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ABSTRACT

ABHISHEK SHIBU. Exciton Management in Metalloporphyrins and
Thiazolothiazole-Based Materials (Under the direction of DR. MICHAEL G. WALTER)

Over the last few decades, optical technologies utilizing organic materials in the
solid state have become ubiquitous. In the solid state, contrary to their constituent
molecules, organic materials exhibit energy level continuums along which excited-state
energy (excitons) can diffuse. Controlled and efficient management of excitons in
systems with numerous organic molecules packed in limited degrees of freedom has been
the governing principle for organic optoelectronic devices. However, given the net
neutral electrical charge of an exciton and the complex excited-state energy landscape in
organic molecular aggregates, efficient management of excitons becomes a challenging

task.

This dissertation presents three significant studies that explore the manipulation of
exciton behavior in organic solid-state materials through self-assembly techniques. By
modulating molecular packing in the solid state, the energetics and photophysical
properties of the chromophores can be effectively controlled, opening up avenues for
advanced optical and photonic applications. The successful modulation of exciton
diffusion in Zn-metalloporphyrin solution-processable thin films and the establishment of
a structure-photophysics correlation in disubstituted alkoxyphenyl thiazolo[5,4-d]thiazole
(TTz)-based crystals demonstrate the potential of this approach. Furthermore, the
controlled formation and relaxation kinetics of excimer-like states in asymmetric TTz
films offer a novel route to achieving high luminescence efficiency, paving the way for a

new generation of optical and photonic devices. These findings highlight the importance



of self-assembly as a powerful tool for tailoring the behavior of excitons in organic

chromophores, leading to significant advancements in various fields.
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Chapter 1:

Introduction

In 1941, Szent-Gyorgyi wrote an article that described a fundamental
phenomenon which has become ubiquitous in a plethora of modern-day technologies. He
began his article by describing a small molecule; a collection of atoms surrounded by a
cloud of their corresponding electrons. He then wondered if research in biochemistry has
been limited in its scope because of this confined imagination of excited-state energy at
the quantum level. Upon reflecting on his work spanning for over two decades he says,
“(it) has yielded one or another insignificant result — the isolation of this or that — but
whenever I was faced with a fundamental problem, I failed.” Gyorgyi wrote these words
four years after he was awarded the Nobel Prize for the isolation of Vitamin C. With this

dissertation, I join a vast cohort of scientists who have probed the “fundamental question’

that Gyorgyi spoke about.

The problem that Gyorgyi was referring to was managing excited-state energy in
a system which is composed of a large number of molecules. In such a system, contrary
to its constituent molecules, an energy level continuum, bands, are formed along which
electrons in excited-state energy can diffuse over a certain distance. The excited-state
energy management in such a system is significantly different and more complex than in
its molecular constituents. Controlled manipulation of excited-state energy in systems
with a large number of organic molecules packed in limited degrees of freedom has been
the governing principle for technologies like organic light emitting diodes (OLEDs),
organic photovoltaics, printed electronics, battery technology, etc. What was once a niche

field of research in physics has now attracted the attention of materials scientists, organic



chemists, computational chemists, and device physicists. However, we must remember
that though this understanding has sparked our imagination in the last two centuries,
nature has been utilizing excited-state energy in multichromophoric systems for billions
of years. Cyanobacteria, one of the first living organisms on our planet, evolved to
develop a highly compact network of light harvesting antennae called thylakoids. The
chlorophyll contained in the thylakoid sacs facilitated in the conversion of solar energy
into chemical energy. In spite of the great technological advancements that understanding
excited-state energy in multichromophoric systems has led us to, we are only neophytes

in this field compared to nature.

Efficient excited-state energy, or exciton, management is crucial for a range of
optical and photonic materials, coatings, and devices. Exciton management can be
broadly categorized into formation, modulation, and utilization of excitons. These have

been briefly discussed below.

Exciton Formation: When an electron is excited from HOMO to LUMO, the
interstitial space ( ‘hole’) it leaves behind assumes a positive charge and is coulombically
bound to the excited electron. This excited electron-hole pair is called an exciton.
Excitons can be broadly categorized into three types, Figure 1.1. Frenkel, Charge

Transfer (CT) and Wannier-Mott.'

Figure 1.1. Types of excitons. a) Frenkel; b) Charge transfer; c) Wannier Mott



The distinct types of excitons mainly arise due to the vastly different electrical properties
of materials. In organic amorphous materials, chromophores are held together by weak
van der Waals interactions. These materials have a low dielectric constant and therefore,
excitons remain localized over one molecule. The resultant Frenkel excitons are the most
commonly generated excitons in organic materials and have small radius and high
binding energy (Ez= 0.1 — 1.0 eV).%? CT excitons are usually generated in crystalline
organic solids. They arise due to formation of 8" and & spatial charge distribution in the
ordered organic solids which results in a larger radius and lower binding energy of the
exciton. Frenkel and CT excitons usually coexist in organic semiconductor solids.* In
contrast to organic materials, inorganic materials are held together by strong primary
bonds and thus have a high dielectric constant. This allows charges to be effectively
screened from one another. Therefore, excitons formed in inorganic materials have a large
radius (40 -100 A) and low binding energies (Es < 10 meV).> At such low binding
energies, kgT at room temperature (~ 30 meV) is sufficient to dissociate the exciton
which makes inorganic crystalline solids enviable candidates for photovoltaics. These
excitons are called Wannier-Mott excitons. Since Wannier-Mott excitons are formed
exclusively in inorganic materials, we will focus only on Frenkel and CT excitons

henceforth in this dissertation.

Exciton Modulation: Exciton transfer in organic materials follows mainly two
processes: Forster resonance energy transfer (FRET) or Dexter energy transfer. Both

processes involve non-radiative transfer of energy from a donor to an acceptor.



1. Forster resonance energy transfer (FRET): In organic semiconductors, exciton
diffusion is often described by sequential Forster resonance energy transfer.®” Upon
absorption of energy, an electron-hole pairs, excitons, are formed. Excitons can traverse
through the energy levels of the excited system before recombining, Figure 1.2. The
recombination of the electron and hole results in radiative or non-radiative photon

release.

\\i P P
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Figure 1.2. Szhematic of exciton"}nigration in FRE'I':.
FRET is a long-range process with some studies reporting exciton diffusion lengths even
above 100 nm.% ° Forster theory indicates that rate of energy transfer (kg) is a function of

distance between two weakly coupled molecular dipoles (d) and the radius of energy

transfer (Ro), as shown in the equations below:

Ro = 2MPLK” [ 34k (A)aa(A)dA

" 1287504

The radius of energy transfer (R,) is directly proportional to the orientation of molecular
dipole (k), PL efficiency (#pL) and spectral overlap integral, where 4 is wavelength, Fp is
normalized fluorescence and o4 is the absorption cross section. Since the orientation of

molecular transition dipoles and their distances play a crucial role in modulation of



excitons following FRET, optimizing these parameters has become a priority in materials
designed for optical and photonic applications. Among various methods that have been
utilized to tune these parameters, changing their solid-state packing by method of
alkylation has proven to be one of the most elegant techniques, and hence shall be

discussed later.

2. Dexter energy transfer: Dexter transport requires significant wavefunction orbital
overlap between the donor and the acceptor molecules and usually occurs over very short
distances. Dexter transport is often seen in systems where molecules are in a state of
constant collision with each other, thus resulting in an overlap of their corresponding

electron clouds. Rate transfer (kp) for Dexter transfer follows the following relationship:
kp = A exp(— %);
where, A is a donor-acceptor spectral overlap constant and L is the sum of van der Waals

effective radii. As is evident from the equation, the rate of dexter transfer decays

exponentially with increasing distance between the molecules.

Exciton Utilization: Due to spin statistics, in most optoelectronic devices, 25% of
excitons formed will be singlets while 75% of excitons formed will be triplets. Therefore,
a device aiming at optimum utilization of excitons should pursue to capitalize on both
kinds of excitonic transitions. In OLEDs, this is done partly by manipulating the triplet
excitons toward radiative recombination and minimizing deleterious pathways which
would inhibit radiative singlet recombination.!® ! In OPVs, donor-fullerene
heterojunctions are commonly used for exciton dissociation and charge collection. In
these devices, semiconducting organic chromophore acts as the light absorber and

generates singlet excitons. These excitons will diffuse to donor/fullerene interface where



charge dissociation occurs. Therefore, the device performance is a function of exciton
diffusion. It has been demonstrated previously that bi-layer solar cell efficiency can
increase by 30% when exciton diffusion lengths are manipulated towards larger values. 2
There is also a recent rise in utilization of excitons for thermochromic, mechanochromic,
and stimuli-responsive applications capitalizing mainly on structure-property relationship

of exciton management. 313

Dissertation Summary:

Exciton management is the cornerstone of any efficient optical or photonic
material. However, since excitons are electrically neutral, their modulation and utilization
are a challenging task. Self-assembly of molecular materials with confined degrees of
freedom has proven to be an effective method to circumvent this problem. An efficient
tool to modulate self-assembly of molecular aggregates is by functionalizing them with
alkyl chain appendages of varying lengths. The alkyl chains will modulate the transition
dipole orientation and donor-acceptor distance. This would modulate the excitons formed
and their subsequent processes like migration and recombination. The use of alkyl chains
is highly innovative because alkyl chains themselves do not have a significant
contribution to the electronics of the materials in question. Therefore, it is an effective
tool to modulate molecular organization of chromophores in solid state and observe their

excitonic characteristics.'6

In the following chapters, I have established exciton management through self-
assembly in two types of materials with immense interest in the context of optics and

photonics: Metalloporphyrins and Thiazolo[5,4-d]thiazoles (TTzs).



In Chapter 2, 1 have studied chlorophyll-inspired Zn-metalloporphyrins which
were functionalized with peripheral alkyl appendages of varying lengths. These materials
were used in conjunction with a small dopant concentration of exciton quenchers to
emulate the photoactive layer of a bulk-heterojunction solar cell. Since the goal of a solar
cell is to successfully disassociate an exciton at the electron-acceptor nodes, long-lived
and controlled diffusion of excitons is highly favorable. In this study, the exciton
diffusion lengths in solution-processable thin films were established via Monte-Carlo
simulations. It was found that Zn-metalloporphyrins formed highly organized domains in
thin films due to their planar structure. This self-assembled organization could be tuned
via alkyl chain lengths and branching. Exciton diffusion directionality with respect to the
substrate could also be controlled via alkyl chain appendages. A remarkably long and
rapid exciton diffusion length of 81 nm was reported. Such insights on self-assembly-
directed exciton diffusion length and directionality could be highly resourceful for device

engineers seeking to control excitonic diffusion in solar cells and other photonic devices.

In Chapter 3, symmetrically disubstituted TTz molecules with varying alkyl chain
appendages were confined to form ordered organic crystals. TTz molecular materials
have recently been studied in a wide range of systems for various optical and photonic
applications. In this study, the solid state packing of TTz-based organic crystals was
correlated with their excitonic properties. The solid state packing of crystals was
established via single-crystal X-ray diffraction studies and computational simulations.
The structure-energy effects of the molecules in crystals were then traced in
photophysical characteristics such as absorption, emission, and lattice-phonon vibrational

characteristics. The exciton dynamics were found to be highly dependent on solid-state



packing in TTz-based crystals. PL emission of crystals was found to be ranging from
orange-red to blue, spanning the majority of the visible electromagnetic spectrum. The
correlation between structure and photophysical property of these crystals was then used
to fabricate crystalline blends. These crystalline powders can be used for phosphor-
converted-color-tuning and white-light-emission. The structure-property relationship in
TTz crystals, along with cost-effectiveness and ease-of-synthesis, presents a compelling

case for the adoption of TTz-based materials in solid-state optical and photonic devices.

In Chapter 4, an asymmetric TTz-based material was used to fabricate self-
assembled dimers in thin films. The excitonic coupling of these dimers can be photo-
controlled to yield highly stable excimer-like states. The prevailing notion regarding
excimers is that they plummet the luminescence efficiency of a system. This has been
challenged by a handful of reports where confining pyrene-based excimers enhanced the
luminescence. In this study, we report that embedding TTz-based asymmetric dye in a
neutral polymer matrix can effectively confine the excimer-like states, resulting in PL
efficiency enhancement of over a factor of 2. In films with higher wt.% loading, the
monomer:excimer PL intensity was found to enhance by over 8-fold. This study will be
pivotal in expanding the scope of TTz-based materials and other organic luminophores
for efficient luminescent optical and photonic coatings and devices based on excimer-like

states.

Elucidating the dynamics of excitons in multichromophoric solid-state materials
is a challenging task, one that can be approached from a variety of perspectives. In the
following chapters, this problem has been approached by selt-assembly of organic

chromophores in compact thin films, crystals, and polymer/dye blend films. By tuning



molecular-packing in confined systems exciton formation, modulation, and utilization can
be controlled. This high level of control over exciton management in organic solid-state

materials is pivotal for fabricating efficient optical and photonic devices.
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Chapter 2:

Self-Assembly-Directed Exciton Diffusion in Solution-Processable Metalloporphyrin

Thin Films
Adapted from Molecules 2022, 27, 35.
2.1 Introduction

Over billions of years of evolution, nature has optimized the process of
photosynthesis through which living organisms can harvest sunlight for sustenance.!” ¥
When sunlight is absorbed by a chromophore or an array of chromophores the energy
captured is transferred to reaction centers for dissociation of charges.!”?° This charge
separation leads to storage of chemical energy which is later used for metabolic
activities.?! These photophysical processes of absorption of light, migration of energy and
separation of charges have influenced the field of bio-inspired solar cell fabrication
tremendously.??>* Persuaded by nature’s efficiency, molecular engineers have been
studying structural analogues of chlorophyll (porphyrins) which show attractive
photophysical properties.>>” Porphyrins are tetrapyrrole-based aromatic macrocycles
containing fully conjugated 18 m-electrons. Porphyrins have been used as linkers in metal
and covalent organic frameworks and for a wide variety of applications such as
photovoltaics, photocatalysis, and energy storage.?®* Porphyrins have also been explored
for biomedical applications, photodynamic therapy, sensing and spintronics.!** Despite
the numerous photonic applications utilizing porphyrin materials, our understanding of

energy migration in these synthetic materials is still relatively limited. Considering

energy migration is a pivotal process in organic photovoltaic devices and related photonic
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applications, we believe a more thorough understanding of these molecular processes will

lead to more efficient porphyrin-based devices.

Our earlier studies demonstrated how varying peripheral alkyl groups on free-base
(alkoxycarbonyl)phenylporphyrins would affect molecular assembly and energy diffusion
in solution-cast thin films.>> We established that peripheral alkyl groups govern molecular
organization and reported exciton diffusion lengths of up to 25 nm. This was one of the
longest exciton diffusion lengths reported among free-base, tetraphenyl porphyrin thin
films. However, in nature, porphyrins have a metal atom in the core of the macrocycle.
The metal atom flattens the molecule facilitating higher excitonic coupling in the light
harvesting antenna assemblies.>® It also acts as an additional binding site for neighboring
molecules yielding well-defined nanostructures, and preferential transition dipole
stacking which is highly desired for excited state energy diffusion in organic thin films.>”
39 There is however an implied trade-off because the metal atom would assist in
intersystem crossing of excited electrons via spin-orbit coupling, resulting in higher
triplet state transitions and shortened singlet emission decay lifetime.*’ This tension

makes the question of molecular organization and energy diffusion in metalloporphyrins

interesting and one worth exploring.

In this study, we have synthesized (alkoxycarbonyl)phenyl zinc metalloporphyrins
and developed techniques for depositing highly-uniform, solution-processable thin films.
UV-Vis absorption, fluorescence spectroscopy, and X-Ray diffractometry were used to
study the molecular organization in the thin porphyrin films. We found that out-of-plane
ordering of transition dipoles increases with increase in linear alkyl chain length. We also

determined that metalloporphyrins with branched peripheral alkyl chains assemble in-
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plane exclusively. The effect of peripheral alkyl groups on the photoluminescence of
metalloporphyrin thin films was established by obtaining average singlet emission decay
lifetimes in thin films. The thin films were doped with Ceo to determine relative
fluorescence quenching efficiency. We utilized the quenching efficiency and fluorescent
decay lifetimes in a Monte-Carlo simulation to establish the exciton diffusion coefficients
and diffusion lengths of the metalloporphyrins in thin films. We report exciton diffusion
length as high as 80.67 nm, one of the longest among similar kinds of dye molecules.*!**?
The high transition dipole ordering and long exciton diffusion lengths in these self-

assembled thin films make them highly desirable candidates for photonic and

optoelectronic device fabrication.

2.2 Experimental
Materials and Instrumentation

Zinc acetate dihydrate, 1-bromobutane, 1-bromohexane, 3-
(bromomethyl)heptane, 1-bromooctane, chloroform (CHCI3), dichloromethane (CH2Cl,),
tetrahydrofuran (THF), chlorobenzene (CB) and methanol (CH3OH) were purchased
from Sigma-Aldrich and used without further purification. 5,10,15,20-Tetrakis(4-
carboxyphenyl)porphyrin (TCPP) was purchased from TCI America and used as
received. "H NMR measurements were carried out using a JEOL 300 MHz NMR and
JEOL 500 MHz NMR. UV-Vis Absorption spectrometric data for solution and thin films
was obtained using Cary 300 UV-Vis spectrophotometer. Solid state photoluminescence

measurements were carried out on Jobin Yvon-Spex Fluorolog. PL decay lifetimes were
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obtained using a diode laser with repetition rate of 1 MHz and excitation wavelength 389
nm. XRD 6/26 patterns were obtained using a Panalytical X’Pert Pro MPD with Ni
filtered Cu K alpha radiation (A = 1.541 A) at 45 kV, 40 mA. The experiments were

performed from 3° to 120° with 0.02° step size and a counting time of 0.35 s per point.

Preparation of porphyrin derivatives

The following free-base 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin

(TCA4PP) were synthesized using previously reported synthetic methods?>:

5,10,15,20-tetrakis[4-(butoxycarbonyl)phenyl]porphyrin (TCB4PP), 5,10,15,20-
tetrakis[4-(hexyloxycarbonyl)phenyl]porphyrin (TCH4PP), 5,10,15,20-tetrakis[4-((2-
ethylhexyl)oxycarbonyl)phenyl]porphyrin (TCEH4PP) and 5,10,15,20-tetrakis[4-

(octyloxycarbonyl)phenyl]porphyrin (TCO4PP).
General procedure for Zn porphyrin synthesis

Zn-5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (Zn-TCA4PP): 5,10,15,20-
tetrakis(4-carboxyphenyl)porphyrin (50 mg, 0.074 mmol) was reacted with an excess of
Zn(OAc)2:2H>0 (15 mg, 0.11 mmol) in CH2Cl2:CH30H (20 mL, 10:1) at 65 °C for 2 h in
a dark environment. The reaction mixture was rinsed with Milli-Q. The product was
purified by silica gel column chromatography with CHCI3:(CH2)40 (20:1) as mobile
phase. Purity was confirmed with TLC, '"H NMR and MALDI-TOF Mass Spectrometry.
Corresponding 'H-NMR, and MALDI-TOF mass spectra have been provided in

Appendix A.
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Zn-5,10,15,20-tetrakis[4-(butoxycarbonyl)phenyl]porphyrin (Zn-TCB4PP):

Column chromatography using CHCl3:(CH2)40O (20:1) afforded 0.098 g (96%) of
a slight reddish-purple solid. '"H NMR (300 MHz, CDCls, TMS, 3): 8.86 (s, 8H), 8.35 (d,
J=28.0 Hz, 8H), 8.23 (d, /= 8.3 Hz, 8H), 4.40 (t, J = 6.5 Hz, 8H), 1.83 (pnt, J = 7.0 Hz,
8H), 1.56 (sxt, J= 7.4 Hz, 8H), 1.01 (t, J=7.3 Hz, 12H). UV-Vis Amax (CHCI3, £ = M~
lem™): 421 nm (g = 935,320), 549 nm (¢ = 38651), 587 nm (g = 7558.9). MALDI-TOF

(Caled for CesHe1N4OsZn, [M+H]"): 1077.37, found: M = 1077.10.
Zn-5,10,15,20-tetrakis[4-(hexyloxycarbonyl)phenyl]porphyrin (Zn-TCH4PP):

Column chromatography using CHCl3:(CH2)40 (20:1) afforded 0.08 g (71%) of a
slight reddish-purple solid. 'H NMR (300 MHz, CDCl3, TMS, §): 8.92 (s, 8H), 8.45 (d, J
= 8.0 Hz, 8H), 8.31 (d, /= 8.0 Hz, 8H), 4.53 (t, /= 6.6 Hz, 8H), 1.92 (pnt, J=7.04 Hz, 8
H), 1.59 (m, 8H), 1.43 (m, 16H), 0.96 (t, J= 7.0 Hz, 12H). UV-Vis Amax (CHCI3, ¢ = M!
cm™): 421 nm (g = 758500), 548 nm (g = 29000), 583 nm (¢ = 13000). MALDI-TOF

(Calcd for C72H76N4OsZn): 1188.50, found: M = 1188.06.

Zn-5,10,15,20-tetrakis[4-((2-ethylhexyl)oxycarbonyl)phenyl|porphyrin (Zn-

TCEH.PP):

Column chromatography using CHCl3:(CH»)40 (20:1) afforded 0.08 g (64%) of a
slight reddish-purple solid. '"H NMR (300 MHz, CDCls, TMS, §): 8.93 (s, 8H), 8.44 (d, J
= 8.0 Hz, 8H), 8.30 (d, /= 8.3 Hz, 8H), 4.44 (t, /= 6.5 Hz, 8H), 1.87 (pnt, J = 7.0 Hz,
8H), 1.60 (m ,J= 7.4 Hz, 10H), 1.43 (m ,J= 7.4 Hz, 20H), 1.05 (t, /= 7.3Hz, 12H),

0.96 (t, J = 7.3Hz, 12H). UV-Vis Amax (CHCl, £ =M™ em’"): 426 nm (e= 653000), 553
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nm (& = 29000), 596 nm (¢ = 13000). MALDI-TOF (Calcd for CsoHosN4OsZn, [M+H]"):

1301.62, found: M = 1303.81.
Zn-5,10,15,20-tetrakis[4-(octyloxycarbonyl)phenyl]porphyrin (Zn-TCO4PP):

Column chromatography using CHCl3:(CH2)4O (20:1) afforded 0.08 g (66%) of a
slight reddish-purple solid. "H NMR (300 MHz, CDCls, TMS, §): 8.87 (s, 8H), 8.36 (d,J
= 8.0 Hz, 8H), 8.24 (d, /= 8.3 Hz, 8H), 4.42 (t,J = 6.5 Hz, 8H), 1.85 (pnt, J = 7.0 Hz,
8H), 1.43 (m ,J = 7.4 Hz, 40H), 0.83 (t, J = 7.3Hz, 12H). UV-Vis Amax (CHCl3, £ = M"!
cm™): 421 nm (g = 453000), 549 nm (¢ = 21000), 584 nm (¢ = 9000). MALDI-TOF

(Calcd for CgoHo1N4OsZn, [M-H]): 1299.62, found: M = 1299.76.

Zn-porphyrin thin-film preparation and characterization

Glass microscope slides were sonicated with glass cleaning detergent and
isopropyl alcohol. They were dried with N2 gas followed by UV-ozone treatment. Zn-
(Alkyloxycarbonyl)phenylporphyrin solutions of 6 mM strength were made in
chlorobenzene under N> atmosphere and stirred for 24 h. Dopant solution was made by
dissolving Ceo in chlorobenzene and stirred for 24 h. Prior to spin-casting, glass slides
were warmed for 20 mins at 70 °C to encourage uniform film formation. The thin films
were fabricated by casting the Zn porphyrin solutions at 2000 rpm for 60 s under N»
atmosphere. The Cgo volume fraction (volume occupied by Ceo molecules versus blend
volume) of 0.06% and 0.2% were calculated using previously reported methods.*>* The
Zn porphyrin densities were experimentally determined to be ~ 0.97 g cm™. Emission

decay lifetimes of thin films were measured using a laser repetition rate of 1 MHz with
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excitation at 389 nm. PL(t) data was fit to triple exponential decays using Igor Pro 6.3
software. The PL decays, steady state quenching efficiencies and vgac were used to obtain
exciton diffusion coefficient and exciton diffusion length using Monte Carlo eDiffusion

Software simulation.*?

2.3 Results
2.3.1 Zn porphyrin thin-film and solution UV-Vis spectra

The UV-Vis absorption properties of Zn porphyrins in solution and thin films

have been measured and compared in Figure 2.1.
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Figure 2.1. Normalized absorption spectra of (a) spin-cast thin films and (b) solution of
butyl derivative - ZnTCB4PP (-), hexyl derivative - ZnTCH4PP (-), 2-ethylhexyl
derivative - ZnTCEH4PP (-) and octyl derivative - ZnTCO4PP (-). Inset: molecular

structure of Zn-5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin.



17

In solution, the metalloporphyrins show identical absorption characteristics with a
strong Soret band at 422 nm representing strong So - S> transition. Strong presence of
fourth and third Q bands can be seen at 550 nm and 588 nm respectively. Varying the
alkoxycarbonyl substituents does not alter the absorption spectra of these derivatives in

solution.

The spin-cast films however exhibit a distinct red shift in the absorption spectra
compared to their solution spectra. ZnTCB4PP is least red shifted with the Soret band at
442 nm. Increasing the length of the peripheral alkyl chain resulted in further red shift
with ZnTCH4PP and ZnTCO4PP now showing their Soret bands at 452 and 454 nm. The
branched alkyl chain derivative has the most red shifted Soret band at 455 nm.
ZnTCEH4PP thin film also showed the highest So - S1 with the most prominent Q4 band
among the four derivatives. The shifts and broadening of the Soret peaks could be
attributed to various alkyl chain dependent orientations that the Zn porphyrin molecules
assemble in and the resultant -t macrocyclic interactions.*> **4° The shift in spectra
suggests that the peripheral alkyl chains modulate molecular transition dipole orientation
and alignment in thin films and play a strong role in the electronic transitions of these
materials. We observed a red shift (~ 25 nm) in the thin films of Zn porphyrins when
compared to their free-base counterparts, which is also observed in solution. The addition
of the Zn (II) ion in the porphyrin macrocycle increases the planarity of the molecule,
which can facilitate intermolecular stacking in thin films. These structural changes also
add a higher possibility of strong excitonic coupling of transition dipoles leading to

enhanced excited state energy diffusion in thin films.
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The peripheral alkyl chain substituents affect the singlet emission lifetime decay

as well. In Figure 2.2, singlet emission decay lifetime of solution and thin films have

been presented:
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Figure 2.2. Singlet emission decay lifetime comparison of (a) thin film of ZnTCH4PP (-)
and Zn-5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin solution (-) and (b) thin films of

ZnTCB4PP (-) and ZnTCH4PP (-).

The singlet emission decay lifetime for all the metalloporphyrin derivatives in
solution is 1.87 £ 0.03 ns and has a monoexponential fit, Figure S2.1. Similar to the
absorption spectra, the peripheral alkyl chain substituents have no contribution to the
electronic transition properties of the metalloporphyrins in solution. However, in
solution-cast thin films, the emission lifetimes vary. The tri-exponential average decay
lifetimes of thin films have been provided in Table 2.1. Interestingly, ZnTCH4PP,
ZnTCEH4PP and ZnTCO4PP have a longer average singlet emission decay lifetime in
thin films than in solution, Figure 2.2(a). In solution, the zinc (II) ion facilitates higher
triplet state transition upon interaction with the solvent molecules. Aggregation in

solution could also lead to shortening of decay lifetimes. In thin films however, the alkyl
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chains act as molecular spacers preventing macrocyclic interactions with neighboring
molecules. This could lead to longer decay lifetimes in thin films than in solution. The
peripheral alkyl groups influence molecular ordering and self-assembly in thin films
which affect the singlet decay lifetimes, Figure 2.2(b). In the case of linear alkyl chain
substituents, the emission is short lived for smaller alkyl chains (ZnTCB4PP) and
increases with chain length. However, after a threshold limit, the lifetimes begin to
reduce even upon the addition of further carbon atoms on the alkyl chain. ZnTCH4PP has
the longest decay lifetime in thin films closely followed by ZnTCO4PP. The branching in
the alkyl chain likely causes the molecules to assemble in an unfavorable arrangement
yielding short fluorescence decay lifetimes. The singlet emission decay lifetimes for all
the materials are significantly shorter than their free-base counterparts. This is due to the

heavy atom effect induced by the addition of the Zn (II) ion in the macrocycle core.

2.3.2 Exciton diffusion coefficient (D) and diffusion lengths (Lp)

In organic semiconductors, exciton diffusion is often described by sequential
Forster resonance energy transfer.® 7 Excitons migrate randomly (diffuse) through the
excited states of molecules in thin film akin to hopping. Forster theory indicates that rate
of energy transfer is a function of distance between two weakly coupled molecular

dipoles and the radius of energy transfer (R,), as shown in the following equations:

Ro=2I0LK” [ 34 E (D) aa(A)dA.

 12875n*
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The radius of energy transfer (R,) is directly proportional to the orientation of molecular
dipole (k), PL efficiency (#pL) and spectral overlap integral where A is wavelength, Fp is
normalized fluorescence and o4 is the absorption cross section. Since molecular dipoles
play a crucial role in excited state energy transfer in organic thin films, engineering their
orientation and strength become a priority in materials designed for optoelectronic
applications. Monte Carlo eDiffusion computational simulation was used to determine
exciton diffusion coefficient and diffusion lengths in the metalloporphyrin thin films.*
This simulation method has been used previously for similar molecules, conjugated
polymers, and organic dyes.**>° To study steady state quenching in thin films, Ceo was
doped in the metalloporphyrin solution in volume fraction 0.06% and 0.2%.°! The
diffusion model simulates a cube of edge length 25 nm and calculates the hopsize before
an exciton will collide with a quencher. The model requires singlet lifetime decay, dopant
volume fraction and relative quenching efficiency which is calculated as shown in the

following equation for input:

O = 1L PLBtena d2_
fPLPristine da

The hopping simulation repeats with different hopsizes until it converges with the input
parameters. The final resultant exciton hopsize (s) is then used to calculate the exciton
diffusion coefficient (D) and exciton diffusion length (Lp) as shown in the following

equations:

_ ds?
6dt

)

Lp=+aDt.
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Figure 2.3 depicts the photoluminescence emission spectra of pristine films and films

doped with volume fraction 0.06% and 0.2% Cso quencher molecules.
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Figure 2.3. Photoluminescence emission spectra of spin-cast metalloporphyrins thin
films of (a) butyl derivative - ZnTCB4PP, (b) hexyl derivative - ZnTCH4PP, (¢) 2-
ethylhexyl derivative - ZnTCEH4PP and (d) octyl derivative - ZnTCO4PP. Each plot
includes spectra of pristine films (-), films doped with vfac 0.06% (-) and films doped

with Viae 0.2% (-).

Doping the films with minute amounts of Cso quenches the emission of the films since
the exciton dissociates when it encounters the electron acceptor molecule at the
porphyrin:Ceo interface. As the dopant concentration increases from vgac 0.06% to 0.2%,
the emission intensity further quenches and exciton diffusion lengths shorten. This is

expected as there are now more Cso quencher molecules in the film. However, it should
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be noted that the addition of Ceo to the porphyrin thin film does not affect their optical
absorption characteristics (Figure S2.2). Quenching efficiencies for all the derivatives are

provided in Table 2.1.

Table 2.1. Alkylated ZnTCA4PP summary of average singlet lifetime decays (zs1),
relative steady state quenching efficiency (Q) for dopant volume fractions 0.06% and

0.2%, exciton diffusion coefficient (D) and diffusion length (Lp).

Material 7s1 (ns) Qoosw D x10* (cm?s) Lp (nm) Qo.2% Lp (nm)
ZnTCB4PP 1.52+0.07 0.37 1.0+£0.3 942+1.2 0.77 8.93+0.4
ZnTCH,PP  230+£0.11 0.37 090+0.2 11.16 1.2 0.78 931+04
ZnTCEHsPP 1.88+0.04 0.46 1.68 £ 0.2 13.74 0.7 0.73 7.38+£0.1
ZnTCOPP  2.02+£0.05 0.89 50.20 £ 4.1 7798 +3.0 0.95 28.16 £0.8

When calculating exciton diffusion length, it is evident that exciton diffusion can
be modulated by tuning peripheral alkyl substituents which influences molecular packing
and transition dipole orientation in thin films. The longest exciton diffusion length is
observed for ZnTCO4PP measuring at an astounding 80.67 nm. This is one of the highest
exciton diffusion lengths observed in similar metalloporphyrin thin films and longer than
the exciton diffusion length of its free-base counterpart by over three folds.*> ZnTCO4PP
also has exciton diffusion coefficient a one order above the other derivatives. The 2-
ethylhexyl derivative (ZnTCEH4PP) has an exciton diffusion length of 13 nm and exciton
diffusion coefficient of 1.68 x 10 cm? s™!. The butyl and hexyl derivatives have similar
steady state quenching efficiency and diffusion coefficient of around 1 x 10 cm? s

However, the highest diffusion length for ZnTCH4PP was measured at 12.26 nm
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compared to 9.8 nm for ZnTCB4PP. This is because ZnTCH4PP has a higher singlet decay
lifetime. Overall, ZnTCO4PP has the highest diffusion coefficient and diffusion length
among the four derivatives. Even though the diffusion coefficient is comparable with

some of the earlier reported studies, the diffusion length is certainly one of the highest

among alkylated metalloporphyrins spin-cast thin films.>%>°

2.3.3 Porphyrin thin-film XRD patterns

Additional molecular organization and thin film structural data was acquired from

X-Ray diffraction studies, Figure 2.4.
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Figure 2.4. X-Ray diffraction patterns of solution-cast thin films of ZnTCB4PP (-),

ZnTCH4PP (-), ZnTCEH4PP (-) and ZnTCO4PP (-).

The presence of multiple sharp peaks (26 = 14°, 16.85°, 18.50°, 25.45°)

establishes a strong molecular ordering of metalloporphyrin thin films. The diffraction
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peaks appearing near 26 = 5.5° is indicative of out-of-plane self-assembled stacks of
metalloporphyrins aligned at an angle with respect to the surface with interplanar distance
measuring 15.04 A for ZnTCB4PP, 16.03 A for ZnTCH4PP and 19.15 A for ZnTCO4PP.>*
The relative intensity of the Bragg peak at 26 = 5.5° with respect to the sharp peak at 20 =
16.85° grows dramatically with increase in length of linear peripheral alkyl chain length.
The metalloporphyrin thin films appear to have higher molecular ordering than their
previously reported free-base counterparts as evidenced from the high signal to noise
ratio. Interestingly, ZnTCEH4PP shows an absence of out-of-plane ordering of
metalloporphyrins in thin films, contrary to the free-base study. However, the in-plane 26

peaks are the most intense for ZnTCEH4PP among the four derivatives.

2.4 Discussion

UV-Vis absorption studies show that all the metalloporphyrin derivatives exhibit
identical spectra in solution. The functionalization of the metalloporphyrin with
peripheral alkyl groups does not alter the absorption characteristics in solution. The
absence of first and second Q bands is typical with Zn porphyrins.*>®>” When the
metalloporphyrin solutions are cast to fabricate thin films, the alkyl chain length and
branching influences the self-assembly of the molecules with respect to each other and to
the substrate. Thus, the absorption spectra for solution-cast thin films exhibit a distinct
red shift. This shift and the broadening of the Soret band is caused by the transition
dipole orientation and strong excitonic coupling of the porphyrin macrocycle.
ZnTCEH4PP for example, has the broadest Soret band and an amplified Q4 feature. This

could be indicative of strong n-n stacking and nematic ordering of the dipoles along the
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substrate. A shoulder in the Soret band for ZnTCH4PP, ZnTCEH4PP and ZnTCO4PP is
further indicative of strong excitonic coupling as seen in previous studies.’® This was
evidenced in the exciton diffusion studies with all the three derivatives having higher

diffusion lengths compared to ZnTCB4PP.

The metalloporphyrins have comparable, if not longer, average singlet emission
decay lifetime in thin films than in solution. This interesting property likely arises due to
the peripheral alkyl chain influenced self-assembly of the molecules in thin films.
ZnTCH4PP exhibits the longest emission decay lifetime followed closely by ZnTCO4PP.
The alkyl chains behave as molecular spacers that keep the porphyrin macrocycle apart.
With a small spacer, the macrocycles are assembled close to each other which quenches

the singlet emission as seen in ZnTCB4PP.

The exciton diffusion simulation results were comparable with previous reports.*!
ZnTCB4PP has the lowest exciton diffusion length as it has the shortest lifetime decay
and low quenching efficiency. ZnTCH4PP has the longest singlet lifetime decay but did
not have long exciton diffusion lengths or high diffusion coefficient due to low quenching
efficiency. The decay lifetime and quenching efficiency in ZnTCEH4PP were modest and
hence it has a respectable exciton diffusion length of 13 nm. ZnTCO4PP however has a
remarkable diffusion coefficient and one of the highest diffusion lengths reported in the
literature for similar molecules. Clearly, the nature of self-assembly of molecules in thin
films has a high impact on exciton diffusion. Modulation of peripheral alkyl groups
influences the transition dipole interaction and macrocyclic stacking. High exciton

diffusion in ZnTCO4PP, for example, could be a result of highly ordered molecular
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dipoles and long-range ordering of molecules. The evidence of this ordering was seen in

powder X-Ray diffraction studies.

Although all derivatives exhibit high transition dipole ordering, evidenced by
peaks 14°< 20 <25.45°, ZnTCB4PP, ZnTCH4PP and ZnTCO4PP have strong relative
intensity at peak 20 = 5.5°. This confirmed that the molecules with linear peripheral alkyl
chains are preferentially stacked with porphyrin edge-on alignment.*® The preference for
out-of-plane stacking increases with increase in the length of the peripheral alkyl chain
length. In the case of ZnTCO4PP, this kind of edge-on molecular arrangement is most
dominant. The interplanar distance, Table S3.2.1, for out-of-plane arrangement increases
from 15.04 A in ZnTCB4PP to 19.15 A in ZnTCO4PP. This sharp Bragg peak is
consistent with previously reported work on similar molecules.®”: ¢! Absence of peak at 26
= 5.5° in case of ZnTCEH4PP suggests lack of out-of-plane crystalline arrangement of
molecules perhaps caused due to the cis-trans branching in the peripheral alkyl chain.®?
This branching is likely why ZnTCEH4PP does not have strong quenching efficiency.
Surprisingly, the 2-ethylhexyl free-base derivative exhibited a sharp Bragg peak at 26 =
5.78° in the earlier study.>® The absence of a Bragg peak in the metalloporphyrin could
also be a result of the addition of Zn (II) ion and the molecular shape induced effects
thereof. However, it should be noted that ZnTCEH4PP has the strongest in-plane
molecular ordering among the four derivatives forming a highly nematic and/or
homeotropic arrangement of molecules. Similar nematic ordering is present in thin films
of other linear chain derivatives as well. Identical peak intensity for ZnTCB4PP and
ZnTCH4PP (14°< 26 < 25.45°) suggest both metalloporphyrins have similar tendency for

in-plane molecular self-assembly. The low peak intensity in ZnTCO4PP (14°< 26 <
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25.45°) reinforces the proposition that the octyl derivative highly prefers edge-on

stacking over nematic/homeotropic.

The 29 nm red shift and broadening observed in UV-Vis spectra of
metalloporphyrin solution versus thin films is a good indication of the formation of J-
aggregates.® This is highly desirable for rapid and long exciton diffusion as it has been
shown in the past that H-aggregation behaves as an exciton trap and is detrimental for
excited state energy transfer.®* % The aggregation exists in large crystalline domains with
transition dipoles oriented in different angles with respect to the substrate as discussed
earlier. We can observe how the self-assembly affects the directionality of exciton
diffusion by comparing the two films with the most dramatic difference in angular
orientation of the transition dipoles with respect to the substrate — a) octyl and b) 2-

ethylhexyl derivatives (depicted in Figure 2.5).

Figure 2.5. Proposed dominant molecular domain arrangement and exciton diffusion
pathway in a) octyl derivative — ZnTCO4PP and b) 2-ethylhexyl derivative - ZnTCEH4PP

of metalloporphyrin thin films.

As mentioned earlier, the strong Bragg peak in the octyl derivative thin film
indicates that the transition dipoles are assembled at a large tilt angle with respect to the

substrate. Since the Bragg peak is the most dominant feature in the XRD pattern of the
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octyl derivative, it can be assumed that this tilted angle orientation is the largest domain
in the thin films. The large tilt angle between the stack direction and substrate results in
long interplanar distance and could lead to short stack height. This large distance and
short stack height would make interplanar exciton hopping unlikely. However, given the
strong excitonic coupling between the adjacent stack metalloporphyrin macrocycles
leading to enhanced ©-m interaction, it is reasonable to envision that the exciton diffusion
will favor a lateral pathway. The unperturbed lateral diffusion through a well-ordered
domain could be one of the reasons behind the impressive exciton diffusion lengths in the
octyl derivative. In the 2-ethylhexyl derivative however, the metalloporphyrin transition
dipoles are arranged parallel to the substrate. This would lead to shorter interplanar
distances and higher molecular stacks. ZnTCEH4PP also boasts of high excitonic
coupling indicating strong n-m macrocyclic interaction. Therefore, we propose that
excitons would prefer a perpendicular diffusion pathway with respect to the substrate in
these films. These insights into the directionality of exciton diffusion could be very
helpful when designing the architecture of an optoelectronic device. Given that the net
electrical charge of an exciton is neutral and hence their inoculation to applied potential,
it is impressive that self-assembly can be used as a guiding tool to modulate the

directionality of excitons in these materials.

This work demonstrates that peripheral alkyl chains and the metal atom in Zn
porphyrins influences self-assembly of molecules in thin films. It is also evident from this
work that the nature of molecular self-assembly in thin films play a crucial role in excited
state energy diffusion. This work would be useful for molecular design and engineering

aiming at optoelectronic applications where efficient/rapid exciton diffusion is desired.
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2.5 Conclusions

We synthesized four (alkyloxycarbonyl)phenyl derivatives of Zn
metalloporphyrins with varying alkyl chain lengths. It was found that the peripheral alkyl
chain substituents and the Zn (II) ion in the porphyrin macrocycle influence the self-
assembly arrangements of molecules in thin films. These molecular arrangements were
studied using UV-Vis absorption spectroscopy and X-Ray diffractometry. The effects of
these arrangements were ascertained by obtaining average singlet emission lifetime
decays using Time Correlated Single Photon Counting. The thin films were doped with
Cso quencher molecules in volume fractions 0.06% and 0.2% to obtain relative quenching
efficiency. The transition dipole orientation with respect to the substrate and to
neighboring transition dipoles have an impact on the exciton diffusion in thin films. To
establish diffusion coefficient and diffusion lengths, relative quenching efficiency, PL
decay and dopant volume fraction were employed in a Monte Carlo simulation as input.
The exciton diffusion lengths for ZnTCB4PP, ZnTCH4PP and ZnTCEH4PP were found to
be consistent with previously reported lengths in the literature. ZnTCO4PP outshone all
the other derivatives with an astounding exciton diffusion length of 8§0.67 nm. A
comparison of exciton diffusion in ZnTCO4PP and ZnTCEH4PP thin films was discussed
where it was posited that excitons diffuse laterally in the octyl derivative as opposed to
perpendicularly with respect to the substrate in the branched 2-ethylhexyl derivative. This
work demonstrates that modulation of peripheral alkyl chain lengths and inserting a metal
atom in the porphyrin macrocycle core can influence self-assembly of molecules in thin
films. The resultant molecular orientation and arrangement affects the electronic,

structural and photophysical properties of the materials. Molecular self-assembly can be



used as a tool to modulate and direct exciton diffusion in organic thin films engineered

for optoelectronic and photonic applications.
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Chapter 3:

Correlating Structure and Photophysical Properties in Thiazolo|[5,4-d]thiazole
Crystal Derivatives for Use in Solid-State Photonic and Fluorescence-Based Optical

Devices
Adapted from Mater. Adv., 2023, 4, 6321
3.1 Introduction

In the last few decades, small organic molecular dyes have proven to be pivotal
for a plethora of optical and photonic applications such as organic light emitting diodes,
photovoltaics, sensors, dye mediated phototherapeutics, etc.®®”> The economies built
around these technologies depend heavily on the discovery and development of new dyes
for its sustained growth. For example, there is presently a strong demand for organic
phosphor-converted (pc) white-light-emitting-diodes (WLED) in the solid-state lighting

industry.”6-"

Ideal candidates for this application would exhibit high fluorescence, high
thermal and moisture stability, inexpensive processability and should be free of rare-
earth-elements. Thiazolo[5,4-d]thiazole (TTz) is a heterocycle moiety which exhibits all
these characteristics.?*-** TTz-based materials are inexpensive and facile to synthesize.
Their strong electronegativity renders a high level of oxidative stability. They are
thermally stable above 200 °C and it is easy to functionalize these materials with a broad
array of groups to modulate their photophysical properties. Due to their versatile
tunability, they have been previously studied in the context of voltage sensitive dyes,

30, 84-86

solar cells, sensors, and metal-organic framework mediated photon up-conversion.

However, to our knowledge, no attempts have been made to utilize TTz based materials
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for organic pc-WLED applications. This is arguably because there remains much to be
understood regarding excited-state energy (exciton) management in these dyes
particularly as symmetrically substituted donor-acceptor-donor (D-A-D) based materials

in the solid state.

A variety of TTz-containing polymeric materials have been studied for
photocatalysis, electrical conductivity, and solar cell applications showing versatile
photophysical properties, strong electron withdrawing capabilities and high charge
mobilities.*”? Exciton management in small molecule symmetrically substituted D-A-D-
based TTzs has however been relatively underexplored. If small molecule symmetrically
substituted D-A-D-based TTz dyes are to be integrated in photonic and optical devices on
a mass scale, a thorough elucidation of their structure and photophysical properties in the
solid state is required. This is a challenging task since aggregation-caused-quenching-
effects and many-body-effect complicate the study of exciton dynamics and structure —
photophysical property relationships in solid-state materials.”> Although few groups have
reported on this relationship in the past utilizing D-A-D TTzs, a methodical study with a
high degree of control over this correlation is yet to be established.”* °° To address this
gap of knowledge of exciton management in solid-state symmetrically substituted D-A-D
TTzs, we strategically synthesized four symmetrically substituted TTz-based materials
functionalized with alkyl appendages of varying lengths. Since photophysical properties,
such as singlet radiative recombination rates in the solid state, is a function of
neighboring transition dipole orientation and distance, it was crucial to resolve the
packing in crystals.”® We have addressed three questions: 1) Will variations in alkyl chain

lengths modulate molecular packing in TTz-based crystals? 2) Will modulation of
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molecular packing influence photophysical properties like exciton recombination lifetime
and photoluminescence emission? 3) Can these crystals be utilized for color-tuning and
pc-white-light emission applications in the solid state? Herein, we report their crystal
structures, molecular packing, steady state, and time-resolved photophysical properties.
We have also studied crystalline blends of these materials for color-tunability in
phosphor-converted light emission applications. Lastly, we report white-light emissive

crystalline mixtures utilizing alkoxyphenyl TTz blends.

3.2 Experimental
Materials and Instrumentation

4-n-Alkyloxybenzaldehyde and dithiooxamide were purchased from Sigma-
Aldrich and used without further purification. Chloroform (CHCIl3), dichloromethane
(DCM), pentane, and hexanes were purchased from Alfa Aesar Chemicals and used
without further purification. 'H-NMR measurements were carried out using JEOL 500-
MHz NMR. Mass spectrometry measurements were obtained using a Perceptive
Biosystems Voyager MALDI mass spectrometer. UV-Vis absorption spectrometric data
for solution was obtained using Cary 300 UV-Vis spectrophotometer. Diffuse reflectance
measurements of the crystals were collected using Cary 5000 UV-Vis spectrophotometer.
Photoluminescence measurements were carried out on Jobin Yvon-Spex Fluorolog. PL
decay lifetimes were obtained using a diode laser with a repetition rate of 1 MHz and
excitation wavelengths of 389 nm. 9,10-Diphenylanthracene in cyclohexane was used as

standard reference for quantum yield measurements.®” Solid state quantum yield
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measurements were carried out using QuantiPhi-2. Density functional theory (DFT)
computational analysis was performed using Spartan '10 and CrystalExplorerl?7, at
B3LYP/6-31G(D) and B3LYP/6-31G(d,p) level, respectively. The samples used for
micro-Raman experiments were chosen with the aid of an optical microscope (Olympus
BX41) interfaced to a Jobin Yvon XploRA PLUS Raman spectrometer, spanning the
region 10—1800 cm™!. Excitation wavelength of 785 nm was chosen to avoid
fluorescence. Neutral density optical filters were used to minimize the risk of crystal
damage. Powder XRD 0/20 patterns were obtained using ‘Xcalibur - Gemini ultra’ with
Ni filtered Cu Ko radiation (A = 1.541 A) at 50 kV, 40 mA. The experiments were

performed from 0° to 123.82° with 0.01 step size and a counting time of 1 s per point.

Single crystal X-ray diffractometry data were acquired with an Agilent (now
Rigaku) Gemini A Ultra diffractometer. Single crystals of (MeOPh)>TTz were obtained
and isolated after rinsing the reaction product repeatedly with ethanol and deionized
water. The crystal structure was compared with previously reported literature and found
to be consistent.”® Single crystals of (PrOPh),TTz, and (HepOPh),TTz were grown via
solvent-vapor diffusion technique with hexanes and chloroform. Single crystals of
(BuOPh),TTz were grown using solvent-liquid-liquid-diffusion method with hexanes and
chloroform. Single crystals of suitable size were coated with a thin layer of paratone-N
oil, mounted on the diffractometer, and flash cooled to 100 K in the cold stream of the
Cryojet XL liquid S55 nitrogen cooling device (Oxford Instruments). The diffractometer
was equipped with sealed-tube long fine focus X-ray sources with Mo target (A =0.71073
A) and Cu target (A = 1.5418 A), four-circle kappa goniometer, and CCD detector. Mo

target was used to characterize (MeOPh),TTz. Cu target was used for (PrOPh),TTz,
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(BuOPh)>TTz, and (HepOPh)>TTz crystals. CrysAlisPro9 software was used to control
the diffractometer and perform data reduction. The crystal structure was solved with
SHELXS.?” All non-hydrogen atoms appeared in the E-map of the correct solution.
Alternate cycles of model-building in Olex2 and refinement in SHELXL followed.*”> 1%
All non-hydrogen atoms were refined anisotropically. All hydrogen atom positions were
calculated based on idealized geometry and recalculated after each cycle of least squares.
During refinement, hydrogen atom — parent atom vectors were held fixed (riding motion

constraint).

Preparation of Dialkoxyphenyl TTz derivatives

4-n-Alkyloxybenzaldyde was reacted with dithiooxamide in 10 mL of DMF for
24 h at 150 °C. The resulting precipitate was collected by filtration and rinsed with water
and ethanol. The product was purified using silica gel column chromatography, and
purity and structure were established using TLC, '"H-NMR, and MALDI-TOF mass
spectrometry. Corresponding '"H-NMR, and MALDI-TOF mass spectra have been

provided in Appendix B.
2,5-Bis(4-methoxyphenyl)thiazolo[5,4-d]thiazole ((MeOPh);TTz):

The precipitate mixture was rinsed with ethanol and water repeatedly to yield 0.25
g (61.5%) of orange-red fluorescent needle-like crystals. 'TH-NMR (500 MHz, CDCls,
TMS, 3): 7.93 (d, J=1.98 Hz, 2H), 6.99 (d, J=2.01 Hz, 2H), 3.88 (s, 3H). UV-Vis Amax

(CHCl3, e = Mlem™): 375 nm (e = 27816). MALDI-TOF-MS (Calcd for C1sH14N202S2):
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354.44, found: M = 354.66. Quantum yield in CHCI3 (Aex = 375 nm, Aem = 375 nm, Aem =

435 nm) = 28%.
2,5-Bis(4-propoxyphenyl)thiazolo[5,4-d]thiazole ((PrOPh);TTz):

Column chromatography using hexanes:DCM (1:1) afforded 0.45 g (47%) of
product. "H-NMR (500 MHz, CDCl3, TMS, §): 7.92 (d, J = 1.98 Hz, 2H), 6.97 (d, J =
1.99 Hz, 2H), 3.99 (t, /=2 Hz, 2H), 1.84 (m, 2H), 1.06 (t, J=2.86 Hz, 3H). UV-Vis Amax
(CHCl3, e = Mlem™): 375 nm (e = 70183). MALDI-TOF-MS (Calcd for C22H2:N20,S5,
[M+H]"): 411.11, found: M = 411.06. Quantum yield in CHCl3 (Aex = 370 nm, Aem = 437

nm) = 28%.
2,5-Bis(4-butoxyphenyl)thiazolo[5,4-d]thiazole ((BuOPh):TT1z):

Column chromatography using pentane:DCM (2:1) afforded 0.11 g (45%) of
product. '"H-NMR (500 MHz, CDCls, TMS, §): 7.92 (d, J = 2 Hz, 2H), 6.98 (d, J = 2.04
Hz, 2H), 4.03 (t, /=2 Hz, 2H), 1.80 (m, 2H), 1.52 (m, 2H), 0.99 (t, /=3 Hz, 3H). UV-
Vis Amax (CHCl3, £ = M'em™): 375 nm (g = 2000000). MALDI-TOF-MS (Calcd for
C24H26N20:S:, [M+H]Y): 439.14, found: M = 439.04. Quantum yield in CHCl3 (hex = 375

nm, Aem = 437 nm) = 28%.
2,5-Bis(4-heptyloxyphenyl)thiazolo[5,4-d]thiazole ((HepOPh):TTz):

Column chromatography using hexanes:CHCl; (0.5:4.5) afforded 0.20 g (55%) of
product. '"H-NMR (500 MHz, CDCl3, TMS, §): 7.93 (d, J = 1.96 Hz, 2H), 6.98 (d, J=2
Hz, 2H), 4.02 (t, J = 2 Hz, 2H), 1.81 (quint, J = 2.17 Hz, 2H), 1.47 (m, 2H), 1.30 (m,

6H), 0.90 (t, J = 3.21 Hz, 3H). UV-Vis Jmax (CHCl3, e = Mlem™): 375 nm (e = 46926).
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MALDI-TOF-MS (Calcd for C30H33sN202S>, [M+H]"): 523.24, found: M = 523.00.

Quantum yield in CHCI3 (Aex = 373 nm, Aem =437 nm) = 25%.

Preparation of Crystalline Films

Two sets of symmetrically substituted D-A-D TTz polycrystalline blends were
studied for color tuning and all-organic white light emission. The materials were chosen
for a wide fluorescence tuning window and discernable PL emission signal. The mixtures
were drop casted on pre-cleaned glass substrates the solvent was allowed to evaporate at
room temperature.

Set 1: (MeOPh);TTz and (PrOPh):TTz

(MeOPh),TTz was dispersed in ethanol and sonicated for 1 h to maximize the
yellow emission originating from surface defects. 0.1 mg aliquots of the dispersion were
dispensed in test tubes. (PrOPh),TTz was dissolved in dichloromethane and added to the
EtOH (MeOPh)>TTz suspension in varying weight proportions.

Set 2: (MeOPh);TTz and (BuOPh):TTz

(MeOPh),TTz and (BuOPh),TTz stock solutions were prepared in
dichloromethane. To 0.1 mg of (MeOPh)>TTz, varying weight ratios of (BuOPh),TTz

were added and drop casted on glass substrates.

Computing CIE Chromaticity Coordinate
The emission of the TTz dyes was characterized by their location on a 2D color
space known as chromaticity diagram. The chromaticity diagram is defined by the X,y

coordinates defined as
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B X _ Y
*TX+vy+z YTX+Y+zZ
where the X, Y, and Z are computed by integrating the product of the emission spectrum
of the dye and the appropriate color matching function over visible wavelengths:

A

X = f 1) R(A)dA
A

A2

Y = f 1(A) F(A)dA

Z- f 1) Z()dA

A
Where, I(X) denotes the emission spectrum of the dye, X(4), ¥(4), Z() are the CIE 1931
standard color matching functions, and the integration limits span visible wavelengths,
i.e.A; =380 nmand A, = 780 nm.!°! We utilize the WPTherml software package!??
to parse the experimental emission spectra and compute the CIE (x,y) coordinates
through Eq. (1) and (2), and the colour!®® software package to render the CIE (x,y)

coordinates as colors on the standard CIE chromaticity diagram and color gamut.
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3.3 Results and Discussion
To study exciton management in D-A-D solid-state TTz-based materials, we
functionalized the TTz core with symmetric para-substituted dialkoxyphenyl groups with

varying alkyl chain lengths (Figure 3.1).

LUMO

H o}
H,N__S N-_-S R
MY o OO
SP NH, R S—~N
R HOMO
Alkyl Group | Label m
Methyl (MeOPh),TTz v ; ’ . J
-CHj
n-Propyl (PrOPh),TTz
-(CH,) ,CH;
n-Butyl (BuOPh),TTz
-(CH,) ;CH;
n-Heptyl (HepOPh),TTz
-(CH,) ¢CH;

Figure 3.1. Schematic for the synthesis of Dialkoxyphenyl thiazolo[5,4-d|thiazole is
shown above along with electrostatic potential maps of ground state (HOMO) and first

singlet excited state (LUMO) emphasizing the D-A-D character.

The m conjugation of the electron acceptor TTz central heterocycle moiety is
further extended by the phenyl groups on either side. This extended conjugated backbone
broadens the ensemble of excited states into a quasi-continuous ‘band’ leading to
increased probability density of excitons diffused over individual chromophores. This
extended excited state band will influence excitonic coupling with neighboring molecules

in condensed matter states via non-covalent intermolecular interactions.®3 Alkoxy
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appendages would serve as electron donor groups (Figure 3.1). Alkyl appendages of
varying lengths are remarkable candidates for use as donor groups to explore exciton
manipulation.!63% 104196 Variation in their lengths has negligible effect on the electronics
of the molecule. However, they have been previously shown to influence intermolecular
packing in the solid state.!* 15197108 Thig ynique property of alkyl groups makes them
highly suitable electron donors when establishing excitonic characteristics of a central

organic moiety in solid-state materials.

3.3.1 Structural Studies
3.3.1.1 Single Crystal XRD Studies

Single crystals of (MeOPh),TTz were obtained and isolated after rinsing the
reaction product repeatedly with ethanol and water. The crystal structure was compared
with previously reported literature and found to be consistent.”® We report
crystallographic data for single crystals of (PrOPh),TTz, (BuOPh),TTz, and
(HepOPh)>TTz for the first time. Single crystals of (PrOPh)>TTz, and (HepOPh),TTz
were grown through solvent-vapor diffusion technique with hexanes and chloroform.
Single crystals of (BuOPh)>,TTz were grown via solvent-liquid-liquid-diffusion method
with hexanes and chloroform. The crystals were characterized using single crystal X-ray
diffraction to obtain the molecular packing in these materials. The crystal parameters are
summarized in Table S3.1. Significant alkyl chain dependent variations were observed in
the packing of these crystals. These variations could strongly influence excitonic

behavior in these materials.
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The crystals packed in either monoclinic (P21/c) or triclinic (P1) unit cell.
Interestingly, the crystals that packed in monoclinic type showed a perfect correlation
between volume of unit cell and alkyl chain length, (Figure S3.2). Crystallographic data
reveals high degree of planarity in all molecules except in the case of (PrOPh)>TTz where
the final carbon atom on the alkyl appendage is turned 113° out of the TTz plane

following a trans conformation.

3.3.1.2 Crystal Packing Motifs

Intermolecular interactions and arrangements typically drive energy fluxes and
consequently, photophysical properties of bulk organic crystals. Therefore, insights into
crystal packing motifs are useful predictors of excitonic behavior in organic solid-state
materials.'® "% Figure 3.2 contains the unit cell molecular packing diagram of the four

TTz crystal derivatives tilted along c axis.
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Figure 3.2. Crystal packing diagram of (C,OPh)>,TTz unit cell. Top panel: Herringbone
packing mode series; Bottom panel: slipped stack packing mode. H atoms are omitted for
clarity.

(MeOPh),TTz, (PrOPh)>TTz, and (HepOPh),TTz arranged in herringbone pattern
while (BuOPh),TTz arranged in slipped stacks. SC-XRD packing data was used in
conjunction with CrystalExplorerl7 software package at B3LYP/6-31G(d,p) level to aid
in establishing which intermolecular interactions would influence energy flux in the TTz
crystals.!! Figure S3.3 depicts color-coded geometry-based pictorial representation of
interaction energies in TTz crystals with respect to one central reference molecule.
Details of these interaction energies have been enumerated in Table S3.2. Based on the
experimental and modeling data, molecular pairs of distinct geometric arrangements were
extrapolated and have been shown in Figure 3.3 with emphasis on the intermolecular

interactions.
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Figure 3.3. Unique intermolecular non-covalent interactions and orientation among
(CnOPh),TTz extrapolated from crystal packing and modeling studies. E is the total
energy of interaction among the molecular pairs. The distance between molecular
centroids is denoted by R. (c¢f Table S3.2, Table S3.3, and Figure S3.3)

All the intermolecular interactions from crystal packing studies have been
enumerated and discussed further in Table S3.3. In the case of (MeOPh),TTz four unique
molecular orientations can be observed. The cofacial arrangements (Figure 3.3a, ¢) have
close C-H—O interactions at 2.9 and 2.5 A, respectively. In Figure 3a, the molecules

align similar to an H-type aggregate with a slipping angle of 101.93°. The TTz cores and
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phenyl rings stack on top of each other in this arrangement. The centroids of the phenyl
rings are 3.9 A apart. The - stacking arrangement could be the reason why this pair has
the highest total energy of interactions in this crystal (-53.70 kJ/mol) with the highest
contribution from dispersion energy component. There are two orthogonal arrangements
in the (MeOPh),TTz crystal, (Figure 3b, d). In both these arrangements, the alkyl chain
and phenyl ring interact with the © conjugated TTz core. In (PrOPh),TTz crystal,
molecules arrange in three conformations. Among these, the orthogonal orientation
(Figure 3e) has the highest number of possible interactions with contacts distributed
throughout the molecule. This arrangement also has the highest number of pairs (N = 4),
and the highest energy of interactions (-69.70 kJ/mol) in this crystal. Most of these
contacts are interacting with the TTz core. One of the two cofacial arrangements (Figure
3f) has multiple interactions with the TTz core as well. Also, among the orthogonal
(Figure 3e) and cofacial (Figure 3g) arrangements there are multiple C-H—O interactions
present. In the case of (BuOPh),TTz crystal, the alkyl appendages are responsible for all
the interactions. The molecules arrange in J-type cofacial slipped stacks, Figure 3h, with
C-H—(O, N, S, Ttphenyl centroid, and TTZcentroid) interactions. The proximity of the molecules
and the uniform cofacial arrangement results in very similar total energy of interactions
among the pairs (-37.40 to -71.10 kJ/mol) with the highest contribution from the
dispersion energy. In (HepOPh),TTz crystal, the orthogonal arrangement (Figure 31) is
the most stable pair among all the molecular pairs depicted in Figure 3 with total energy
of interactions at -111 kJ/mol. This could be because there are multiple interaction sites
throughout the molecule pair. (HepOPh),TTz also has a cofacial pair with C-H—O and

S—S interaction.
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It is not enough to establish all the non-covalent intermolecular contacts in a
crystal. Intermolecular interactions are inherently competitive. Since the aim of this study
is to establish structure-property relationship in TTz crystals, it is important to ascertain
which interactions would dominate the crystal packing. To address this problem, we
simulated Hirshfeld surfaces of the molecules in the crystal unit cell. Hirshfeld surface
simulations quantifies the intermolecular atomic contacts in the crystal using the
descriptor dnorm. The normalized interatomic contact distance (dnorm) accounts for contact
distances between nearest atoms present inside (di) and outside (d.) the simulated surface
and is expressed using the following equation.

d; — T'inW de — ngw

vdW + rvdW
i e

dnorm -

r

Here, r’i’dw and 2% represent the van der Waals radii of the atoms internal and external

to the surface, respectively. The Hirshfeld surface simulations rendered dnorm images with
fixed color scale of -0.0955 (red) to 1.1742 (blue), shown in Figure 3.4. The images
utilized a red-white-blue color scheme where red highlights the shorter contacts, white is
used for interactions around the vdW separation distance, and blue is for longer contact
distances. The red spots become brighter and bigger as the internuclear distances

decrease.
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Figure 3.4. Normalized dnorm mapping images of the Hirshfeld surface analysis of the
TTz crystals.

All the types and distribution of relative contributions of intermolecular contacts
to the Hirshfeld surface area for the (C,OPh),TTz crystals have been provided in Figure
S3.5. In Figure 4.4a, significant interaction sites near the alkyl appendage and the oxygen
atom of the (MeOPh),TTz molecule is observed. These sites represent the C-H—O
bonding which was depicted in the cofacially arranged molecules in Figure 3.3a, c. There
is also a faint interaction site visible at the TTz core. This interaction is caused by the
orthogonal arrangements in the crystal. In the case of (PrOPh),TTz, many interaction
sites are visible. Most of these sites are localized around the TTz core and phenyl rings

indicating that the m conjugated backbone of the molecule is well connected with other
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molecules within the crystal. The most dominant interaction in (BuOPh)>TTz is the C-
H—O contact. This interaction is established between the phenyl ring and oxygen atom
of neighboring molecules. The TTz core of (HepOPh),TTz molecule is strongly
interacting with the orthogonal and cofacial molecules. The big red spot on the TTz core
is indicative of the many sulfur-based contacts in this crystal.

A salient packing-dependent feature of organic solid-state materials that
influences photophysical and excitonic properties is n-n stacking. The Shape Index
feature of Hirshfeld surfaces was utilized to ascertain the presence of n-m stacking in the
(CnOPh),TTz crystals. The results are shown in Figure S3.6. (MeOPh),TTz crystals show
evidence for n-n stacking around the phenyl rings. The stacking is caused because the
phenyl centroids of cofacial (MeOPh),TTz molecules interact with each other in a crystal
environment. It must be noted that (MeOPh),TTz was the only crystal among the four
TTz derivatives in this study that exhibited pronounced n-n stacking. (BuOPh).TTz
exhibited signs of stacking along the alkyl chain. These were caused by C-H—n
interactions.

Based on the single-crystal X-ray diffraction experiments and computational
modeling, we can arrive at the following conclusions about the crystal packing of
(CnOPh)2TTz crystals and excitonic property predictions. The cofacial molecular pair in
(MeOPh),TTz crystal is the most stable intermolecular configuration in this crystal with
high dispersion energy. This pair also has significant n-n stacking which could lead to
exciton formation diffused over multiple molecules. Such geometry-energy related effects
could result in significantly red-shifted PL emission spectra and long singlet lifetimes. 193

The © conjugated backbone of (PrOPh),TTz is well connected to other molecules in the
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crystal. The most stable of these interactions are with orthogonally oriented molecules.
This could lead to a broad PL emission spectrum and release of low energy photons. The
(BuOPh),TTz arranged in J-type cofacial slipped stacks with most interactions limited to
the alkoxy appendages. The similar total energy of interactions among the molecular
pairs along with the high contribution from dispersion energy component indicates to the
possibility of exciton delocalization over multiple molecules and relaxation of excited
energy via non-radiative pathways. Therefore, it can be predicted that the PL emission
spectral shape and singlet radiative recombination rates of (BuOPh),TTz crystal would
resemble its solution counterpart while non-radiative pathways could lead to loss of
luminescence efficiency. The TTz core of (HepOPh)>TTz is connected through multiple
contacts with neighboring orthogonally oriented molecules. These interactions have the
highest total energy among the four TTz crystal derivatives and thus would play the
dominant role in excitonic properties of this crystal. The orthogonal orientation would
result in a broad ensemble of excited state bands which could encourage exciton
delocalization. Such delocalization could result in long exciton lifetimes, broad PL
emission profile, and release of low energy photons. Crystallographic studies thus
conclusively prove that small variations in alkyl chain length, a rather understated donor

group, leads to a wide range of modulation in molecular packing in TTz-based crystals.

3.3.2. Photophysical Studies
3.3.2.1 Steady State Photophysical Studies
In solution state, the alkyl appendages have no effect on the photophysical

properties of the TTz derivatives (Inset Figure 3.5). Also, all the derivatives exhibit
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approximately the same quantum yield in solution state as well (@r = 25-28%). This is
expected since the length of the alkyl chains have negligible contribution to the intrinsic
electronic properties of the molecule. However, in the solid state, the alkyl chains
strongly modulate the photophysical properties of these derivatives. Figure 3.5 shows the
absorption and PL emission characteristics of the crystal derivatives.
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Figure 3.5. Steady state photophysical characteristics of symmetrically substituted
dialkoxyphenyl TTz crystals. a) Absorption spectra of TTz crystals obtained via diffuse
reflectance spectroscopy. Inset: UV-Vis absorption spectra of TTzs in solution state. b)
Photoluminescence spectra of TTz crystals and solution.

TTz-based symmetrically substituted crystals have significantly red-shifted
spectra when compared to their solution counterparts. They also exhibit wide variance in

their absorption characteristics when compared to each other. These features can be
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attributed to the unique intermolecular transition dipole orientation and arrangement
previously elucidated from crystal packing studies. Since many molecules in a crystal
interact with an external field through their local polarizabilities, the energy of each
molecular pair established above was considered, Table S3.2. As shown earlier,
(MeOPh)>TTz has 4 unique molecular pair arrangements. The orthogonal pair depicted in
Figure 3.3d has the lowest energy, -16.20 kJ/mol. This would explain why (MeOPh),TTz
crystal has the smallest bandgap. The highest polarization energy in this derivative was
represented by the cofacial pair depicted in Figure 3.3a, -53.70 kJ/mol. This wide range
of energies exhibited by the molecular pairs of this crystal could explain the broad
absorption spectral profile. The three remaining crystal derivatives have at least 1 pair
with high energy of > 70 kJ/mol. In the presence of such strongly polarizable pairs,
signals from other pairs could be suppressed. Interestingly however, a shoulder in the
case of (BuOPh),TTz at 443 nm can be observed which could be indicative of strong
excitonic coupling within the intermolecular planes. For (HepOPh),TTz, the peak at 416
nm is caused by the cofacial molecular arrangement depicted in Figure 3.3j. However, it
must be noted that the orthogonal arrangement shown in Figure 3.31 is the most
energetically stable pair not just in this crystal, but among all the arrangements
established in this study, and hence could be responsible for the strong transition at 444
nm leading to the broad spectra and second smallest excitonic bandgap in the TTz crystal

series.
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Images of the crystals are shown below (Figure 3.6).

(MeOPh),TTz (PrOPh),TTz (BuOPh),TTz (HepOPh),TTz

4 F ) N |

Figure 3.6. Images of (CnOPh),TTz illuminated by UV lamp (400 nm) and viewed under

an optical microscope at 10x magnification.

All TTz crystals have red-shifted PL emission when compared to the solution
state. (PrOPh),TTzand (BuOPh),TTz have the least red-shifted spectra. (BuOPh),TTz
has a relatively sharp emission profile, similar to TTz solution, and hence has blue
emission in the solid state. (PrOPh),TTz has a broad emission profile which renders the
crystals cyan fluorescence. The secondary peaks and broad profile could be the result of
the low photon energy release from the orthogonal molecular interaction. The effect of
the orthogonal interaction is maximized in emission spectra of (HepOPh)>TTz. The
transition at 450 nm typically seen among the cofacial pairs in this crystal series is
suppressed by the peak at 495 nm. (MeOPh),TTz has the most red-shifted spectra, and
the crystals fluoresce orange-red. This red emission could be due to the weak polarization
energy discussed earlier. Among all molecular arrangements established in this study,

(MeOPh).TTz has the most easily polarizable pairs. The orthogonal molecular
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arrangement depicted in Figure 3.3d could be responsible for the drastic red-shift in this
crystal. Recently, Wei et al reported on the origin of red shifted transition in a very similar
TTz-based crystal.!'> They propose that the shift is caused mainly due to excitation
polarization of unparalleled aggregates. This interpretation would be in congruence with
our hypothesis as well. The wide overlap between the absorbance and emission spectrum
of (MeOPh)>TTz could be caused due to anisotropy and is typical with organic
crystals."!3 The green emission in the crystal image was maximized by the peak at 525
nm in the emission profile. This is due to surface-to-kernel effect where surface energy
perturbs the crystal packing, inducing defects-related-effects. 1 114

To further investigate if modulation of molecular packing in crystals would

influence the excited state photophysical properties, the TTz crystals were characterized

using micro-Raman spectroscopy, Figure 3.7.
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Figure 3.7. Micro-Raman Spectra of TTz crystals.

Since the central diphenyl TTz moiety is common in all the derivatives, the

spectral signature in the fingerprint region, 875 to 1800 cm™!, is the same in all the
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crystals, Figure 3.7a. The experimental data was verified with DFT simulation and peak

assignments have been shown in Figure S3.8. It is, however, interesting to note the
difference in the intensity of the spectra. (BuOPh)>TTz exhibited the highest signal to
noise ratio with sharp and highly resolved peaks. This was expected since the packing
studies revealed that intermolecular interactions are limited to the alkoxy region in this

crystal. The crystals that packed in herringbone pattern displayed peaks at much lower

intensity.
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The region of particular interest lies from 10 to 200 cm™', Figure 7.7b. This region
represents lattice-phonon vibration frequencies and has been probed in various studies to
identify intermolecular packing dependent effects on photophysical properties in organic
crystals.!’5-118 The low-energy modes are highly sensitive to molecular packing, which
explains the observed difference shown above. All the spectra have been normalized by
maintaining the C=N vibration of the thiazole ring at 1388 cm! constant. Interestingly,
(BuOPh),TTz, which displayed the most intense spectral features in the > 800 cm™!
region had highly muted signals in the < 200 cm! region. The spectrum was amplified by
a factor of 5 in the interest of clarity . This further contributes to the packing dependent
studies revealing that the intermolecular interactions are localized in the alkoxy
appendage. The weak lattice-phonon vibrations juxtaposed against the sharp, unperturbed
spectral features from the conjugated backbone would support the prediction that
(BuOPh),TTz crystal would exhibit excitonic characteristics similar to its solution
counterpart. (HepOPh),TTz crystal did not exhibit highly sharp features in the > 800 cm’!
region. However, it has the strongest lattice vibration in the sub 200 cm™ region with
three clear bands. This remarkably intense spectral feature in the weak-energy modes
indicates that excited states in this material would prefer to relax via lattice-phonon
vibrations leading to low exciton radiative rates and poor fluorescence efficiency.
(PrOPh),TTz exhibited the second most intense spectral feature in the sub 200 cm’!
region. Most of the bands are similar to (HepOPh)>TTz, albeit in different relative ratio.
This was expected since both monoclinic crystals pack in herringbone pattern but display
subtle differences in intermolecular interaction types and energies. Unfortunately,

(MeOPh),TTz did not yield any resolvable spectral feature in the lattice vibration region,
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Figure S3.9. Nevertheless, it is clear that the alkyl appendages modulate the steady state

photophysical properties of these crystals drastically.

3.3.2.2 Time-Resolved Photophysical Studies

The singlet emission lifetime decays of these crystals were measured and shown

in Figure 3.8.
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Figure 3.8. Singlet emission lifetime decay of a) (MeOPh)>TTz, b) (PrOPh),TTz, c)

(BuOPh),TTz, d) (HepOPh)>TTz crystals.

It is interesting to note that the crystals exhibited much longer lifetimes than their
solution counterparts. This is expected since bulk organic aggregates require higher
reorganization energy than molecular monomers in dilute solutions.?® The fluorescence
decay lifetime of the TTz based crystals was used along with their quantum yield to
ascertain luminescence efficiency. This has been shown in Table 3.1 along with excitonic

bandgap of the materials derived from absorbance tauc plot.
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Table 3.1. Excitonic bandgap values, luminescence efficiency data of the symmetrically

substituted TTz crystals and solution.

Material Eg (eV) | @F (%) | tavg(ns) | kr (s2) Knr (s71)
(MeOPh),TTz 2.46 10 3.35 2.99x10’ 2.69x108
(PrOPh),TTz 2.73 27 1.66 1.63x108 4.40x10°8
(BuOPh),TTz 2.74 4 0.67 6.43x10’ 1.43x10°
(HepOPN),TTz 2.52 04 2.34 1.58x10° 4.26x10°8
(C:OPh).TTz 2.98 28 0.54 5.19x108 1.33x10°
(Solution)

(MeOPh),TTz crystal exhibited the longest singlet lifetime in the series. This
could be because of the pi-pi stacking revealed from the Hirshfeld analysis. Another
reason for the long lifetime could be the low polarization energy of the molecular pairs in
this crystal. (HepOPh)>TTz crystal has the second longest singlet lifetime, however, it
also has the lowest @r. This could be because the highly energetically stable molecular
pairs facilitate exciton delocalization diffused over multiple molecules in the crystal.
(PrOPh),TTz has the shortest singlet lifetime in the herringbone packing series. However,
it has a remarkably high ®r. The radiative rate in this crystal is comparable with its
solution counterpart which is rare among similar molecular systems. The high radiative
rates could be because all the intermolecular interactions in this derivative are centered
around the TTz heterocycle. The slipped stacked (BuOPh)>TTz exhibited radiative decay
lifetime similar to its solution state. This could be because of the limited geometry-energy
related effects in this derivative. However, the @r and knr suggest that the stacking
localized around the alkoxy appendages in this J-type aggregate facilitates exciton

delocalization.
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Clearly, alkyl appendages induced structural modifications in symmetrically
substituted D-A-D TTz-based crystals result in predictable modulation of photophysical
properties. The change in photophysical properties is a function of molecular packing in
these crystals. Having established a correlation between structure and photophysical
properties in TTz-based crystals, we demonstrate the relevance of such a pedagogical
study by fabricating novel TTz-based crystalline blends for all-organic phosphor-

converted color-tuning and white-light emission applications.

3.3.3. CIE Engineering

In the following section, the use of symmetrically substituted D-A-D
dialkoxyphenyl TTz crystalline blends for generating a broad range of phosphor-
converted light emission is demonstrated. We also prove that these crystalline blends can
be used for generating white-light emission.

To determine if the crystalline blends are consistent with the single-crystal
structural properties we have established above, the powder X-ray diffractograms of drop
cast TTz crystals were compared with the powder diffractograms generated from the SC-
XRD studies, (Figure S3.7). Since the XRD pattern of the drop cast crystals were found
to be in strong agreement with the single-crystal studies, it stands to reason that they will
also exhibit similar photophysical properties. Two sets of parent TTz crystals were
chosen based on their diverse PL emission resulting in a potentially wide color-tuning

window. The crystallinity of the resultant blends was investigated (Figure 3.9).
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Figure 3.9. Powder X-ray diffractograms of parent TTz crystals and their blends. a) Set
1: (MeOPh),TTz, (PrOPh);TTz, and (MeOPh)TTz + (PrOPh),TTz crystalline blend; b)
Set 2: (MeOPh),TTz, (BuOPh),;TTz, and (MeOPh),TTz + (BuOPh)>TTz crystalline

blend.

The X-ray diffractograms are conclusive proof that the TTz blends have the
crystalline properties of the parent TTz derivatives. Since photophysical properties are a
function of crystal packing, excitons can be managed by modulating the parent TTz
contribution in the blends. Therefore, the blend proportions were tuned and studied for

color-tuning and white-light emission.
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Utilizing the multi-fluorochromaticity of the symmetrically substituted
dialkoxyphenyl TTz crystals, mixtures of the aggregates were drop cast on glass
substrates from saturated DCM solutions with varying proportions by weight, (Figure
3.10). In set 1 (Figure 3.10 (a)), orange-red emissive (MeOPh),TTz crystals were mixed
with varying proportions of cyan (PrOPh)>TTz crystal fluorophores. Set 2, (Figure 3.10
(b)), comprised of yellow fluorescent crushed (MeOPh)>TTz crystals with varying

proportions of blue emissive (BuOPh),TTz crystals.
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Figure 3.10. CIE plot establishing color-tuning capabilities of symmetrically substituted

TTz-based dialkoxyphenyl crystals. a) (MeOPh),TTz crystals were mixed with
(PrOPh),TTz crystals at varying weight %. b) Crushed (MeOPh),TTz crystals were
mixed with (BuOPh)>TTz crystals were mixed with (BuOPh)>TTz crystals at varying

weight %. Selective weight proportions are plotted for clarity. Top Inset: Optical

microscopic image of crystalline admixtures at 4:1 wt% of the symmetrically substituted

TTzs illuminated by 400 nm lamp and viewed at 10x. Bottom Inset: Photographs of
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(PrOPh)>TTz/(BuOPh),TTz (left); (MeOPh),TTz (right); and multi-TTz crystalline

white-light emissive blend illuminated by 400 nm lamp.

The CIE plots establish that TTz crystals can be utilized for fabrication of multi-
fluorochromic mixtures in the solid state. Increasing the contribution of (PrOPh),TTz and
(BuOPh)>TTz shifts the emission from (MeOPh),TTz’s orange-red to blue. This was
consistent with our predictions based on the steady state photophysical properties
established earlier in this study. The fluorescence of these TTz crystalline blends can be
tuned to yield highly contrasting colors by just modulating the crystal concentration. The
photostability of these crystals was tested under constant illumination for 5 hours, Figure
S3.10. The TTz crystals were found to be highly photostable even in ambient conditions.
This additional feature strengthens the case of utilizing TTz-based materials for
developing all-organic fluorescent phosphor layers with broad photoluminescence
tunability. In both sets, mixtures with 4:1 ratio by weight yielded white-light emissive
blends. The simplicity in fabricating these crystalline blends presents a compelling case
for utilization of TTz-based materials for photonic and fluorescence-based optical device

applications such as pc-color-tuning and white-light emission.

3.4. Conclusions

TTz-based materials have recently been used for a plethora of optical and
optoelectronic applications. Studies utilizing TTz-based materials in the solid state
mostly focus on polymeric materials. TTz-based materials have been seldom studied as a

small molecule fluorescent dye in the solid state. Arguably this is because there is a
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significant gap of knowledge in correlating structure with photophysical properties in
solid-state symmetrically substituted D-A-D TTz-based materials. In this study, we
strategically functionalized TTz-based moiety with varying lengths of alkyl chain
appendages. We have established that varying the alkyl chain length modulates the
packing mode of these crystalline materials. The variation in packing modes is largely
governed by a chorus of synergistic intermolecular non-covalent interactions. We have
also established that modulation of crystal packing modes tunes the TTz photophysical
properties such as their excitonic bandgap, photoluminescence emission, exciton lifetime,
and lattice-phonon vibrational characteristics. The correlation between structure and
photophysical properties of symmetrically substituted D-A-D TTz-based materials was
then applied to fabricate crystalline blends. We utilized the multi-fluorochromic property
of these materials to demonstrate that TTz-based crystals can be used for phosphor-
converted color-tuning and white-light-emitting-diode applications. The cost
effectiveness, solution processability and environment-friendly features of TTz-based
materials present a compelling argument for their incorporation in solid-state photonic
and fluorescence-based optical devices. This study will be crucial for the development of
photonic materials and devices comprising of TTz-based small molecular fluorescent

dyes.
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Chapter 4:

Managing Photoactivated Enhanced Excimer-like States in Solution-Processable

Thiazolo[5,4-d]thiazole Films
4.1 Introduction

A significant advancement in the field of photochemistry during the mid-20™"
century was the discovery of excimer states.'?%?? It was found that increasing
concentration or temperature of pyrene in solution-state gives rise to an unstructured and
broad spectral feature in the fluorescence spectra with pronounced red-shift. Since no
corresponding change was observed in the absorption spectrum, it was deduced that the
new spectral component must be ascribed to a species formed only after the absorption of
light in the excited state. It was proposed that in solutions with higher probability of
collision between two molecules (or monomers), a monomer in the excited state forms a
complex with a monomer in the ground state. The formation of this new excited state
dimer (or excimer) complex is energetically favorable and thus rather stable. Upon
relaxation, the excimer dissociates and releases a low energy photon with a large Stokes-

shift.

For many subsequent decades, it was widely accepted that excimers have poor
photoluminescence (PL) efficiency.!?*-126 The large number of monomeric collisions and
dimeric aggregation would inevitably result in the relaxation of excited state energy via
non-radiative pathways, leading to low fluorescence quantum yield (QY).
Notwithstanding, excimers found its relevance in a wide range of applications where a

large Stokes-shift was favorable; for example, fluorescence-based sensing and
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bioimaging.'?’"132 In 2003, Antonietti group published a seminal study where they
employed mesoporous silica nanospheres to study the effect of confinement on the
formation of pyrene excimers.!* The results demonstrated that excimer formation
equilibrium and relaxation kinetics can be modulated by tuning the nanosphere pore
sizes. This implied that realization of highly fluorescent excimers was possible contingent
on the regulation of excimer formation-relaxation dynamics and modulation of inter-
monomeric distances. Building on this work, several other groups reported PL
enhancement in pyrene excimers.'** *> However, reports on PLQY enhancement due to
excimer formation are remarkably rare in the literature.!>® 137 Rarer still, are reports of
such phenomena that utilize organic luminophores other than polycyclic aromatic
hydrocarbons (PAHs) such as pyrene.!*® 13 This renders a significant gap of knowledge:
how to manage excimers and excimer-like states in non-PAH organic luminophores in

order to yield enhanced luminescence efficiency.

To address this gap of knowledge, we chose to study an asymmetric thiazolo[5,4-
d]thiazole (TTz) derivative built on the D-7z-A4 architecture. Asymmetric TTz derivatives
have been shown previously to be highly fluorescent with near unity PLQY in favorable
solvents and polymer-dye blend spin-cast films.*> % Asymmetric TTz dyes exhibit a
push-pull effect due to their electron-donating and -withdrawing functional groups. This
effect renders a partial positive and negative charge across the molecule which could be
favorable for excimer formation and stabilization. TTz is a highly rigid and planar
moiety, similar to PAHs. The planarity and restricted intramolecular motions would also
be favorable characteristics to promote S;=> S radiative decay and modulate excimer

formation and radiative relaxation.'* In this study, we have answered 4 questions: 1) Can
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asymmetric TTz form excimers in the solution state? 2) Can formation and relaxation of
excimer-like states be conserved in polymer-dye blend films? 3) Can formation and
relaxation of excimer-like states be regulated to achieve enhancement in luminescence
efficiency in films? 4) Can regulating formation and relaxation kinetics of excimer-like
states lead to the fabrication of a novel fluorescence-based optical device? We have found
that the asymmetric TTz, (which we shall refer to as EHOPhTTzPy here onward) readily
forms excimers in solution, albeit exhibiting the typical low luminescence efficiency.
Excimer-like emission was found to be conserved in solution processable polymer:dye
drop cast films. We use the term ‘excimer-like’ since the EHOPhTTzPy molecules in
these films also interact in their ground state, unlike conventional excimers.'*’ Formation
and relaxation kinetics of excimer-like states in polymer-dye blend films was dependent
on the type of polymer matrix and method of film fabrication. Formation of excimer-like
states can be highly controlled as they are strongly dependent on photoexcitation. The
strongly coupled excimer-like states yield in highly fluorescent films (@ = 61%).
Excimer-like emission resulted in enhanced PLQY relative to monomeric emission by
over a factor of 8. We have also utilized the excimer-like properties of EHOPhTTzPy
films to fabricate a novel stimuli-responsive fluorescent optical device which can be used

for anti-counterfeiting and steganographic applications.
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4.2 Experimental
Materials and Instrumentation

4-Pyridinecarboxaldehyde, dithiooxamide were purchased from Sigma-Aldrich
and used without further purification. 4-(2-Ethylhexyl)oxybenzaldehyde was synthesized
using a previously reported procedure. Solvents were purchased from Alfa Aesar
Chemicals and used without further purification. 'H-NMR measurements were carried
out using JEOL 500 MHz NMR. Mass spectrometry measurements were obtained using a
Perceptive Biosystems Voyager MALDI mass spectrometer. UV-Vis absorption
spectrometric data was obtained using Cary 300 UV-Vis spectrophotometer.
Photoluminescence measurements were carried out on Jobin Yvon-Spex Fluorolog. PL
decay lifetimes were obtained using a diode laser with a repetition rate of 1 MHz and
excitation wavelength of 406 nm. 9,10-Diphenylanthracene in cyclohexane was used as
standard reference for quantum yield measurements.®’ Solid state quantum yield
measurements were carried out using QuantiPhi-2. Density functional theory (DFT)

computational analysis was performed using Spartan '10.

Preparation of 2-(4-(2-ethylhexyl)oxyphenyl)-5-(4-pyridyl)thiazolo[S,4-d]thiazole

(EHOPhTTzPy)

4-Pyridinecarboxaldehyde (0.84 g, 7.8 mmol) and 4-(2-
ethylhexyl)oxybenzaldehyde (1.83 g, 7.8 mmol) was reacted with dithooxamide (0.85 g,
7.06 mmol) in 10 mL n-propanol and refluxed for 70 h. The crude product was gravity
filtered and washed with excess cold n-propanol. It was then purified via column

chromatography using a mixture of chloroform and hexanes (10:1). The reaction yielded
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1.79 g, 60% product. Sample purity was confirmed using 'H-NMR (Figure S3.1) and

MALDI-TOF MS (Figure S3.2).

'H-NMR (500 MHz, CDCls, TMS, 6): 8.75 (d, J =2.07, 2H), 7.95 (dd, J = 3.66, 4H),
7.01 (d, J=1.75, 2H), 3.92 (d, J = 2.0, 2H), 1.76 (m, 1H), 1.59 (m, 6H), 0.92 (m, 8H).
UV-Vis Amax (Toluene, e = M ! cm™!): 374 nm (e = 1766). MALDI-TOF-MS (calcd. for

C23H25N308S;,, [M + H]"): 424. 59, found: M = 424.62. Quantum yield in toluene

(Aex =374 nm, Aem = 436 nm) = 99%.

4.3 Results
4.3.1 Solution-based studies
4.3.1.1 Solvatofluorochromism

Excimers are formed when two monomers are brought in close proximity to each
other. Asymmetric TTz functionalized with an electron-withdrawing and -donating group
exhibits a difference in electron density distribution along the monomer. This difference
could facilitate and encourage formation and stabilization of excimers. A typical result of
the push-pull effect in TTz-based materials is solvatofluorochromism. Therefore, to
investigate if EHOPhTTzPy is a suitable candidate for excimer formation,

solvatofluorochromic studies were conducted, Figure 4.1.
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Figure 4.1. EHOPhTTzPy exhibiting a) solvatofluorochromism and b) push-pull effect.

From the absorption and emission spectra, it is clearly evident that EHOPhTTzPy
exhibits solvatofluorochromism. The fluorescence spectra red-shifts with increasing
solvent polarity whilst no change is observed in the absorption spectra. Table S4.1
contains further optical spectrophotometric details of EHOPhTTzPy in different solvents.
The push-pull effect was modeled and pictorial representation of HOMO and LUMO
states have been shown. This difference in the electron density distribution will render a
partial change in electrostatic charge on the monomer which could facilitate

intermonomeric interactions leading to formation of dimers.

To further characterize the excited state properties of the EHOPhTTzPy in solution,

the Lippert-Mataga equation was employed (eq 1),

_ -
4meghcad

e—1 n?—1
Af + const; Af =

- 1
2e+1 22+ 1 (eq 1)

Vg — Vf

where v, and vy are the wavenumbers of the absorption and emission peaks in cm™,
respectively. The dipole moment of ground and excited state are denoted by x and p*.
Vacuum permittivity is denoted by &o; / is Plank’s constant; c is the speed of light; a is

the Onsager cavity radius; Af'is the orientation polarizability; ¢ is the relative permittivity;
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and 7 is the refractive index. The ground state dipole and the Onsager cavity radius were
measured using Spartan 16 software. The Lippert-Mataga plot has been shown in Figure

4.2.
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Figure 4.2. Lippert-Mataga plot of EHOPhTTzPy

From the slopes of the Lippert-Mataga plot shown above, the change between the
dipole moments of the ground and excited states was determined. Even though the
Lippert-Mataga equation assumes no specific solvent—solute interactions (e.g., hydrogen
bonding) and ignores solute polarizability, a high degree of linearity suggests the
estimation of the excited-state dipole is reliable. The Onsager radius was measured to be
7.17 A. The ground and excited state dipoles are 5.30 D and 17.79 D respectively. Thus,
the change in dipole is 12.49 D. Similar dipole moments have been previously reported
for TTz based materials exhibiting strong intramolecular charge transfer characteristics.®>
8. The high difference in the dipole moment between the ground and excited states

supports the proposition that upon photoexcitation, EHOPhTTzPy can form excimers.
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4.3.1.2 Excimer Formation in Solution

Modulation of photophysical properties of organic luminophores in the solid state
has always been a challenging task. A reasonable proposition to address would be to first
establish whether the asymmetric TTz can form excimers in the solution state. Since
excimer formation is dependent on a higher statistical probability of monomeric
collisions, concentration and temperature dependent studies are widely used to probe the

nature of excimers in solution-based studies.
4.3.1.2.1 Concentration Dependent Studies

Excimer formation and relaxation kinetics of the asymmetric TTz were probed by

decreasing the concentration of the monomers, Figure 4.3.
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Figure 4.3. a) UV-Vis absorption and b) PL emission spectra of EHOPhTTzPy as a

function of concentration.

Highly concentrated samples were made where inner-filter effects were evident,
and no resolvable absorption spectral feature could be obtained at the absorption maxima.
At these high concentrations, excimer formation is represented by a broad, unstructured,

and red-shifted peak in the PL spectra at 500 nm. As the sample is serially diluted, the
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excimer emission intensity is decreased and the monomeric emission increases indicating
clear vibronic bands. There is no change in the absorption spectrum other than the width
of the peak which is expected with variation in concentration. If the red-shift in the PL
emission spectra was caused due to conventional aggregation, it would have been evident
in the absorption spectra. Moreover, it can be deduced that the red-shift in the PL
emission spectra is caused by species that is formed only after the absorption of energy.
This is strong evidence for the formation of excimers in highly concentration solutions of
EHOPOTTzPy. Similar concentration dependent studies were also conducted using the
two disubstituted byproducts of the TTz reaction. Neither of the disubstituted TTz-based
materials yielded in excimer formation. This adds to the validation of the initial
hypothesis that the electrostatic difference due to the push-pull effect is crucial for

formation of excimers.

4.3.1.2.2 Temperature Dependent Studies

A dilute solution of EHOPhTTzPy at 2.05 x 10~ g/mol concentration was made
and temperature dependent studies were conducted. Although no noticeable excimer
emission was visible in steady-state PL emission spectra, time-resolved studies provided
strong support for the presence of excimers. The line of best-fit of the decay spectra at

450 nm has been shown in Figure 4.4.
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'3 Temperature | Average lifetime (ns) | Averagelifetime (ns)
(°C) monomer monomer + excimer
[450 nm) [500 nm]

-95 1.26 1.38
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Figure 4.4. Line of best-fit of time-resolved PL decay curves at different concentrations
collected at the monomer maxima (450 nm). Inset: Table listing the temperature,

monomer PL decay lifetime at 450 nm and monomer + excimer decay lifetime at 500 nm.

At the monomer maxima, the PL decay is longest when the solvent surrounding
the monomers have frozen. As the temperature increases, the monomeric emission
lifetime decreases progressively. On the other hand, at excimer emission maxima (500
nm) the PL decay lifetime increases with increase in temperature. At 100 °C, the excimer
lifetime 1s significantly longer than the monomeric emission. Since excimers are
characterized by longer emission decay lifetimes than the corresponding monomers,
temperature dependent studies reveal another supporting evidence for the formation of

excimers in EHOPhTTzPy solutions.

Having established that EHOPhTTzPy can form excimers in solutions, we shall
now proceed with understanding and modulating excimer formation and relaxation

kinetics in confined films.
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4.3.2 Modulation of Excimer-like States in Films

As mentioned earlier, formation and relaxation kinetics of excimer-like states
have been previously shown to be controllable in confined spaces. However, most of
these reports have utilized supramolecular complexes, mesoporous nanoparticles, or
micellar assemblies.!*!> 142 A substantially simpler method to confine an organic
luminophore is embedding it in a neutral polymer matrix. Embedding organic
luminophores in polymers increases the solution processability of the dye while also
advancing the capability of the technology by capitalizing on the unique and well-
established properties of the polymer matrices. Also, in most polymer-dye blends, the
composition of the dye ranges from 0.1 — 2 wt.%, making this method remarkably
economical and environmentally friendly. Due to such advantages, studies that
incorporate organic luminophores in polymer matrices are highly ubiquitous in the
literature. However, there have been very few reports that probe the nature of formation

and relaxation kinetics of excimer-like states in polymer-dye blend films.

In the following sections, we demonstrate that excimer formation and relaxation

kinetics in EHOPhTTZzPy can be conserved and modulated in polymer-dye blend films.

4.3.2.1 Controlling Excimers-like States by Modulating the Excitation Energy

Polymer-dye blends containing 1 wt.% EHOPhTTzPy in poly(methyl
methacrylate) (PMMA) matrix dissolved in toluene were used to fabricate drop-cast films
on pre-cleaned glass substrates. Since excitation of monomers is essential for excimer

formation, we chose to irradiate the films with UV light of 405 nm maxima. It was found
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that upon irradiation with UV light the absorption and emission profiles of the films
changed. The films were therefore subjected to 30 s of periodical UV light exposure and

the absorption and emission spectra are shown in Figure 4.5.
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Figure 4.5. a) UV-Vis Absorption, and b) PL emission spectra of 1 wt.% EHOPhTTzPy

in PMMA matrix upon irradiation with UV light.

The pristine film exhibited absorption and emission behavior resembling the
monomeric dye characteristics in solution as discussed earlier in this study. The
absorption peak maxima at 372 nm rendered a colorless/transparent film while an
emission maxima at 440 nm made the film fluoresce at the edge of violet and royal blue.
After 30 s of irradiation with UV light, the monomeric absorption and emission spectral
signature of EHOPhOTTzPy have substantially reduced. At the same time, the presence
of another species is observed that absorbs at 435 nm and emits at 493 nm. With further
UV irradiation, the absorbance of this new peak progressively increases as the
monomeric absorption diminishes. A similar pattern is observed in the PL emission
spectra where, as the irradiation is continued, the monomeric emission subsides and a
pronounced broad, unstructured peak increases in intensity with a large Stokes-shift.

Since the absorbance of this new species is lower than the monomers in intensity and
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energy, it can be deduced that this species is a highly stable, strongly coupled complex.
The PL emission spectral profile is remarkably similar to the excimer emission observed
in Figure 4.3. In both cases, the emission peak is at 500 nm and the profile is broad,
unstructured, and no clear vibronic bands are present. This is a compelling argument to
ascribe this new species as a strongly coupled excimer-like state. From the PL emission
spectra, it is clearly evident that upon irradiation, the strongly coupled excimer-like states

lead to substantial PL enhancement in confined films.

Photographs of the films are shown in Figure 4.6.

Figure 4.6. Photographs of EHOPhTTzPy films irradiated with UV light.

The pristine film fluoresces at the edge of violet and royal blue (Amax = 440 nm). It
is evident that when the films are irradiated with UV light, the fluorescence changes. The
fluorescence change is due to the formation of strongly coupled excimer-like states. This
implies strongly coupled excimer-like states can be formed with an astonishingly high
level of control. Also, the fluorescence of the films can be tuned by modulating the

monomer and excimer-like states contribution in solution processable films.
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The absolute quantum yield of the films was measured. The pristine films
exhibited respectable luminescence efficiency at 28%. All-organic dye films displaying
such high quantum yield in the violet/royal blue edge is rare. Rarer still, is the increase in
luminescence efficiency upon the formation of excimer-like states. As mentioned earlier,
excimers are notorious for plummeting the fluorescence quantum yield of an organic
luminophore. Here, however, we observe an increase in PLQY by over a factor of 2.
Confining the strongly coupled excimer-like states in a neutral polymer matrix restricts
intramolecular rotations which promotes radiative recombination of excitons. Increase in
PLQY due to excimer-like states is an extremely rare occurrence and deserves further

investigations. These investigations have been discussed below.

4.3.2.2 Dependence of Formation of Excimer-like States on Film Fabrication

Method

In the previous section, we presented evidence that strongly coupled excimer-like
states are formed in EHOPhTTzPy:PMMA drop cast films. The formation of excimer-
like states results in PL emission enhancement and an increase in the PLQY by over a
factor of 2. Excimer-like emission resulting in enhancement of luminescence efficiency is
an extremely rare occurrence. A simpler explanation for the red-shift and PLQY
enhancement could be ascribed to a chemical process between the dye, polymer, and the
solvent. To investigate this further, we compared two methods of film fabrication: drop
cast and spin cast. Both films were irradiated with UV light for periodic intervals. The PL

emission spectra has been shown in Figure 4.7.
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Figure 4.7. PL emission spectra of films of EHOPhTTzPy 1 wt.% in PMMA fabricated

via two methods: a) Drop cast slow-evaporation, and b) Spin cast method.

In the case of films fabricated via the drop cast method, the solvent was allowed
to evaporate slowly at room temperature. In the spin cast films, the solution was
dispensed slowly on a substrate already spinning at 2500 rpm. The high shear stress on
the monomers would mitigate the possibility of dimer formation on the substrate, thus

serving as a control against aggregation-induced effects.

In drop cast films, we observe the decrease in monomeric emission and
enhancement in PL emission upon irradiation with UV light. However, in spin cast films,
only monomeric emission is visible. Irradiating the spin cast films with UV light neither
changes the monomeric PL emission, nor exhibits any presence of excimer-like emission.
This leads us to draw the following conclusions: 1) The red-shift in PL emission and
PLQY enhancement is not caused by a chemical process. Both the films were cast using
the same solution. If the red-shift and PLQY enhancement was caused by a chemical
process, like protonation of the pyridyl group, the effect would be evident in the spin cast
films as well. 2) The red-shift and PLQY enhancement is caused by a physical process.

Since the change in optical characteristics of the film is not caused by a chemical process,
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it must be caused by a physical process. The only difference between the two methods of
film fabrication was the decreasing degrees of freedom imposed on the dye monomers by
the slowly evaporating solvent. It is reasonable to envision that as the solvent evaporates,
the dye molecules form weakly coupled dimers which still fluoresce as the monomers. 3)
There are no dimers formed in the solution. The effect of any dimers formed in the
solution would have been evident in spin cast films. Since there is no sign of excimer-like
emission in spin cast films, it can be deduced that no dimers are formed in the solution.

This bodes well for the processability and upscaling of the polymer-dye system.

From the comparative study of drop cast versus spin cast films, it is clear that the
emission is caused by excimer-like states. But the role of UV irradiation is still unclear in
the PL shift and PLQY enhancement. The following section elucidates the role of UV
irradiation in the formation of excimer-like states and the subsequent increase in the

luminescence efficiency.

4.3.2.3 Role of Irradiation towards Formation of Excimer-like States

In the earlier sections we have demonstrated a remarkable property in these
polymer-dye blend films: high level of control over formation of excimer-like states via
UV irradiation. To investigate the role of irradiation further, we fabricated drop cast films
of 1 wt.% in PMMA matrix and irradiated them for 5 mins with different light sources.
The films were encased in petri-dishes and kept at a 15 cm distance from the light source
to control for any heating related photophysical effects. The subsequent absorption and

emission spectra are shown in Figure 4.8.
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Figure 4.8. Steady state a) UV-Vis absorption and b) PL emission spectra of
EHOPhTTzPy:PMMA drop cast films after irradiation with different light sources for 5

mins.

As expected, the light source at 405 nm led to the formation of excimer-like
states. In fact, any light source with Amax > 435 nm resulted in the formation of excimer-
like states. In the case of light sources with emission maxima at 450 nm and 475 nm,
there is an overlap over the 435 nm region, Figure S4.3. This overlap is significant in
light source with Amax = 450 nm. However, the overlap is limited for the 475 nm light
source. This explains why the monomer emission has not completely subsided and
formation of excimer-like states is limited in this case. In the case of amber light source
(Amax = 595 nm), there is no change in the absorbance or PL emission. This proves that
the observed red-shift and PLQY enhancement is contingent on the absorption of light.
This was a fundamental premise that led to the discovery of excimers as discussed by
Forster. Excimers are only formed when light is absorbed. Without the absorption of
light, as in the case of light source with Amax = 595 nm, no excimer-like states are formed.
This result adds to the already existing pool of compelling evidence that the observed

red-shift and PLQY enhancement is indeed due to the controlled formation and relaxation
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of excimer-like states. Irradiation of films with a light source is critical for formation of
excimer-like states. However, it must be noted that once a strongly coupled excimer-like
state has been formed, further irradiation has a minimal role to play in modulation of the
excimer-like emission. The strongly coupled excimer-like states are highly stable and
further irradiation does not reduce or change the inter-monomeric distances. If that were
the case, such variations would lead to the formation of a new photophysical species
which would exhibit even more red-shifted spectral features than Asp = 435 nm and Aem =
500 nm. However, we observe that longer irradiation time does not result in the evolution
of a new photophysical species, but an increase in the existing excimer-like signal
intensity. The role of irradiation is to just create excimer-like complexes. The longer a

film is irradiated, the higher the number of excimer-like states are formed.

4.3.2.4 Dependence of Excimer-like States on Concentration

The formation of excimer-like states is a function of concentration. In this section,
we investigated the effect of concentration on the PL emission and luminescence
efficiency in EHOPhTTzPy:PMMA drop cast films. In Figure 4.9, PL emission profiles

and intensities are compared for films with varying wt.% of EHOPhTTzPy.
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Figure 4.9. PL emission characteristics of EHOPhTTzPy:PMMA drop cast films with
varying wt.% of the luminophore. a) Fluorescence emission spectra of pristine and UV
irradiated films are compared; b) the ratio of monomer (pristine) and excimer-like (post-
irradiation) emission maxima of the corresponding films are plotted as a function of dye

concentration.

In films with low dye concentration, such as 0.1 wt.%, there is no formation of
excimer-like states observed after irradiation with UV light. The formation of excimer-
like states is increased with increase in concentration. The emission maxima of pristine
and irradiated films were compared, and their ratio has been plotted as a function of dye
concentration. The emission intensity exhibits an exponential increase with increasing

dye concentration.

The luminescence efficiency of the films was measured and has been shown in Table 4.1.
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Table 4.1. PLQY of films with varying wt.% of EHOPhTTzPy.

EHOPhTTZPy wt.% PLQYPristine PLQYIrradiated PLQYIrradiated/PLQYPristine
0.1% 27.43% 27.37% 0.99
1% 27.83% 61.01% 2.19
10% 4.01% 20.18% 5.03
20% 1.24% 10.15% 8.19

There is no difference in the PLQY of the film where no excimer-like states are
formed. A remarkable increase in the PLQY of 1 wt.% films has been shown. As the dye
concentration increases, aggregation-caused-quenching effects arise. This is evident from
the decrease in the PLQY of pristine films. However, the increasing PLQY due to
formation of excimer-like states is a matter of utmost significance. As mentioned earlier,
excimers are notorious for reducing the luminescence efficiency of a system. Here
however, we demonstrate an 8-fold increase in the PLQY led by the formation of
excimer-like states in solution processable films. Such an increase in luminescence
efficiency due to excimer-like states is an extremely rare phenomenon. The high-level of
control over the formation and relaxation kinetics of excimer-like states, paired with the
increasing luminescence efficiency in solution processable films makes asymmetric TTz-
based dyes a rather unique and novel candidate for photonic and optical devices based on

excimer-like states.

Having elucidated the dynamics of excimer-like states in PMMA films as function

of film fabrication method, excitation energy, and dye concentration, we shall now
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investigate the effect of the polymer matrix that surrounds the dye molecules and the role

it plays in the formation and relaxation kinetics of EHOPhTTzPy excimer-like states.

4.3.2.5 Role of Polymer Matrix in Dynamics of EHOPhTTzPy Excimer-like States

Previously we have discussed the effect of confinement on the formation and
relaxation kinetics of excimer-like states. Excimers, which are notorious for facilitating
relaxation of excited-state energy through deleterious pathways, can be encouraged to
yield high luminescence quantum yield if they can be effectively confined. The polymer
matrix in these polymer-dye blends serves the function of confinement. However,
polymer matrices do not truly confine or restrict the intramolecular rotations at the
molecular level. A helpful analogy to describe the role of polymer matrices in these
blends is that of a net.'*” Based on the rigidity of the matrix, intra- and intermolecular
interactions can be modulated. A reliable measure of the rigidity of a polymer is
represented by its Young’s modulus. Since a central thesis of this work is that high PLQY
from EHOPhTTzPy films is due to confinement and restriction of the excimer-like states,
we tested excimer-dynamics in two more polymer matrices with rather different Young’s
modulus. At the lower end of rigidity, we chose Styrene-butadiene-styrene (SBS) co-
block polymer which has a bulk Young’s modulus of 73 MPa.'** We chose Polystyrene
(PS) along with the already discussed PMMA polymer to represent polymer matrices
with higher bulk Young’s modulus; 3.37 GPa, and 3.9 GPa respectively.!** 43 Films
containing 1 wt.% EHOPhTTzPy in 10 mg/mL polymer solution were drop-casted. The
steady state characteristics of the films are shown in Figure 4.10, pre and post irradiation

for 5 mins.
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Figure 4.10. The formation and relaxation kinetics of excimer-like states is a function of
the surrounding polymer matrix. Steady-state spectra. a) absorption and b) PL emission

profiles of films cast with different polymer matrices.

At the outset, it is evident that in all three polymers, excimer-like states are
formed upon irradiation. This was expected since the formation of EHOPhTTzPy
excimer-like states are dependent on film fabrication method and not on the type of
polymer matrix used. However, the polymer matrix does tune the properties of the films
and the excimer-like states. For example, SBS rendered a fuzzy film upon curing which is

denoted from the broad absorption spectra.

The PL emission spectra shows clear transition from monomer to excimer-like
emission in all three systems post irradiation with UV light for 5 mins. However, the
intensity of the excimer-like emission varies drastically. In case of PMMA film, the
excimer-like emission had to be scaled down by a factor of 0.20 for sake of clarity. The
excimer-like emission in SBS film reduced dramatically compared to the monomeric
emission. This was expected since SBS is not a rigid polymer and hence it is unable to

confine the excimer-like states efficiently.
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To quantify the luminescence efficiency of the films pre and post irradiation, solid

state fluorescence quantum yield was measured and has been shown in Table 4.2.

Table 4.2. Solid state fluorescence quantum yield of films pre and post UV irradiation.

Polymer PLQY ,isine | PLQY ragiated | PRV radiated PLQY prigtine
SBS 4.58% 3.24% 0.71
PS 9.00% 14.18% 1.58

PMMA 27.83% 61.01% 2.19

As expected, increase in luminescence efficiency in films due to excimer-like
states can be observed only in films that utilize a polymer matrix with high Young’s
modulus. Since SBS is not a rigid polymer matrix, the excimer-like states relax via non-
radiative pathways. This results in lowering of the PLQY. Therefore, it can be concluded
that embedding the dye in a rigid polymer matrix with high Young’s modulus is crucial

for obtaining enhanced luminescence from excimer-like states.

4.3.3 Development of a Novel Optical Device based on Excimer-like States

We have demonstrated that excimer-like states with high luminescence efficiency
can be formed, and their relaxation kinetics can be controlled via confinement in polymer
matrices. In this section, we have utilized the above stated properties to fabricate a novel

optical device based on the dynamics of the excimer-like states.



As mentioned earlier, upon irradiation with an appropriate light source, pre-
associated weakly coupled dimers arrange in a strongly coupled excimer-like
arrangement. Aggregation of matter is a thermodynamically driven process. Therefore,
we hypothesized that if energy is introduced to the system, the dimers can be
disaggregated, and monomeric emission can be recovered. To test this hypothesis, we
fabricated a EHOPhTTzPy:PMMA film containing 1 wt.% dye via drop cast method.
This film was irradiated to generate excimers. Then the film was annealed at 200 °C
which is the melting point of PMMA. The PL emission spectra and photograph of the

film through different stages are shown in Figure 4.11.
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Figure 4.11. Fabrication of a novel optical device based on dynamics of excimer-like

states. a) PL emission spectra of pristine, irradiated, and annealed films showing recovery

of monomer emission in films. b) Photographs of the films.

The pristine film exhibits the monomeric violet/royal-blue emission. Upon
irradiation for 5 minutes with UV light, the excimer-like emission has been maximized.
As expected, upon annealing, the strongly coupled dimers can be disaggregated and the

monomeric emission can be recovered. The controlled coupling of dimers and the
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stimuli-responsive character in these films leverages the system to be used in anti-

counterfeiting and steganography among other applications.

4.4 Discussion

We have probed the formation and relaxation kinetics of EHOPhTTzPy excimer-
like states in polymer-dye blend films. We have also reported that these excimer-like
states can be leveraged to form highly luminescent solution processable films. High
PLQY of excimer-like states is a rare phenomenon and therefore deserves an explanation

of the underlying photophysical mechanism, Figure 4.12.
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Figure 4.12. Proposed mechanism of EHOPhTTzPy excimer formation in films.

In the ground state, the electron density is concentrated at the donor group of

EHOPKTTz. This renders a difference in the electrostatic charge distribution along the
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monomer, (M). When the films are cured, the difference in the electrostatic charge
distribution facilitates the formation of weakly coupled pre-associated dimers, M+M.
When one of the monomers in these dimers absorb light, the electron density shifts to the
acceptor pyridyl group, M*+M. This shift in electron density causes the dimers
embedded in the netlike polymer matrix to rearrange in a conformation that encourages
strong excitonic coupling resulting in the formation of an excimer-like state, [M*M]. As
this excimer-like state relaxes, it emits the photon of 2.48 eV, [MM]. It should be noted
that once a dimer with strong excitonic coupling is formed in films, it does not dissociate
back to the weakly coupled dimer state after relaxation of the excited state energy. This
indicates that the strongly coupled dimer is highly energetically stable even in the ground
state. The stable dimers dissociated only after melting the polymer matrix, at which point

the monomeric (or weakly coupled dimeric) emission was recovered.

The high level of control over formation of excimer-like states, and their
relaxation kinetics was possible because of the intramolecular charge transfer along the
individual monomers. This leads us to envision the possibility that high PLQY in films
with confined excimer-like states can be realized with other organic luminophores that
exhibit a push-pull effect. This study could increase the functionalities of organic push-

pull luminophores tremendously.

4.5 Conclusion

It is a widely accepted notion that excimers decrease the PLQY of an organic

luminophore. However, if the formation equilibrium and relaxation kinetics of excimer-
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like states can be confined, they can result in PLQY enhancement. In this work, we have
synthesized a new TTz based material (EHOPhTTzPy) and showed that it can form
excimers in concentrated solution or solution with increased temperature. EHOPhTTzPy
was then embedded in various polymer matrices to fabricate films. It was found that
excimer-like states in films can be photocontrolled and are highly stable. These excimer-
like states are a function of concentration, film fabrication method, rigidity of the
polymer matrix, and photoexcitation. By irradiating with light of appropriate energy, the
formation of excimer-like states can be controlled with high level of precision which can
render films of tunable fluorescence. Confining the excimer-like states in films resulted in
highly fluorescent films (PLQY = 61%) and relative increase in

PLQY (excimer:monomer) of over 8 folds. Excimer-like emission can be reversed back
to monomeric emission by disaggregating the strongly coupled dimers. We have carried
out this disaggregation by annealing the polymer matrix and letting it cure slowly. In
doing so, we have fabricated an excimer-like emission-based optical device that can be
used for anti-counterfeiting and steganography, among other applications. Since the
formation of excimer-like states is a result of the electron-donating and -withdrawing
(push-pull) effect, it is reasonable to envision that such high level of photocontrolled
excimer-led PLQY enhancement phenomena can also be observed in other similar
organic luminophores. Therefore, this study will be crucial in expanding the scope of
managing excimer-like states in condensed matter states resulting in the proliferation of a
new class of optical and photonic coatings and devices with high luminescence

efficiency.
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Chapter 5:

Conclusion

Efficient management of excitons in organic chromophores in the solid state is a
crucial parameter for various optical and photonic applications. However, the neutral
electrical charge of an exciton and the excited-state energy continuum bands along which
excitons can diffuse in solid-state materials complicates their controlled manipulation.
Nevertheless, management of excitons in organic chromophores has been pursued via
multiple approaches. In this work, I have utilized self-assembly as a tool to manipulate
molecular packing in the solid state. Manipulation of the molecular packing influences
the energetics in solid-state materials such as thin films and crystals. The effects of
structure-energy modulation have then been traced in the photophysical properties of the

organic chromophores via various spectroscopic methods.

Two families of chromophores have been studied in this dissertation:
metalloporphyrins and thiazolo[5,4-d]thiazole (TTz). Both of these chromophores have
been widely reported in the literature and present unique structural and photophysical
characteristics which have been utilized in various contexts. Metalloporphyrins are
ubiquitous and are even found in nature as chlorophyll and hemoglobin. They exist as a
large planar macrocycle with rich 7-conjugation. Metalloporphyrins can form elaborate
three dimensional structures along which excitons can diffuse, such as in thylakoids.
Porphyrins and metalloporphyrins-based nature-inspired solar cells have been widely
reported in the literature. This makes establishing the modulation of excitons in
metalloporphyrin films a pressing issue and one that is relevant to a wide spectrum of

scientists. TTzs are also planar and highly conjugated. However, unlike
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metalloporphyrins, these heterocycles prefer Si to So radiative recombination of excitons
making them suitable candidates for a variety of fluorescence-based applications. TTzs
also boast easy synthetic tunability and high oxidative stability. Thus, TTzs have received
significant attention particularly in the last couple of decades with the rise in organic-

materials-dependent optical and photonic technologies.

In chapter 2, a new library of solution-processable Zn-
(carboalkoxycarbonyl)phenylporphyrins containing butyl (ZnTCB4PP), hexyl
(ZnTCH4PP), 2-ethylhexyl (ZnTCEH4PP) and octyl (ZnTCO4PP) alkyl groups was
synthesized. It was established that variation in the length of the peripheral alkyl
appendages on the metalloporphyrin macrocycle resulted in preferential orientation and
molecular self-assembly in solution-processed thin films. The resultant arrangement of
molecules consequently affects the electronic and photophysical characteristics of the
metalloporphyrin thin films. The various molecular arrangements in the porphyrin thin
films and their resultant impact were determined using UV-Vis absorption spectroscopy,
steady-state and time-resolved fluorescence spectroscopy, and X-Ray diffractometry. The
films were doped with Ceo exciton quenchers and the change in fluorescence was
measured to derive a relative quenching efficiency. Using singlet fluorescence emission
decay lifetime, relative quenching efficiency, and Ceo dopant volume fraction as input,
insights on exciton diffusion coefficient and exciton diffusion lengths were obtained from
a Monte Carlo simulation. ZnTCO4PP exhibited the strongest relative fluorescence
quenching and therefore the highest exciton diffusion coefficient (5.29 x10 cm? s™!) and
longest exciton diffusion length (~ 81 nm). It also showed the strongest out-of-plane

stacking among the metalloporphyrins studied. This work demonstrates how molecular



92

self-assembly can be used to modulate and direct exciton diffusion in solution-
processable metalloporphyrin thin films engineered for optoelectronic and photonic

applications.

In chapter 3, four alkoxyphenyl TTz-based materials were functionalized with
alkyl appendages of varying carbon chain lengths. High quality single crystals of the
materials were grown, three of which were previously unknown. The crystals were
characterized using single-crystal X-ray diffractometry and their molecular-packing
modes were studied in conjunction with high-level computational simulation. It was
established that the self-assembled molecular arrangements in TTz-based crystals are
largely governed by a chorus of synergistic intermolecular non-covalent interactions.
Three crystals packed in herringbone mode and one crystal packed in slipped stacks
proving that alkyl appendages modulate structural organization in TTz-based materials.
The structure-energy effects on the photophysical properties of the TTz-based materials
were studied via steady state and time-resolved optical and vibrational spectroscopy. The
crystals fluoresce from orange-red to blue spanning through the whole gamut of the
visible spectrum. It was established that the photophysical properties are a function of
crystal packing in the symmetrically substituted TTz-based materials. This correlation
was then utilized to fabricate crystalline blends which can be used for phosphor-
converted color-tuning and white-light emission. Given the cost effectiveness, ease of
synthesis and now a structure — photophysics correlation, we present a compelling case
for the adoption of TTz-based materials in solid-state photonic and fluorescence-based

optical devices.
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In chapter 4, a widely accepted notion in the photophysics community has been
challenged through the controlled self-assembly of 2-(4-(2-ethylhexyl)oxyphenyl)-5-(4-
pyridyl)thiazolo[5,4-d]thiazole (EHOPhTTZzPy) in solution-processable thin films. Since
its discovery in the late 1960s, excited-state dimers, or excimers, have been widely
understood to plummet the luminescence efficiency (PLQY) of a system. Recently, it has
been reported that controlled formation and relaxation kinetics of excimers can result in
high PLQY. However, these studies focus on pyrene and other polyaromatic
hydrocarbons. In this work, a new TTz based material, EHOPhTTzPy, was synthesized
and first tested for successful formation of excimers in the solution state. The formation
of excimer-like states was then studied in solution-processable polymer-dye blend films.
It was found that the formation of excimer-like states can be photocontrolled. The
formation of excimer-like states can also be controlled via modulation of concentration of
dye in the polymer-dye blend and by adjusting the film fabrication method. The
relaxation kinetics was found to be directly influenced by effective confinement by the
neutral polymer matrix. Under effective control over the formation and relaxation
kinetics of TTz-based excimer-like states, PLQY of 61% was achieved along with
relative increase in PLQY of over a factor of 8 in solution-processable films. PLQY
enhancement was found to be observed only in rigid polymer matrices with high Young’s
modulus. Excimer-like emission can be reversed back to monomeric emission by
disaggregating the strongly coupled dimers. The disaggregation was carried out by
annealing the polymer matrix and allowing it to cure slowly. This fluorescence-based
optical device can be used for anti-counterfeiting and steganography, among other

applications. This study will be crucial in expanding the scope of managing excimer-like
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states in condensed matter states resulting in the proliferation of a new class of optical

and photonic coatings and devices with high luminescence efficiency.

The work discussed in this dissertation provides significant insights into the
manipulation of exciton behavior in organic chromophores through self-assembly
techniques. By influencing molecular packing in the solid state, the energetics and
photophysical properties of the chromophores can be effectively controlled, opening up
avenues for advanced optical and photonic applications. The successful modulation of
exciton diffusion in metalloporphyrin thin films and the establishment of a structure-
photophysics correlation in TTz-based materials demonstrate the potential of this
approach. Furthermore, the controlled formation and relaxation kinetics of excimer-like
states in EHOPhTTzPy films offer a novel route to achieving high luminescence
efficiency, paving the way for a new generation of optical and photonic devices. These
findings highlight the importance of self-assembly as a powerful tool for tailoring the
behavior of excitons in organic chromophores, leading to significant advancements in

various fields.
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Figure S2.1. Time-resolved fluorescence spectra and first order fitting of a) ZnTCB4PP,

b) ZnTCH4PP, ¢) ZnTCEH4PP and d) ZnTCO4PP.
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Figure S2.2. UV-Vis absorption spectra of spin-cast metalloporphyrins thin films of
(a)ZnTCB4PP, (b) ZnTCH4PP, (¢) ZnTCEH4PP and (d) ZnTCO4PP. Each plot includes
spectra of pristine films (-), films doped with vfac 0.06% (-) and films doped with Vfrac
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Table S2.1. XRD Diffraction Data for ZnTCB4PP, ZnTCH4PP, ZnTCEH4PP and

ZnTCO4PP (Cu Ko radiation of L = 1.541 A).

Material Peak (26) d-spacing (4) | Intensity | Rel Intensity
ZnTCB4PP 5.87 15.05 77 0.31
13.95 6.34 122 0.49
16.81 5.27 250 1.00
18.73 4.74 62 0.25
25.45 3.50 57 0.23
ZnTCH4PP | 551 16.03 155 0.58
14.09 6.28 114 0.43
16.91 5.24 265 1.00
18.43 4.81 64 0.24
25.35 3.51 57 0.22
ZnTCO4PP | 4.61 19.16 365 2.97
9.21 9.60 30 0.24
13.87 6.38 64 0.52
16.87 5.25 123 1.00
18.45 4.81 52 0.42
25.33 3.51 49 0.40
ZnTCEH4PP | 14.07 6.29 188 0.40
16.85 5.26 474 1.00
18.47 4.80 87 0.18
25.57 3.48 77 0.16
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Section3.1: Spectra Characterization

Section 3.1.1: 'H-NMR Spectra
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Section 3.1.2: MALDI-TOF-MS
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Figure S3.1. Maldi-TOF-MS Spectra of a) (MeOPh),TTz, b) (PrOPh),TTz, c)

(BuOPh);TTz, and d) (HepOPh)>TTz



Section 3.2: X-Ray Characterization

Section 3.2.1: Single Crystal Structure Data and Refinement

111

Table S3.1. Summary of crystallographic data of dialkoxyphenyl TTzs

(PrOPh):TTz (BuOPh):TTz (HepOPh).TTz
CSD Deposition 2257069 2257068 2257067
Number
Empirical formula C22H22N20:8: C24H26N20:8S: C30H33N20:S:
Formula weight 410.564 438.618 522.781
Temperature/K 100.00(10) 100.00(10) 100.00(10)
Crystal system monoclinic triclinic monoclinic
Space group P2i/c P-1 P2i/c
a/A 16.2976(4) 5.4441(5) 31.0223(11)
b/A 7.46099(19) 7.4759(7) 7.1900(3)
c/A 7.9920(2) 14.1023(13) 6.0107(2)
a/° 90 84.330(8) 90
p/e 96.418(2) 82.922(8) 91.400(3)
y/° 90 70.044(8) 90
Volume/A3 965.71(4) 534.39(9) 1340.29(09)
Z 2 1 2
Pealeg/cm’ 1.412 1.363 1.295
W/mm! 2.669 2.446 2.032
F(000) 434.6 233.3 562.9

Crystal size/mm?

0.378 % 0.364 x 0.197

0.565 x 0.511 % 0.036

0.165 x 0.141 x 0.035

Radiation

Cu Ka (b= 1.54184)

Cu Ka (L= 1.54184)

Cu Ka (A= 1.54184)

20 range for data
collection/®

10.92 to 133.34

12.62 to 133.6

8.56 to 133.84

Index ranges

-19<h<19,-7<k<8,-9
<1<8

36<h<36,-8§<k<7,-6
<1<7

Reflections collected

8742

12196

Independent 1698 [Rint = 0.0335, 1873 [Rint = 0.0374, 2371 [Rint = 0.0772,
reflections Rsigma = 0.0206] Risigma = 0.0367] Rsigma = 0.0466]
Data/restraints/para 1698/0/141 1873/0/137 2371/0/176

meters




112

Goodness-of-fit on F?

1.075

1.075

1.103

Final R indexes
[I>=2¢ ()]

R1=0.0300, wR2 = 0.0733

R1=0.0366, wR2 = 0.0945

R1=0.0744, wR2 = 0.2012

Final R indexes [all
data]

R1=0.0358, wR2 = 0.0780

R1=0.0431, wR2=0.1008

R1=0.0971, wR2 =0.2214

Largest diff.
peak/hole / e A3

0.22/-0.28

0.40/-0.28

0.82/-0.43

Section 3.2.2: Correlation between Volume of Unit Cell and Alkyl Chain Length
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Figure S3.2. Crystals packed in monoclinic crystal system showed a perfect correlation

between volume of unit cell and alkyl chain length.



Section 3.2.3: Pictorial representation of interaction energies in TTz crystals

(MeOPh),TTz

(PrOPh),TTz

(BuOPh),TTz

(HepOPh),TTz

Figure S3.3. Color-coded pictorial representation of interaction energy in TTz crystals

with respect to one central reference molecule.
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Section 3.2.4: Intermolecular interaction energies in TTz crystals

Table S3.2. Details of intermolecular interaction energies in TTz crystals

114

Pair | Orientation | Color R (A) | Eee Epot | Eais Erep Erot
label
(¢f
Fig
3)
(MeOPh):TTz | a) Cofacial Red 3.98 -6.98 | -2.44 | -80.74 | 36.34 | -53.70
b) Orthogonal | Green 10.67 | -11.73 | -1.48 | -25.69 | 14.28 | -24.60
c) Parallel Blue 19.04 | -7.82 | -1.18 | -8.80 0.00 -17.90
d) Orthogonal | Yellow 11.47 | -5.60 | -0.89 | -16.03 | 6.30 -16.20
Cofacial Purple 18.52 | 3.28 -0.37 | -5.75 0.00 -2.80
(PrOPh):TTz e) Orthogonal | Green 5.47 -54.65 | -7.03 | -101.65 | 93.75 | -69.70
f) Cofacial Blue 7.99 -28.12 | -5.25 | -58.62 | 75.52 | -16.60
2) Cofacial Red 1894 | -0.11 | -0.07 | -8.97 0.00 -9.20
(BuOPh):TTz | h) Cofacial Red 1529 | -11.20 | -1.41 | -58.53 | 0.00 -71.10
Cofacial Blue 14.1 1.16 -1.70 | -68.29 | 0.00 -68.80
Cofacial Green 1596 | -29.81 | -1.26 | -27.35 | 0.00 -58.50
Cofacial Teal 14.48 | -10.36 | -2.00 | -33.01 | 0.00 -45.40
Cofacial Yellow 5.44 -10.36 | -5.25 | -44.68 | 22.93 | -37.40
Cofacial Purple 28.46 | 0.85 0.00 | -4.88 0.00 -4.00
Cofacial Pink 28.8 0.11 0.00 | -0.70 0.00 -0.60
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(HepOPh):TTz | i) Orthogonal | Red 4.69 -72.51 | 0.00 -137.88 | 99.37 | -111.00
J) Cofacial Green 6.01 -79.06 | -7.62 | -78.39 | 110.44 | -54.70
Cofacial Blue 33.54 | 0.21 0.00 -7.06 0.00 -6.80

Where,

Eee = classical electrostatic energy of interaction between monomer charge distributions

Erep = exchange-repulsion energy

Edis = dispersion energy

Epol = Polarization energy

Since kgT = 2.5 kJ/mol and the error to which the sublimation enthalpy can be measured

1s approximately 5 kJ/mol for organic compounds, molecular pairs with Eit~ 5 kJ/mol

should be ignored.
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Section 3.2.5: List of contacts from crystal packing data of (CnOPh)2TTz crystals

Table S3.3. (C,OPh),TTz crystal packing data with emphasis on interchromophoric

interactions. For atom labelling sequence cf. Figure S3.4. Interatomic distances has been

denoted by d (A); Frequency of Interaction has been denoted by 7; Number of molecules

has been denoted by M.
Pair label | Orientation | Color | Interaction d, Angle, Total
(¢f Fig 3)
Q) | (deg)
(MeOPh):TTz | a) Cofacial Red Cyo-H—O1 2.935 | 149.48 4
TT-TCphenyl centroid 3.985 4
b) Orthogonal | Green | Cs-H—S; 3.519 | 120.35 4
Cs-H—N1 2.964 | 178.48 4
Co—S1 3.468 | 173.66 4
c) Yellow | Co-H—N1 2912 | 161.62 4
C7-H—S: 3.851 | 169.5 4
d) Parallel Blue Co-H—On 2.537 | 144.74 4
(PrOPh):TTz e) Orthogonal | Green | Cs-H—S1 3.839 4
C10-H—O1 3.249 | 127.93 4
Cii-H—On 3.44 | 122.36 4
C10-H—O1 3.922 | 13547 4
C2—Si 3.38 4
S—S 3.488 4
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C7-H—C3 2.88 | 136.06 4 |4
S1i—Cs 3.327 4 |4
Cs+—S1 3.379 4 |4
f) Cofacial Blue C7-H—N1 3.35 | 126.41 2 | 4
Co-H—N1 2.986 | 72.88 2 |4
Cs—S1 3.456 2 |4
g) Cofacial Red Cu-H—O1 3.799 | 142.93 2 4
(BuOPh):TTz | h) Cofacial Red Ci2-H—S1 3.266 | 123.54 14 | 28
Co-H—O1 3.321 | 124.83 14 | 28
Ci2-H—Ni 3.255 | 170.66 14 | 28
C1o-H—tpheny centroia | 2.856 | 138.1 14 | 28
Cu-H— 3.591 14 | 28
TUphenyl centroid
Ci2-H— 3.601 | 142.8 14 | 28
TTZcentroid
(HepOPh): TTz | i) Orthogonal | Red C10-H—O1 3.11 141.73 4 | 4
Cs-H—On 3.893 | 147.75 4 |4
Cu-H—On 3.519 | 131.74 4 |4
Co-H—On 3.016 | 144.94 4 |4
Cs-H—S1 3.599 | 123.69 4 |4
C7-H—Cs 2.826 | 124.37 4 |4
Si—C2 3.311 4 |4
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S1i—Ci 3.392
Cs-H—C3 2.895 | 124.17
C+-H—C> 2.892 | 144.2

J) Cofacial Green | Cu-H—O1 3.062 | 170.29
C7-H—H-Cy 2.345 | 157.81
S—S 3.118

Section 3.2.6: Atom labelling sequence

The atom labelling sequence of (HepOPh)2TTz is shown in Figure S3.3. Truncated

labelling sequence can be used for other TTz derivatives.

Figure S3.4. (HepOPh)>TTz with labelled non-hydrogen atoms.
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Section 3.2.7: Distribution of intermolecular contacts to Hirshfeld surface area
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Figure S3.5. Relative contribution of the intermolecular contacts to the Hirshfeld surface

area for (CnOPh)2TTz crystals.
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Section 3.2.8: Shape index of the Hirshfeld surfaces

(MeOPh),TTz

(ProPh),TTz

(BuOPh),TTz

(HepOPh),TTz

Figure S3.6. Shape index of the Hirshfeld surfaces of the (C,OPh),TTz crystals. n- ©
orbital overlap is represented by adjacent red and blue triangles on the Hirshfeld surface.
The absence of adjacent red and blue triangles is indicative of lack of n- © orbital

overlap.'"’
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Section 3.2.9: Powder X-Ray Diffractograms of TTz Crystals
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Figure S3.7. Comparison of experimental and simulated powder XRD patterns of a)

(MeOPh),TTz, b) (PrOPh),TTz, c¢) (BuOPh),TTz.
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Section 3.3: Photophysical Characterization

Section 3.3.1: DFT Simulated Raman Spectra
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Figure S3.8. DFT Simulated Raman Spectra with peak assignments.

Section 3.3.2: Lattice-Phonon Raman Spectra of TTz Crystals
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Figure S3.9. Lattice-Phonon Raman Spectra of TTz Crystals.



Section 3.3.3: Time Dependent Photostability Measurement of TTz Crystals
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Figure S3.10. Time dependent photostability measurement of TTz Crystals under

Time (hours)

constant illumination by 400 nm in ambient conditions.

Material Decrease in PL Intensity after 5 hours of illumination
(MeOPh):TTz 8 %
(PrOPh).TTz 14 %
(BuOPh):TTz 15 %

123



124

Appendix C: Supplementary Information (Chapter 4)

4.6.1 '"H-NMR of EHOPhTTzPy
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Figure S4.1. 1H-NMR Spectra of EHOPhTTzPy
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Figure S4.2. MALDI-TOF-MS Spectra of EHOPhTTzPy
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4.6.3 Solvatofluorochromic Characteristics of EHOPhTTzPy

675

Table S4.1. Optical spectrophotometric details of EHOPhTTzPy in different solvents.
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Solvent Aab (nm) |e (M.cm)?  em (nm) [P [t(ns) k.=@[t |k =(1-®)/t
Toluene 372 1766.4 436 |0.99|0.762| 1.30x10° | 1.31x10°
Chloroform 372 419.54 442 |0.99]1.125] 8.80x10° | 8.89x10°
Ethanol 372 7238.5 457  |0.94] 179 | 5.25x10° | 3.35x10’
Methanol 372 38062 461 |0.78|1.902| 4.10x10° | 1.16x10°
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4.6.4 PL emission spectra of the LED sources
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Figure S4.3. PL emission spectra of the LED sources
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