shown in Figure 4.13. For specific slip and disorder 

values determined by a mean-square error comparison to 0 K FWHM obtained from the 

experimental power law fits, we narrow down the large parameter space to the grey squares. 

Excitonic DOS and absorption spectra for a given geometry (slip or brick length) and disorder 

value can be calculated using this method and are shown in Figure 4.5. 
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Chapter 5 

Near-Atomic Resolution Structure of a Helical Tubular J-

aggregate 

In the previous chapter, we discussed the importance of nanoscale molecular arrangements 

towards excitonic properties of molecular aggregates. Currently, nanoscale structural information 

is obtained from models that are indirectly validated by fitting the optical spectra. Due the lack of 

a high resolution structure, such spectral assignments become ambiguous. Several explanations 

have been put forth for describing the molecular origins of the complex optical lineshapes as well 

as chiral signatures observed in circular and linear dichroism spectra. We address this challenge in 

the current chapter with first high-resolution structure of a model excitonic system – light 

harvesting nanotubes (LHNs). Moreover, a high resolution structure will also provide into the self-

assembly process that will enable improved supramolecular design of such systems. 

5.1 Light harvesting nanotubes – a model excitonic system 

Amphiphilic cyanine dyes with long alkyl chain substituents were first reported in 1995 by 

Dähne and co-workers.199 A commonly studied model system in this class is the dye 3,3′-bis(3-

sulfopropyl)-5,5′,6,6′-tetrachloro-1,1′-dioctylbenzimidacarbocyanine or C8S3-Cl (Figure 5.1a 

inset), which is known to aggregate into tubular morphologies such as double-walled nanotubes or 

bundles.200 The double-walled nanotubes, also known as light harvesting nanotubes (LHNs) have 

been shown to behave like a model excitonic system with robust micron scale exciton transport at 

room temperature.81,88,164 Previous work has also shown that the excitonic band structure of LHNs 

is similar to Kasha’s J-aggregate with a band-edge bright state.79 Furthermore, the amount of 
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exciton delocalization in these systems can be photochemically controlled, as evidenced from 

photobrightening and photodarkening experiments.79 LHNs also possess chiral signatures 

observed using circular and linear dichroism (CD and LD respectively) studies, though the origin 

of chirality is an open question as the starting monomers are achiral.173,201–204 Over the decades, 

the LHNs have emerged as a prototypical tubular molecular aggregate system, with a number of 

spectroscopic as well as structural investigations. 

Polar organic solvents such as methanol stabilize the monomeric form of C8S3-Cl with an 

absorption peak at 523 nm. Upon injecting the monomer solution in water with 30% MeOH (v/v) 

ratio, the dye self-assembles into light harvesting nanotubes (LHNs) with an immediate color 

change from red to magenta. Figure 5.1a shows the absorption spectra of C8S3-Cl monomer and 

aggregated LHNs. Figure 5.1b is a cryoEM micrograph of the LHNs showing a double walled 

nanotube morphology. Absorption spectrum of the LHNs features peculiar excitonic features with 

two sharp lines at 589 and 599 nm along and several shoulder peaks at higher energies. Previous 

studies assigned the two sharp peaks at 589 and 599 nm to polarization of excitons along the tube 

axis of outer and inner walls respectively and are therefore called as outer wall parallel (OW||) and 

inner wall parallel (IW||) peaks.77,202 On the other hand, polarization along the circumference of 

the cylinders results in several broader shoulder peaks higher energy, labelled as OWꓕ and IWꓕ 

peaks in Figure 5.1a. 
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Figure 5.1 Light harvesting nanotubes (LHN) cryoEM and 3D 

a. Absorption spectra of C8S3-Cl monomer (dashed) and J-aggregated light harvesting nanotubes 

(LHNs) in solid line. Structure of C8S3-Cl dye in inset, b. Representative cryoEM micrograph of 

LHNs showing double-walled nanotubular morphology.  

5.2 Structure of LHNs 

Structural origin of these excitonic features in LHNs has puzzled experimentalists and theorists 

alike. Excitonic coupling in the LHNs and other higher dimensional molecular aggregates are 

highly sensitive to the precise molecular geometries as well as disorder. A thorough understanding 

of the relations between the two will be instrumental in chemically modulating exciton transport 

in such systems. However, unraveling the atomic level structure of these systems has been a 

challenge as these are inherently soft materials, sensitive to their environments. Common structure 

determination techniques such as X-rays do not provide high enough resolution, and can often be 

destructive. Small-angle X-ray scattering (SAXS) also requires prior information from models to 

interpret the scattering curves.205 A high resolution structure of the LHNs will help understand the 

driving forces for the self-assembly and eventually, allow chemists to engineer supramolecular 

systems with precise control over supramolecular packings. As we have seen in Chapter 4, these 
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supramolecular packing parameters can be ultimately used to tune the excitonic behaviors of the 

aggregates. 

Table 5.1 shows a literature survey of structural studies on pristine LHNs, their methodology 

and key findings. Experimental probes such as cryo-electron tomography (cryoET) and redox 

chemistry were indeed valuable in uncovering a lot of mesoscale structure such as the double-

walled nature of LHNs, twisted and straight bundle structures. Atomic force microscopy and near-

field scanning optical microscopy revealed that the nanotubes indeed fluoresced uniformly along 

the whole tube, indicating a preserved supramolecular structure. However, more nanoscale 

structural details are still missing. Most of the nanoscale structural knowledge so far is from models 

or simulations that are validated by fitting to the optical spectra. But the inherent complexity of 

the excitonic spectra makes such assignments ambiguous. 

One such ambiguity is whether the molecules are arranged in a brick layer type arrangement 

or herringbone-like arrangement. Frenkel exciton models with dipole treatment based on both of 

these geometries have been fit to optical spectra. While the brick layer model considers 1 molecule 

per unit cell, symmetry breaking observed even in the isolated inner wall spectra justified the 

herringbone model with 2 molecules per unit cell. Adding additional van der Waals or charge 

transfer nearest neighbor couplings can also complicate such spectral assignments. The sensitive 

nature of the self-assembly makes it difficult to preserve the solution-state molecular arrangement 

in experimentally relevant environments. Therefore, preservation of the original structure as well 

as high-resolution structure determination technique are two essential prerequisites for uncovering 

the nanoscale structure of LHNs unambiguously. 
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Table 5.1. A literature survey of different approaches taken so far to obtain the structure of 

LHNs. 

Reference 
Method used to obtain 

structural details 
Key findings 

Kirstein et al., 

2000201  

CryoEM micrographs 

CD spectroscopy 

Chirality in bundled nanotubes of 

C8O3 

Didraga et al. 

(Knoester), 200425 

Brick layer model informed 

by CD and LD 

CryoEM micrographs 

CryoEM showed double-walled 

morphology of the tubes 

Berlepsch et al., 

2007206 
CryoEM micrographs 

Tubes formed rope-like bundles 

over weeks 

Lyon et al. 

(Stevenson), 

2008207 

Cyclic voltammetry, optical 

spectroscopy and 

spectroelectrochemistry of 

immobilized LHNs on ITO 

Initial oxidation of outer wall, 

followed by irreversible 

dehydrogenation and dimerization. 

Inner wall stayed relatively intact. 

Eisele et a. (Rabe 

& Vanden Bout), 

2009164 

Atomic force microscopy 

and near-field scanning 

optical microscopy 

The supramolecular structure was 

uniform within individual 

nanotubes as well as across an 

ensemble. 

Berlepsch et al. 

(Bottcher), 2011208 

CryoEM 3D reconstruction 

of mixed C8S3 and C8S2 

tubes 

2 nm resolution map with pitch 

angle of 17.3° 

Eisele et al. 

(Knoester & 

Vanden Bout), 

201277 

Redox chemistry 

Herringbone model fitted to 

absorption spectra 

Excitonic decoupling of inner and 

outer wall 

Explains symmetry breaking in 

isolated spectra  

Clark et al. 

(Vanden Bout), 

2013202 

Linear dichroism of double-

walled nanotubes and 

photochemically isolated 

inner wall spectra 

Total six transitions isolated for 

doubled-walled nanotubes (3 

parallel and perpendicular pairs), 4 

of which assigned to inner wall 

Eisele et al. 

(Nicastro, 

Knoester & 

Bawendi), 201488 

Cryo-electron tomography of 

LHNs and bundles 

Herringbone model informed 

with absorption spectra 

Hierarchical assembly of the LHNs 

with observations of straight and 

twisted bundles 
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Megow et al., 

2015209 

MD simulations with two 

molecules per unit cell in 

brick layer arrangement 

Site dependent dispersive shifts due 

to van der Waals interactions 

explained the peak splitting 

Kriete et al. 

(Pshenichnikov), 

2017210 

Replaced Cl atoms with Br 

Herringbone model fitted to 

absorption spectra 

Br tubes were claimed to be wider 

than Cl 

Spectral differences were attributed 

to higher radius of Br tubes 

Bondarenko et al. 

(Marrink & 

Knoester), 2020211 

Multiscale modelling – MD 

(Herringbone arrangement), 

microelectrostatics and 

Frenkel exciton Hamiltonian, 

optimized with absorption 

spectra 

Energetic and structural disorder, 

higher packing density in IW 

explained the spectral splitting 

Patmanidis et al. 

(Marrink), 2020205 

MD simulations (with brick 

layer, staircase and 

herringbone arrangements) 

Small-angle X-ray scattering 

Brick layer and herringbone 

arrangements were plausible, brick 

layer being more stable 

Interdigitated alkyl chains led to 

reduced widths between the two 

walls 
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Figure 5.2 Schematic explaining the methodology of Iterative Helical Real Space 

Reconstruction (IHRSR) 

Adapted from Egelman, 2007212 

5.3 Iterative helical real space reconstruction (IHRSR) 

We address such challenges with a cryo-electron microscopy (cryoEM) of vitrified LHN 

samples. Vitrification by plunge-freezing in liquid ethane is extensively used in biological 

assemblies to preserve the native structures and protect from beam damage.213,214 Molecular 

aggregate assemblies are also hydrated soft structures like protein or lipid assemblies. Previous 

cryoEM and cryoET studies on LHNs used the vitrification technique to cryo-protect the 

samples.45,88 Particularly, we use Iterative Helical Real Space Reconstruction (IHRSR) algorithm, 

developed by the Egelman in 2000, to computationally analyze the cryoEM images of vitrified 

LHNs.212,215 IHRSR is designed for single-particle analysis of weakly diffracting disordered 
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helical polymers and is depicted in Figure 5.2.216 Starting with initial reference 3D volume, the 

algorithm takes projections of several azimuthal rotations, followed by a cross-correlation with 

thousand or tens of thousands of segments obtained from cryoEM images of the sample. The best 

correlations yield the helical screw symmetry parameters – coupled azimuthal rotation and 

displacement along the tube axis ( ∆𝜙, ∆𝑧  respectively). The aligned images are then back-

projected to get a 3D volume, but with the information from the sample encoded in it. Then, it 

optimizes the new screw parameters ∆𝜙, ∆𝑧 that would fit symmetrized volume to the actual 

volume. These new parameters are then imposed on the next cycle until a minimum is reached 

iteratively. The general principle is quite similar to how most data fitting algorithms optimize fit 

parameters by minimizing mean square errors. One point to be noted is that, the IHRSR algorithm 

is independent of any starting reference volume and the right parameters are obtained even when 

you start from a solid cylinder with no structural features.216 The ambiguity arises for the 

assignment of the helical hand. Though, it is actually inherent to any helical reconstruction 

technique with limited resolution and pertains to the peak assignments in the power spectra.216,217  

5.4 CryoEM structure of LHNs 

Figure 5.3a shows a power spectrum of the LHNs averaged from the power spectra of 

thousands of segments on the cryoEM micrographs. The meridian layer line (corresponding to n 

= 0 Bessel function) provides the helical rise of 9.9 Å. A striking feature in the power spectrum, 

we were able to see layer lines as far as 3.9 Å providing the first evidence of a high-resolution 

periodic structure  
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Figure 5.3 CryoEM reconstruction of LHNs from IHRSR 

a. Power spectrum averaged from ~ 104 segments of LHNs, b. Top view of the double-walled 

nanotubes with diameters labelled and blue arrows indicating the groves, c. Side view of the outer 

wall density, d. Side view and e. Cut away view of the inner wall density. 

in the LHNs, commonly thought of as disordered solution state assembly. Further, the observation 

of layer lines corresponding to Bessel functions of order n = 0, 5, 10 etc. indicates a possibility of 

C5 rotational symmetry besides the helical symmetry. We then use these parameters as starting 

points for the IHRSR algorithm and iteratively reconstruct the density maps for both outer and 

inner walls, shown in Figures 5.3b-e. We obtained a cryo-EM map at 3.3 Å, and the helical 
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symmetry converged with helical rise of 9.9 Å and twist of 33.6 °. The diameters of both inner and 

outer walls as shown in Figure 5.3b match previous reports within error.77  

5.5 Molecular structure from 3D maps 

The inner wall density was refined with a molecular model, an overlay of the two is shown in 

Figure 5.4. We first optimize the geometry of a dimer using Coot218 followed by a refinement in 

PHENIX.219 We observe excellent correlation between the molecular model and reconstructed 

density. The asymmetric unit (ASU) for inner wall comprises of 6 monomeric units (Figure 5.4c) 

while that for the outer wall has 8 monomeric units. Overall, the 14 unique monomeric 

environments collectively give rise to the excitonic features of the LHNs observed in Figure 1a. In 

the inner wall, 5 ASUs go around the circumference of the tube to complete a single turn (Figure 

5.4d). Figures 5.4e-f show space filling models two segments (color coded magenta and cyan). 

This clearly shows that the symmetry breaking in the optical spectra arises, not from the 

Herringbone structure, but from the 6 monomer and 8 monomer ASUs for inner and outer wall 

respectively. 

A crucial finding is that the molecules adopt a slip stacked arrangement, a signature of 

excitonic J-aggregates, albeit with a brick layer like formation as opposed to a herringbone-like 

structure that previous models had proposed.77,209 The herringbone model was originally invoked  
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Figure 5.4. Molecular structure of inner wall obtained using IHRSR density maps.  

a-b. Inner wall density overlaid with the structure showing excellent agreement with the 

reconstructed density, a. Side view, and b. Cut away view showing regularity of interlocked 

sulfonates, c. Structure of asymmetric unit (ASU) with 6 non-identical monomers, d. Top down 

view of the 5 repeats of the ASUs around the circumference, e. Side view and f. Top down view 

of two translated repeats of the ring in part d.  

 

to explain the peak splitting in the inner wall spectra arising from symmetry breaking in the unit 

cell. While it was a reasonable motivation with the limited structural information available at the 
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time, our results clearly show that symmetry breaking arises not from the herringbone arrangement 

but from the 6 monomer ASU, wherein each monomer is non-identical. The  stacking distance 

between adjacent monomers is 3.4 Å and the slip between adjacent molecules is 12.7 Å or 5.3 Å. 

The two slip values arise from the fact that excitonic couplings between extended dipolar systems, 

with no boundary effects, are symmetric about half dipole length. Moreover, this slip value (~1/3 

of molecular length) falls under the J-aggregation region with a band edge bright state. The 

excitonic band structure with a band edge bright state was indirectly verified in previous work 

using temperature dependent quantum yield and superradiance measurements.79 The excitonic 

properties of these systems, often calculated using the Frenkel exciton model, are highly sensitive 

to such packing parameters.25,124 Previously, estimates from gas phase calculations or MD 

simulations were used in the models.25,211 This is the first direct experimental  
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Figure 5.5 Top cut away inner wall density 

A zoomed in inner wall density with cut away top down view from the perspective point inside 

the cylinder. The sulfonate lobes are show regular interlocked pattern on a single concentric ring. 

observation of these molecular level geometric parameters in excitonic aggregates. The helical 

symmetry parameters obtained from this structure are 9.9 Å helical rise (∆𝑧) and helical twist (∆𝜙) 

of 33.6°.  

Furthermore, we observe regular V-shaped interlocked patterns in the lumen of the inner wall 

(Figure 5.4b and 5.5). These interlocked lobes are assigned to the sulfonate groups from 

neighboring dye molecules that repel each other to form the highly regular interlocked pattern. We 

believe that the role of the sulfonate chains in the self-assembly is not just limited to the 

hydrophilicity of the dye but goes beyond in determining the slip-stacked arrangement enforced 
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by the interlocking sulfonate groups. Further, the 3 methylene spacers in the sulfonate chains may 

also be important for the interlocking. Too small methylene spacer between the dye backbone and 

sulfonates would have too much repulsion to allow for such interlocking, disrupting the entire self-

assembly. On the other hand, larger methylene spacers might make the self-assembly too 

disordered or even enforce a completely different type of morphology. This could explain why 

Pawlik et al. observed an aggregate lineshape characteristic of sheet-like structures (similar to 

TDBC aggregate) for C8S4 aggregate (with 4 methylene spacer between the dye backbone and the 

sulfonates).92,200 Due to higher degree of disorder in the outer wall, we were not able to reconstruct 

an outer was molecular model directly from the cryoEM density map. 

5.6 Dimerized Frenkel exciton model based on inner wall structure 

Using the structural parameters obtained from the above reconstruction, we construct a 

modified Frenkel exciton model where we use a brick layer arrangement dimer as a building block 

for the nanotube. Preliminary results from this model are shown in Figure 5.6. We use the redox 

chemistry approach to selectively photobleach the outer wall and isolate the inner wall spectra.77 

Using the dimerized Frenkel exciton Hamiltonian, we calculate absorption, LD and CD spectra for 

the inner wall that capture the complex excitonic features in the experimental spectra very well 

(Figure 5.6).  
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Figure 5.6. Modeling the optical spectra of isolated inner walls (IW) of LHNs using the 

cryoEM structure and dimerized Frenkel exciton model. 

a. Absorption, b. linear dichroism, and c. circular dichroism spectra of isolated IW. Solid black 

lines: experimental spectra; colored lines: spectra calculated from the dimerized Frenkel exciton 

Hamiltonian corresponding to IW structures of varying sizes, blue: 1500, red: 3000, yellow: 4500, 

and purple: 6000 monomers; dashed black lines: calculated spectra assuming periodic boundary 

conditions with added Lorentizian broadenings (Lorentzian widths were obtained from 

experimental spectra). CD spectra with periodic boundary conditions and Lorentzian broadening 

could not be calculated in this case. 
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5.7 Significant differences between C8S3-Cl and C8S3-Br nanotubes 

 

Figure 5.7 C8S3-Br double-walled nanotubes cryoEM and width comparison with C8S3-Cl 

a. CryoEM micrograph of C8S3-Br nanotubes showing variable tube diameters labelled on the 

image, inset. Structure of C8S3-Br, and b. Histograms of C8S3-Cl and C8S3-Br tube widths over 

~104 segments, inset. Fourier spectrum of C8S3-Br histogram showing the step size of the 

discretized tube widths. 

In order to understand the origin of the assembly better, we introduced a covalent modification 

on the 5, 5’, 6 and 6’ sites replacing Cl with slightly larger Br atoms (Figure 5.7a inset). We use 

the nomenclature C8S3-Cl for the prototypical LHNs and C8S3-Br for the modified ones. 

Nanotubular aggregates of C8S3-Br were previously reported to be wider than C8S3-Cl nanotubes 

as seen from the cryoEM micrograph of one double-walled nanotube.210 In Figure 5.7, we show a 

representative cryoEM micrograph of an ensemble of C8S3-Br nanotubes. Unlike previously 

reported, both inner and outer wall diameters were variable with some narrower and some wider 

tubes than C8S3-Cl. Surprisingly, both inner and outer walls seem to increase or decrease in sync 

as the distance between the two walls appears to be the same. To address this discrepancy, we 

analyzed thousands of images of both C8S3-Cl and C8S3-Br nanotubes and histogram the outer 

wall widths of ~104 nanotubes in Figure 5.7b. While C8S3-Cl has a single narrow distribution 
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centered around ~ 140 Å, C8S3-Br shows a much wider bimodal distribution spreading from 110 

Å – 180 Å. Because of the variable diameters, we could not apply the IHRSR algorithm on the 

C8S3-Br nanotubes to obtain reconstructed 3D map.  

Another interesting observation is that the width distribution of C8S3-Br is not continuous like 

C8S3-Cl. Rather, C8S3-Br has discrete jumps in the distribution with certain bins having much 

higher probabilities than their neighboring ones. We Fourier transform the C8S3-Br histogram as 

shown in the inset of Figure 5.7b and observe two peaks at 2.70 Å and 5.39 Å, corresponding to 

the step size for the discretized widths.  

 

 

Figure 5.8 Geometric model based on slip stacked brick arrangement for C8S3-Br nanotubes  

Geometric relations for projection of a brick on the circumference were obtained using this model. 

Starting from a simple brick layer arrangement model shown in Figure 5.8 we use the discrete 

width increments to calculate the chiral angle in the C8S3-Br tubes. From this model, the 

projection of a single monomer brick along the circumference of the tube is given by √𝑠2 + 𝑤2, 

ignoring the curvature of the tubes. Here, 𝑠 and 𝑤 are the slip between adjacent molecules and the 
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perpendicular distance between the stacked faces. The slip and stacking distance are related by the 

chiral angles as 𝑠 = 𝑤 ∙ tan(𝜃) . Assuming smallest discrete jump is from a single monomer 

addition to the circumference as it the basic building block of the whole assembly, we can relate 

this to the circumference change from the discrete tube widths. Therefore,  

√𝑠2 + 𝑤2 = 𝜋𝑑′ 

where 𝑑′ is the step size in the tube widths. Substituting for 𝑠 from the above equation and solving 

for 𝜃, we obtain 

𝜃 = cos−1 (
𝑤

𝜋𝑑′
) 

Extrapolating the stacking distance 𝑤 = 3.4 Å from C8S3-Cl nanotubes and using the discrete  

step size obtained from the Fourier transform, we get the possible value of the chiral angle as  𝜃 =

66.4º. It is possible to experimentally measure this value from LD spectra where the peak splitting 

between the parallel and perpendicular peaks can be related to the chiral angles. 

 

Figure 5.9 Comparison of absorption spectra of C8S3-Cl and C8S3-Br double-walled 

nanotubes 

Normalized absorption spectrum of C8S3-Cl double-walled nanotubes or the prototypical LHNs 

(blue), overlaid with normalized absorption of C8S3-Br double-walled nanotubes with a wider 

width distribution. 
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Our results show that small chemical modifications may preserve the overall morphologies of 

the extended self-assemblies but the nanoscale structure with molecular details is highly sensitive 

to even small modifications. As the excitonic couplings are highly sensitive to the nanoscale 

structure, it is quite remarkable that the spectral features are quite conserved (Figure 5.9).   

5.8 Conclusions 

We present the first high-resolution structure of a supramolecular J-aggregate – light 

harvesting nanotubes (LHNs) of amphiphilic cyanine dye C8S3-Cl obtained from 3D 

reconstruction of cryoEM images using Iterative Helical Real Space Reconstruction (IHRSR) 

algorithm. Our structure provides key insights into self-assembly summarized as follows - (i) the 

aggregate has a brick layer arrangement of molecules with symmetry breaking arising from 6 

monomer ASU in the inner and 8 monomer ASU in the outer wall; (ii) the outer wall has grooves 

that are absent in the inner wall; (iii) the sulfonate chains in both inner and outer walls show a 

highly conserved interlocked arrangement which may play a role in enforcing the slip-stacked 

arrangement that is responsible for the J-aggregate characteristics; (iv) small chemical 

modification from Cl to Br atoms lead to a highly distinct self-assembly with a much wider tube 

width distribution. Another peculiar observation is the discretized tube diameters which hints at 

the C8S3-Br tubes also have an underlying periodic structure such that only certain widths are 

allowed. 

The helical nanotubular aggregates continue to be a rich model system for studying novel 

excitonic behaviors such as superradiance and artificial light harvesting. In future, this new 

information will enable the construction of more accurate models to describe the complex 

excitonic properties observed in such systems. The structural insights presented here will provide 
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guidelines for designing new supramolecular systems, wherein the rich excitonic properties can be 

directly engineered into the supramolecular structure. The interlocking of sulfonates can be further 

explored by chemically modifying the chain lengths and substitutions at the 3,3’ positions.  

5.9 Experimental section 

Aggregate preparation 

C8S3-Cl was obtained from FEW Chemicals GmbH and used without further purification. 

C8S3-Br was synthesized following a previously reported protocol.210 C8S3-Cl aggregates (or 

LHNs) were prepared by injecting a methanol solution of C8S3 dye at 1.46 mM into Milli-Q water 

with the final conditions 0.48 mM dye and 30% MeOH (v/v) in glass vials pre-soaked in Milli-Q 

water for hydrophilization. The aggregate solutions were stored in parafilm sealed vials in dark at 

room temperature for 24 h before taking any measurements. C8S3-Br nanotubes were prepared 

similarly by injecting 10 mM methanol solution of dye monomer into milli-Q water giving 2mM 

dye, 20% MeOH as the final conditions. C8S3-Br was stored for longer time (1-2 weeks) to allow 

for growth of long tubes. Shorter equilibration times gave bundled aggregates for C8S3-Br.  

Inner wall isolation 

For isolation of inner wall spectra on C8S3-Cl LHNs, a modified form of previously reported 

procedure was used.77 C8S3 LHNs were prepared by dissolving C8S3 monomer (2.58 mg, 2.86 

μmol) into 2.4 mL spectroscopic grade methanol (Fisher). This solution was sonicated for 30 

seconds to ensure complete dissolution before adding 4.76 mL Milli-Q H2O. The solution was 

parafilmed and stored in the dark for 24 h before measuring the absorbance to confirm doubled-

walled LHN formation. For outer wall bleaching, 0.6 mL of 0.011 M aqueous AgNO3 solution in 

Milli-Q H2O was added to the LHNs in a scintillation vial. The vial was briefly shaken to ensure 
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mixing, then illuminated with a flashlight until the outer wall peak was completely bleached (~ 10 

min) and kept in dark subsequently. Further spectroscopic measurements were done immediately. 

Spectroscopic measurements 

UV-Vis and LD spectra were taken on Agilent Cary-60 spectrometer in 0.2 mm or 0.01 mm 

path length quartz cuvettes obtained from Starna Cells. For LD spectra, a linear polarizer (Thorlabs 

LPVIS050, mounted on a rotational stage) was inserted into the spectrophotometer between the 

sample and lamp source. To achieve parallel or perpendicular polarizations, the polarizer was set 

to 0° or 90°, respectively. The instrument was blanked using the appropriate solvent for each 

polarizer orientation. The sample was flown at a rate of 4 mL/min through a 0.2 mm path length 

flow cell (Starna Cells) using a syringe pump (AL-1000, Thermo Fisher) in order to align the 

nanotubes to the direction of the flow. CD spectra were taken on ChiraScan V100 in 0.2 mm path 

length cuvettes while purging the chamber with N2 gas.  

CryoEM data collection and processing 

2 μl of C8S3-Cl or C8S3-Br double-walled nanotubes sample were applied to plasma-cleaned 

lacey carbon grids, followed by plunge-freezing in liquid ethane using a Leica EM GP. Data 

collection was carried out at liquid nitrogen temperature on a Titan Krios microscope 

(ThermoFisher Scientific) operated at an accelerating voltage of 300 kV. 40 movie frames were 

collected with defocus values range between -1 to -2.5 μm on a K3 camera (Gatan), with a total 

dose of ~55 electrons per Å2.  For C8S3-Cl double-walled nanotube, a total of 193,693 384px-long 

segments were manually boxed in EMAN2 from 2000 image, followed by testing the helical 

symmetry possibilities in SPIDER. The C5 rotational symmetry yield the most reasonable map 

which was used as an initial map to further processing in RELION 3.0.220 Three rounds of 
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Refine3D, PostProcessing, contrast transfer function (CTF) refinement and Bayesian polishing 

were done until the map improved with recognizable small molecule features at the resolution of 

3.3 Å.  The helical parameters converged to a rotation of 33.6° and an axial rise of 9.9 Å per 

subunit. The resolution of the final reconstruction was determined by the Fourier shell correlation 

(FSC) between two independent half maps, which was 3.3 Å at FSC = 0.143. 

Model building and refinement 

We use the C8S3-Cl PDB model as an initial template to dock into the cryoEM map by rigid 

body fitting in UCSF Chimera,221 and then manually edited the model in Coot.218 The refined 

monomeric model of C8S3 was then re-built in Chimera with helical symmetry and rotational 

symmetry, followed by real-space refinement with Phenix.219 The coordinates of LHNs will be 

deposited to the Protein Data Bank, and the corresponding cryoEM map will be deposited in the 

EMDB. 
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Chapter 6 

Challenges and Opportunities 

We discussed how aggregation can be used as a platform to tune photophysical properties of 

chromophores and to avail unconventional photophysical behaviors. In the previous chapters, we 

showed ways for overall chemical control over aggregate self-assembly and the excitonic 

properties. We also discussed high resolution cryoEM structure for a tubular J-aggregate that will 

allow better understanding of the origin of the excitonic properties. Several questions still remain 

open challenges for facilitating practical applications and improving our fundamental 

understanding of excitons in molecular systems. This chapter summarizes some of these 

challenges, their significance to the overall field, and plans to address them. 

6.1 Enthalpic and entropic contributions to the self-assembly 

In Chapter 3, we focused on thermodynamic control of aggregation. However, many of these 

systems, especially the tubular aggregates have slow growth components. Because of the slow 

nature of the growth, it was possible to treat each state being in quasi-equilibrium in Chapter 3.  In 

some cases, we have now observed that both tubular and 2D morphologies are possible, and their 

slow interconversion can be really cumbersome for further studies. Understanding the driving 

forces for such interconversions will enable a more precise control over aggregation. Temperature 

dependent melting studies as well as time dependent aggregation studies can be performed with a 

real time spectral collection setup. 

Plan: Figure 6.1 shows preliminary data from temperature dependent aggregate melting 

studies (not to be confused with the cryogenic temperature dependence in Chapters 2 and 4 with 
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sugar matrix stabilized aggregates). We prepare the aggregates by injecting a methanol solution of 

the dye into water or aqueous NaCl (specific conditions were the same as Chapter 3) and allowed 

to equilibrate in dark at room temperature. This can be kept inside a Peltier temperature control 

setup connected to a UV-Vis spectrometer. Freezing and boiling points of solvent mixtures are 

measured previously. Copper tape is used for good thermal contact. Absorption spectra collected 

after heating to different temperatures show a ‘melting’ of 2D J-aggregates into H-aggregates and 

monomers (Figure 6.1). We use a modified version of the model in Chapter 3 to separate enthalpic 

and entropic contributions to the self-assembly for a dimer system.  

2𝑀 ⇌ 𝐻 (6.1) 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑀 + 2𝐶𝐻 (6.2) 

2𝑒−Δ𝐻𝑜/𝑅𝑇𝑒Δ𝑆𝑜/𝑅𝐶𝑀
2 − 𝐶𝑀 − 𝐶𝑇𝑜𝑡 = 0 

 

(6.3) 

 

Figure 6.1. Aggregate melting studies with Cy3-Et dimer and 2D aggregate. 

Absorption spectra of Cy3-Et a. H-aggregate (dimer) solution and b. 2D sheet-like J-aggregate 

solution with temperature. Arrows indicate changes with increasing temperature. 

Keeping Δ𝐻° and Δ𝑆° as open parameters, the quadratic polynomial can be solved for a given 

temperature to obtain the mole fractions of monomer and H-aggregate. We were able to fit the 
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model to the experimental data for Cy3-Et dimer melting studies (Figure 6.2). We obtain Δ𝐻° =

−26  kJ/mol and Δ𝑆° =  −6 J/K.mol, suggesting that the dimerization of Cy3-Et is primarily 

enthalpically driven. Once we extend this to larger J-aggregates, we may expect a shift in this 

behavior. The hydrophobic effect may play a role for the extended systems where the entropy 

increase is driven by a large number of solvent molecules expelled from the solvation shells of 

individual monomers. 

 

Figure 6.2. Preliminary results from melting studies of Cy3-Et H-aggregate fitted to a 

monomer-dimer conversion model 

Mole fractions of Cy3-Et monomer (red circles) and H-aggregate (blue circles) obtained from 

temperature dependent melting studies. Lines are concurrent fits for both components obtained 

from the a thermodynamic model for  Δ𝐻° = −26  kJ/mol and Δ𝑆° =  −6 J/mol.K. A solution of 

H-aggregate at equilibrium was heated using a Peltier setup with added copper tapes and spectra 
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were taken after temperature equilibration. Last temperature point was excluded as the solution 

had started bubbling. 

6.2 Kinetics of aggregation 

Real time observation of the aggregate self-assembly will provide a lot of insights relevant for 

modulating exciton transport in the aggregates. C8S3 LHNs, whose structure was discussed in 

Chapter 5, show complicated optical features in absorption and circular dichroism (CD) spectra 

such as strong excitonic superradiance and amplified CD signals. Observing the origin  

 

Figure 6.3 Schematic representation of real-time spectroscopies for aggregate formation, 

experimental setup for in-situ time-resolved photoluminescence measurement 

a. Schematic showing collection of spectroscopic measurements before, during and after adding 

the non-solvent to the dye monomers allowing for real-time spectroscopies to study aggregate 
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formation, b. Photographs of in-situ time-resolved photoluminescence experiment – (left) 

detection setup, and (right) collection setup with a dip-probe allowing for real-time photon 

collection during aggregate formation. 

structural features that lead to the unusual spectral signatures will help answer several questions: 

(i) Why do planar achiral molecules assemble into chiral structures with a preferred handedness? 

(ii) What is the extent of structural disorder initially vs a long time after mixing? Real time 

spectroscopic studies can help answer such questions. One can collect absorption, emission, 

lifetimes and CD spectra before, during and after mixing the non-solvent with the monomer 

(Figure 6.3a). Correlating the real-time information from all spectroscopies will provide a 

complete picture of the aggregation process.  

 

Figure 6.4. Preliminary results from in-situ time-resolved photoluminescence of C8S3 LHNs 

a-b. Each lifetime component (red and blue) with the amplitudes corresponding to each lifetime 

component (insets) as a function of time elapsed from the addition of non-solvent. Parameters were 

extracted from biexponential fits of in-situ time-resolved photoluminescence data, t = 0 s 

corresponds to the time of injection of water into a monomer solution. Error bars are from 

confidence intervals of the fits. 

Plan: Real-time steady-state spectra can be collected on a commercial spectrometer with a 

kinetic set up where spectra can be automatically taken at a given time interval. For lifetimes, we 
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use a home built in-situ time resolved photoluminescence setup shown in Figure 6.3b. We excite 

and collect using a single fiber which is then branched off and the emitted photons are collected 

using a time-correlated single photon counting (TCSPC) set up. Figure 6.4 shows the preliminary 

data from this experiment where the C8S3 monomer was taken in a vial and photons were 

continuously collected as the water was added to it. 𝑡 = 0 𝑠 corresponds to the time of water 

addition. The photons are then post processed to obtain TCSPC histograms as the aggregation 

progressed in real time. The histograms were fit to bi-exponentials. The progress of each lifetime 

component over the course of real time is shown in Figure 6.4. We observe that there is a longer 

component that decreases initially and then eventually settles to a values of ~325 ps. We 

hypothesize that this is relaxation to the band-edge component that remains constant once the 

structure is formed. The other shorter component shows sharp decrease in the lifetime for the first 

500 s, followed by a slow increase. Further real time spectroscopies will help assign these lifetimes 

to the underlying excitonic processes. 

Such spectroscopic studies can also be corroborated with time-dependent cryoEM studies by 

freezing the samples at different times after mixing the monomer solutions and non-solvents. 

Though, due to the low throughput of plunge-freezing method, this will not provide the same 

temporal resolution as other spectroscopic studies. Nevertheless, samples can be frozen few 

seconds after mixing and ~ 1 h hour after mixing. Such studies will allow observation of the 

morphological changes that correspond to the real-time spectroscopic measurements. One crucial 

assumption is that there are no further rearrangements once the samples are frozen in liquid ethane. 
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6.3 Separating inter- and intra-aggregate disorder 

The origin of characteristic spectral lineshapes of extended I- or J-aggregates has been a long 

standing puzzle.32,35 One way to get additional information about this is by separating ensemble 

broadening effects from single aggregate disorder. Specifically, molecules within an aggregates 

can have an inhomogeneous distribution of energies, deviations from random fluctuations may 

occur in presence of structural defects such as bends or folds in the sheets, or individual site 

deletions due to photobleaching or chemical reactivity.79 Understanding the effects of various 

types of disorder will be a starting point in modulating exciton transport. 

 

Figure 6.5. Schematic for solution-photon correlation Fourier spectroscopy (s-PCFS) set-up. 

Epifluorescence excitation with an objective and pinhole for collection of photons from the 

confocal region within a solution sample inside a thin capillary tube. The collected photons are 

sent through an interferometry set-up equipped with time-correlated single photon counting 

modules. This allows for spectral correlations of the collected photons providing estimates of 

energetic disorders within the aggregates. 

Plan: Solution photon-correlated Fourier spectroscopy (s-PCFS) is a technique that combines 

confocal microscopy with Fourier spectroscopy wherein photons coming from the confocal 

volume of a microscope objective are collected and sent either through a 50:50 beam splitter or a 
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Mark-Zehnder interferometer set-up (same as the interferometer used in decay-associated Fourier 

spectroscopy).197,222,223 The former allows for g2
 measurements while the latter, provides g2

 along 

with spectral correlations. By taking the photons collected at very short time intervals (less than 

the diffusion time of an aggregate), we can effectively look at single aggregate spectral correlations 

as well as ensemble spectral correlations within the same setup. Further, taking similar data on 2D 

as well as tubular aggregates will be useful in delineating the role of morphology in exciton 

transport. 

 

Figure 6.6. Schematic of kinetic control of aggregation with different rates of addition of 

monomer. 

a. Current method: sudden injection of a concentrated monomer into a non-solvent leading to 

immediate nucleation, b. slow addition of the monomer over a continuous time period allows for 

growth, enabling longer aggregates. 

6.4 Size and shape control 

In Chapter 4, we modulated the nanoscale packing geometries such as slips and brick lengths 

in 2D aggregates. Currently, we have no control on the overall sizes and aspect ratios of the 

aggregates that are formed through solution self-assembly. Previous theoretical studies with 

crystalline aggregates have shown that aspect ratios may play a role in the asymmetric lineshapes 
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that were also observed in Chapter 4.35,36 Exciton transport can also be affected by these parameters 

through a disorder dependence.  

Plan: To delineate such effects, making size and shape controlled aggregates can be an avenue 

to pursue in the future. The best way to do this would be through kinetic control of nucleation and 

growth. Kinetic control can be achieved via several means such as concentration and temperature. 

A slow addition approach can be used to avoid excessive nucleation and promote growth, enabling 

larger sized aggregates (Figure 6.6).  H-bonding groups (carboxylates, amines) or other directional 

groups can be strategically placed on the core cyanine dye structure to promote growth in a specific 

direction.106,224  

6.5 High-resolution cryoEM of 2D aggregates 

In Chapter 5, we discussed the nanoscale structure of tubular aggregates and its importance for 

modeling excitonic properties accurately.  A similar high-resolution structure of 2D aggregates in 

the native solution state has never been experimentally confirmed. Specifically, brick dimensions 

and the number of monomers in the effective ‘unit cell’ have not been directly observed. This 

information can be obtained using cryoEM electron diffraction and single particle analysis based 

approach. Normally, diffraction patterns from microcrystals can be directly obtained using 

selected-area electron diffraction (SAED). However, due to extremely low contrast in these single 

layer sheets, SAED patterns become hard to analyze.  
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Figure 6.7. Possibilities of molecular packing geometries in 2D aggregates that can be 

observed in high resolution cryoEM structure. 

Expected geometric differences in 2D aggregates with respect to the central structure (blue) that 

can be directly observed with single particle analysis based cryoEM structure determination 

method. Black arrows indicate the directions of sheet growth. 

Plan: Using thinner grids such as single layer graphene or ultrathin carbon, 100s and 1000s of 

images can be automatically collected images, followed by alignment steps. Superimposing a large 

number of Fourier transforms will improve the signal-to-noise ratio. Analyzing these diffractions 

should be straightforward in a standard XRD software. In either case, practical considerations for 

electron dosage need to be kept in mind so as to not alter the native atomic arrangement and blur 

the data. Further, comparative datasets with different molecular packings can be used to directly 

confirm the effects of specific substituents on nanoscale packing parameters. For example: as 

shown in Chapters 2 and 4, Cy7-DPA should have a higher slip than Cy7-Ph, both of which should 

have a higher brick length than Cy5-Ph (Figure 6.7). Further, the direction of the molecular bricks 

within the sheets as well as differences in the brick widths or cofacial stacking distances between 

molecules are all unknown parameters that can be uncovered with direct observation of nanoscale 
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structures (Figure 6.7). SPA approach does not provide information about structural disorder, as it 

will be averaged out in the superimposition. But especially in disordered systems such as the 

aggregates, averaging out of the ‘noise’ can be really useful in backing out the molecular scale 

parameters (such as slip), even if it’s not near-atomic resolution. 

6.6 Conclusions 

The directions outlined above present the next steps to findings from this dissertation. 

Understanding the enthalpic and entropic contributions to self-assembly will enable better design 

and control of aggregation. If the formation of extended aggregates is found to be enthalpically 

driven, additional intermolecular interactions can be built into the chromophore structures such as 

donor-acceptor interactions or more delocalizable -clouds. In entropically driven self-assemblies, 

one can fine tune chromophore-solvent interactions and sizes of the aggregates. Real-time 

observation of how the aggregates are formed will explain the origins of the complicated structural 

and excitonic features and provide pathways for fine tuning of structural disorder within the 

aggregates. Exploring the origin of the unusual asymmetric lineshapes of the aggregates is useful 

for several optoelectronic as well as bioimaging applications. Size and shape control of the 

aggregates as well as s-PCFS studies discussed above will provide insights into this question. On 

the structural side, high-resolution cryoEM studies will allow for direct confirmation of the 

nanoscale structure. This will enable precise structural modifications to the cyanine dye structure 

for desired excitonic properties. 
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6.7 Overall remarks 

Ever since the first observation of J-aggregation in the 1930s and early descriptions of 

molecular excitons, such chromophore assemblies have attracted researchers from diverse areas. 

The aspect that stands out to me the most about this work is the confluence of concepts from 

supramolecular chemistry, photochemistry and quantum chemistry. 

Building on such concepts, we provide pathways for chemically controlling the self-assembly 

and excitonic properties of higher dimensional aggregates. We show that molecular aggregation, 

can be used as a platform for tuning photophysical properties in addition to existing approaches 

such as covalent modification and confinement. Further, aggregation allows for novel 

photophysical behaviors that are not conventionally accessible. A particular long-standing goal is 

using J-aggregation to redshift absorption and emission all the way into SWIR while maintaining 

high quantum yields and molar absorptivities. Using the insights and tools provided here, this goal 

can now be realized by making a higher slip aggregate in SWIR that will have a band-edge bright 

state. This dissertation also provides guidelines for designing new aggregates, followed by a 

general workflow for thorough characterizations of their morphologies, supramolecular structures, 

and excitonic band structures. 

Broad future directions in the field should address the challenges with practical applicability 

and explore novel excitonic behaviors. For example, investigations of triplet excitonic states in 

molecular aggregates can provide means for development of efficient triplet sensitizers. For 

practical applicability, making the aggregates processable for patternable devices as well as 

protection of the nanoscale structure for preserving excitonic properties in different environments 

will be major challenges to be addressed. 
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