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This dissertation work investigates the non-radiative energy transfer process in a blend of donor
and acceptor of fused arene-based hybrid fluorophore materials. Aiming at understanding
molecular interactions in a solvent-solute medium and in a solid-state, the goal is to create an
efficient donor-acceptor hybrid system to use as a Foster Resonance Energy transfer (FRET)
system for molecular-based optical communications. Broad application of fluorescent moieties is
known to be hindered by self-quenching properties. Aggregation and restriction of intramolecular
rotation play just as an important role in charge transfer efficiency and emission intensity as do
external enhancement techniques. Herein, a significant attention was paid for the understanding of
the interaction between 9-anthroic acid (a donor) and a silane branched perylene molecule
(PTCBS) (an acceptor) as a FRET pair. This work highlights solvent and solute concentration
dependencies on the efficiency of such non-radiative energy transfer mechanisms. We also present
evidence, which conditions induce the rate limiting mechanisms that out-compete FRET.
Preparation of an anthracene carboxylic acid-anchored PDMS was undertaken as a Donor
fluorophore and evaluated for such an energy transfer use case, also. This effort was undertaken
to prepare an easily curable fluorescent polymer enabling established thin-film formation protocols
to be applicable to energy transfer device fabrication. The PDMS-donor functionalized system has
concluded that a functionalized polymer retaining fluorescent activity, yet a synthetic preparation
method could not be achieved for appropriate product purity and yield. A final sub-project
regarding a siloxane nanoparticle synthesized for improved perylene fluorophore loading was
studied. Thin-film formation effectiveness and synthesis parameters were improved to reduce
overall nanoparticle diameter. This work showed that whilst decreasing particle diameter allowed
for a theoretical maximum of over 97% particle volume to become accessible by a resonant donor,
efficacy of monolayer thin-film formation significantly decreased when compared to the
previously larger nanoparticles.
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CHAPTER I: INTRODUCTION

OVERVIEW
The application-based literature regarding perylenetetracarboxylic dianhydride (PTCDA) and its
derivatives tend to be split, at first, into the categories of thin-film or solution. Further narrowing
of investigative topics considers analysis of quenching phenomenon. As a foundational tool for
understanding photophysical behavior, quenching mechanisms can provide significant
quantitative and qualitative information. The reemergence of recent interest in soluble PTCDA
derivatives provide evidence for growing interest in application outside of the pigment industry 1.
Areas of research that can be accessed with an expanded solubility library are organic electronics,
photoinduced processes and supramolecular organization 2. PTCBS is a candidate for solventbased quenching research and specifically, with a quenching mechanism known as Förster
resonance energy transfer.
The calling for probes, diodes, and devices derived from photoluminescent materials has been
growing larger within the first two decades of the twenty first century. Within these applications,
Förster Resonance Energy Transfer (FRET) has been studied intensely due to its photophysical
properties, and more uniquely, its intrinsic spatial determination. FRET follows an effective range
law to the order of 𝑟 −6, resulting in a binary-like energy transfer response when two fluorophores
interact within 10 nm of separation. This, for one reason, has been championing its presence in
fields of biological study for a handful of decades. FRETs usefulness has been derived from its
unique and paired interaction properties that result in a non-radiative energy transfer between two
fluorophore dipoles. What makes FRET especially unique in this scenario is the near to guarantee
of spatial resolution sub 10 nm. Beyond such distances, other quenching and radiative emission
mechanisms will occur. The outcome of a binary system of fluorophores can then be characterized
by a red shift in emitted light, post excitation.
By no coincidence, the early couple of decades in the twenty-first century also exhibited growth
surrounding energy transfer. Through those years, the field of study was involved mostly in
emission enhancement via various methods of resonance coupling 3–7, plasmon enhancement 8–10
or direct pair interaction improvements

11

. These include confined nanoparticles
1

4,9

, metallic

surfaces

12

, nanoantenna waveguides

7,8

, and biased dipole alignment techniques

application is still known to be hindered by self-quenching properties

14

13

. However,

. In 2009, aggregation-

induced emission was studied and developed by a team interested in the effects of restriction of
intramolecular rotation

15

. This work resulted in increased emission simultaneous to increased

concentration. Quite an opposite outcome when compared to other intrinsically fluorescent
molecules – such as perylene – which self-quenches at high concentrations because of π-π stacking
interactions

16

. Another remedy to self-quenching was to build fluorescent dyes into a rigid

framework such as a silica nanoparticle 17 for metal-organic framework 14.
The centerpiece of this work is a rylene dye known in shorthand to be PTCDA. Formally,
perylenetetracarboxylic dianhydride. It is an organic semiconductor with nearly 9000 published
scholar articles searchable through the Google Scholar engine, as of 2021. The scientific attraction
to this molecule comes from its intense visible light absorption, thermal and chemical stability,
electron accepting tendencies, and near unity quantum yield emission. It has made strong
impressions in the organic solar cell disciplines 18 and is now used for sensing and probes 19,20. A
critique of PTCDA is its poor general solubility. Water, ethanol, chloroform, acetonitrile, and other
similar solvents are not sufficient to effectively dissolve this dye molecule. Insolubility very
quickly reduces the range of sensing application currently used in cheap and quick testing
scenarios. In 1988, Demming et al. produced a functionalized PTCDA derivative intending to
improve solubility and incurring improvements to fluorescence emission. This has been improved
upon many years later by Türkmen et al. with four more soluble derivatives of PTCDA. Molecule
4 had been designed for aqueous environments where they could minimize electron transfer
through the addition of acidic species. Concluding, a highly soluble, photoactive, electron transfer
controllable, functionable molecule is a foundation for a research playground. In the same year
(2009) as Türkmen, Wahab et al. produced and self-assembled thin-films from a perylenediimidebridged silsesquioxane. This molecule is highly soluble in chloroform and can be used to build
structure in two and three dimensions. This PTCBS (perylenetetracarboxylic bridged siloxane)
molecule could be produced within ‘green chemistry’ temperatures using a single step reaction. It
does not retain as much chemical stability as the mother molecule PTCDA, but the framework
capability expands application in other areas and substitutes if utilized correctly.

2

Aggregation of fluorescent dyes play a significant role in influencing electronic and photonic
energy transfers. A dye being either induced to commit a non-radiative or radiative decay pathway
depends heavily upon its environment of neighboring partners, be them of solvent or dye. With
furthering efforts to produce more sensitive and complex optical probes and sensors, understanding
energy transfer properties of fluorescent dyes is growing in importance. In a system where
maximum intensity of sensing output is key, the direct solution of including more sensing dye
comes with the typical drawbacks of aromatic aggregation. The π-conjugated backbones of high
quantum yielding moieties that make them ideal for photonic sensing applications can also be their
detriment due to strong tendency of π-π stacking based aggregation, and a resultant self-quenching.
There are of course ways in which this phenomenon can be used to take advantage of such
aggregation, for example: it is a sure way to judge movements in solvent cage dynamics or
appearance and interaction of system intruders. Nevertheless, understanding the limitations of
environment and concentration in these sensing systems has great value to encourage new
applications and methods. Derivatives of PTCDA known as “swallowtail” substituents

21

have

been found effective at remaining soluble while simultaneously disrupting π-π stacking
interactions 2. Other methods of disrupting stacking interactions included nanoparticle 22 and MOF
14

dye integration to sterically hinder orbital interaction.

This work intends to explore the parameters that induce quenching mechanism of a pair of
fluorescent dyes; 9-anthroic acid and a silane derivative of PTCDA. In tandem, these fluorophores
can exhibit multiple energy transfer mechanisms provided the environment of solvent and
concentration as to do so. This work will also explore a potential method of engineering out curtain
transfer pathways via nanoparticle formation. Growth of application that fluorescent labels and
sensors have shown in recent years is a great incentivizing factor of further experimentation for
PDI-based nanoparticles inherently able to restrict undesired energy extinction pathways. It is also
worth looking into ground state charge transfer proficiencies of both PDI-Silane, and PDIB-SQ
nanoparticles.
A potential avenue to broaden the material catalogue is to experiment with known, and highly
proficient organic fluorophores. One way to implement this is through synthesis of hybrid
nanostructures. Such structures would be capable of producing or receiving a signal, and then
enabling an action from that. These structures would contain signaling molecules that can
3

fluoresce/absorb light and move this energy around as the signal packet whilst be adapted with
characteristics giving them ease of workability. Hybrid molecules have been previously developed
using perylenediimide functionalized bridged siloxane

22

. When compared to other forms of

molecular communication materials however, the siloxane particles are an order of magnitude
larger. The phenomenon of Förster Resonance Energy Transfer (FRET) requires distances below
10 nm for any such possibility of signal transfer. Therefore, typically, single molecules are used
for such practices. However, recent experimental work has shown that it is quite effective to use
the FRET method for nanocommunication

23

. It has also been shown that halogenated

phenylsilsesquioxanes can be implemented to provide structure and function in one measure

24

.

This leaves a great many opportunities for integration of such materials with a FRET based device
and exploration of that device’s efficacy with nanocommunication. Given a combination material
approach, it is vital to maintain and measure the continued usefulness of the fluorescent
component. A hybrid material that improves workability at the sacrifice of FRET performance has
not moved the field forward. The theme of this work presents ideas with which to avoid such tradeoff.

AIMS OF THE RESEARCH
The overall goal of this dissertation work is to investigate the FRET phenomena in fused arenebased donor and acceptor hybrid materials by understanding the photophysical properties in
solution and thin films of novel derivatives of anthracene donor and perylenediimide acceptor. By
exploring the solvent dependent adsorption and emission behavior of these two donor and acceptor
systems could reveal the effect of solvent interactions on the FRET efficiency.
OVERALL HYPOTHESIS
Structured, hybrid, workable fluorescent materials can still present manageable photophysical
properties and perform Förster Resonant Energy Transfer in thin-film and solvent environments.
In order to understand the photophysical behavior of donor and acceptor systems of anthracene
derivative and perylenediimide nanohybrids in solution and thin-film, the following three aims
will be completed.
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Aim 1: Synthesis, characterization, and performance measurements of anthracene-polymer
derivative, PDMS-anthracene.
Under Aim1, the proposed research initiates with synthesis of an anthracene functionalized
polymer derivative. The novelty of this attempt is to create a fluorescent polymer with controlled
thin-film formation via spin-coating techniques.
Hypothesis
Characteristic structural properties and workability of material will be maintained after integration
with organic fluorophores and use of anthracene as an energy transfer donor is maintained.
Rational
Polydimethylsiloxane (PDMS) is a widely used polymeric organosilicon compound mainly due to
its rheological properties. It is used as a surfactant and defoamer, a viscous component in limited
slip differentials, medicine, and cosmetics. Most relevant however, is its use in soft lithography. It
is a highly controllable material for spin coating applications and mold forming via flow delivery.
It is therefore an ideal material to use for device creation such as that presented here.
The functionalization of the PDMS provides the fluorescent component of the complete donor
system known as PDMS-ANT. A derivative of anthracene – 9-anthracenecarboxylic acid – is the
component to be added via esterification to PDMS. In this system, PDMS acts as a backbone,
while maintaining the optical properties of anthracene moiety even in thin film stage.

Aim 2: Synthesis, characterization, and performance measurements, PDI-silane (monomer) and
PDIB-NP (siloxane nanoparticle)
Under Aim 2, the proposed research initiates with preparation of Perylene-3,4,9, 10Tetracarboxylic Dianhydride Bridged Silsesquioxane (PTCDBS) and nanoparticle PDIfunctionalized bridged siloxanes (PDIB-NPs). The novelty of this aim focuses on reducing the
diameter of the functionalized nanoparticles and evaluate their photophysical performance as a
monolayer thin film.
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Hypothesis
Reduction of TetraEthyl OrthoSilicate (TEOS) in reaction procedure and appropriate counter
measure in catalyzing base will result in PDIB-nanoparticle diameter reduction. Particles will
retain similar interparticle interactions as those found with pure silica nanoparticles and will
behave well for monolayer formation via spin-coating techniques.
Rational
As an extension of work completed by Rathnayake et.al, succeeding those of Abdul Wahab, PDIB
NPs are to be created with a smaller diameter than previously synthesized 17,22. The ideal size for
such particles lies in the realm of 10 nm. This feat will present progress for hybrid
organotrialkoxysilane nanoparticles.
Two key details that encourage the use of PDIB-silane for the acceptor moiety in this research are
the achievable size of such particles and the high concentration of organic content. It has been
shown that approximately 70% load has been achieved into the siloxane core, which significantly
reduces unfunctional space in the particle volume; a vital characteristic for FRET communication
22

. The integration of such high organic content vastly improves upon quantum efficiencies of a

stand-alone polymer 24.
The PDIB nanoparticles are prepared using a modified Stöber method following the previous
published procedure. The typical method implemented for particle formation is the hydrolytic solgel route, this reaction can be a base- or acid-catalyzed hydrolysis and condensation. Monomeric
alkoxysilane precursors are used in aqueous solvent for the final result 24. In this case, the acceptors
were synthesized using base-catalyzed hydrolysis and condensation. The PDI silane precursor is
hydrolyzed and condensed in the presence of tetraethoxysilane and ammonium hydroxide in
anhydrous ethanol. The diameter of the particles is reduced by adjusting the concentration of the
base, TEOS, and organotrialkoxysilane components.
The PDI silane precursor and PDI nanoparticles will be evaluated for FRET. The PDI silane shows
better film forming ability compared to nanoparticles. Such films are easily applicable to the device
design proposed and simplify production for a first attempt at performing FRET between the donor
and the acceptor.
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Aim 3: Investigate photophysical properties, quenching pathways and Förster resonance energy
transfer viability of anthracene (donor) and PDI-silane (acceptor).
Under Aim 3, isolated and blended photophysical properties of donor and acceptor will be explored
under solvent and dry thin-film conditions.
Hypothesis
Photophysical properties will show solvent dependency in both blended and isolated cases. Solvent
polarity will have an impact on emission efficiency due to competing energy transfer pathways
when solvent increases aggregation.
Rational
An expanded understanding of the photophysical and molecular interaction between PDI-silane
and 9-anthroic acid has great value when considering energy transfer quality with and without
aggregation and complex formation. This aim explores the concentration limits of such a system
to determine the threshold for good FRET performance; if it is at all possible to induce. It should
be possible to observe energy transfer at concentrations that do not induce self-aggregation of PDIsilane and avoid complex formation characteristic of static quenching. at higher concentrations it
is very likely to see the formation of complexes that take over the quenching pathway of energy
transfer and possibly completely quenching the donor and acceptor system. with such a diverse
possibility of outcomes available in a solvent-based system it is also valuable to assess solid state
performance. A thin-film will be able to provide a non-variable environment for the donor and
acceptor to remain stable in one configuration. The stable configuration would be determined by
the preparation solvent and time in said solvent.
Aggregation of perylene derivatives is well observed under high concentration conditions. Such is
induced by the near-field attraction that the π-conjugated ring structures have to one another. When
blended with a donor fluorophore, the competition between donor-acceptor and acceptor-acceptor
attraction has potential to shift from the dominant π-π stacking attraction that interferes with
resonant energy transfer.

7

DISSERTATION LAYOUT
This dissertation is presented in the form of eight chapters. The first containing a brief overview
introducing the field of nanocommunication, the applications in which it holds promise, and the
challenges with which modern research faces. Chapter I also contains relevant state-of-the-art
information to ground the work for future analysis. This chapter is finally concluded with a
compact discussion regarding the goals of the conducted research. Chapter II presents a thorough
review of foundational literature and experimental methodology regarding most topics brought
into question during the successive chapters. It deliberates most major findings regarding FRET
functionality, application, and manipulation. Furthermore, it discusses the outbreak of
nanocommunication research shows claim to support FRET as a significant contribution to the
field. Chapter III initiates with experimental methods of photophysical analysis with explicit
instruction for approach. It follows with synthesis procedures schemes derived and repeated in this
work. From there, procedures for film formation are discussed. Chapter IV presents in detail all
synthetic procedures conducted throughout this work. It begins with donor synthesis for anthracene
derived polymers and ends with the acceptor synthesis procedures based on the perylene molecule.
Chapter V explores the experimentation to form anthracene functionalized polymer as donors. It
provides experimental results and discussion of iterative design and outcome. Chapter VI explores
the experimentation of diameter reduction for perylene derived siloxane nanoparticles. It also
provides experimental results and discussion of iterative design and outcome. Chapter VII reports
on solvent-based work analyzing 9-anthracene carboxylic acid and perylene-3,4,9,10tetracarboxylic dianhydride bridged silsesquioxane as donor accepter pairs for Förster resonant
energy transfer. This chapter also explores further quenching pathways found to inhibit the desired
process. Chapter VIII finally concludes the results of all sections and summarizes the efforts of
this work to provide potential for future experiments followed with guidance and
recommendations for future application.
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CHAPTER II: BACKGROUND

As a next generation form of communication, Förster Resonance Energy Transfer has incredible
potential for spatially confined and unique interface applications. To appreciate the unique
characteristics of FRET, a complete understanding of its derivation and properties is useful.
Chapter 2 will introduce the fundamental understanding of FRET and the current state of the art
science that is being conducted within its realm.

FOUNDATIONAL LITERATURE
FIELD OF FRET
The FRET phenomenon is a quenching process that can be employed for short distance
communication. It was experimentally observed in 1949 by Theodor Förster where an
intermolecular energy transfer was observed between rhodamine B and trypaflavin25. FRET
involves the transfer of excited state energy – in the form of an exciton from an excited molecule
(donor) – to a ground-state molecule (acceptor). This energy transfer happens as a non-radiative
transfer of energy, i.e. without emission of a photon. These molecules, acting as fluorophores, must
be within close proximity – typically no more than 10 nm26,27 – for an effective transfer to take
place. The excited state lifetime of these fluorophores is best currently modeled as a statistically
random event, which ranges between 2 ns and 1 µs depending upon emission type. The
introduction of quenching pathways to a fluorophores emission, such as FRET, increases the
relaxation rate. FRETs energy transfer rate is in the range of 1 ps to 1 ns, which allows for
significantly higher communication rates compared to other molecular communication
techniques27.
Since the discovery of this phenomenon, the desire to apply its photophysical characteristics to
many sensing applications has accelerated. Biosensors have been the main driving force of
research as this field is comfortably equipped for dealing with fluorescent detection; yet
diversification is still underway28. Molecular tagging methods are generally accepted and have
been used for protein folding confirmation29–31, and high resolution near- and far-field
microscopy13,32. These areas still lacking the potential complexity that a nanocommunication can
envision. Research that will allow great expansion of application comes from the side of
9

computational modelling and material/nanostructure engineering. Molecular information
processing has become a growing field of interest as binary molecular switches have been realized
and could be handled with an optical approach33. FRET capable systems work strongly
dependently on probability and environmental conditions, so ensuring reliability of such systems
is a very complex task.
It has been shown that engineered implementation of optical antennas can enhance and control the
emission of quantum source much life those of FRET 9. Such work is likely to enable an overall
more reliable device for molecular communication and bolsters the argument for the use of FRET
in such a task. There are however more passive methods to improving signaling when dealing with
FRET communication. Orientation of the molecule dipoles plays a significant role in signal
transfer strength and must be accounted for when considering a reliable network or when FRET is
implemented for intensity analysis 15.
Structure and properties of surrounding materials has also been a focus of study for physics-based
research regarding FRET measurements and enhancement. It has been shown that physical field
confinement of the FRET distance via nanoantennas have increased the FRET rates

34

. These

nanoscale devices are designed to concentrate optical fields in the immediate vicinity of the FRET
molecules. However, this is a device tailored for a single FRET pair and requires precise
fabrication techniques. Larger FRET efficient structures have also been attempted to provide
multiple donor-acceptor pairs within one system

10

. These systems still remain complex to

fabricate as monolayers of quantum dots were required to be arranged into tri-layer structures.
These systems and studies also revolve solely around metallic and inorganic materials

35,36

.

Experimental and theoretical work has not been shown in the realm of FRET capable organic
molecules with similar procedure.
For the advancement of current efforts with regards to FRET implementation for molecular
communication, experimentation should be focused on addressing key components, which
include: (1) device components must be of sufficiently small enough dimensions in order to
reliably function; (2) the best reliability for a device will come from first polarizing the system,
and by implementing all possible signal enhancement techniques appropriate; (3) an intelligent
design of such device would have redundancy built in to recover from signal decay. Targeting to
10

improve these key concerns, this proposal research will focus on developing a novel donoracceptor system and design an efficient FRET communication device with a support of theoretical
analysis. Devices will be designed to enhance signal where possible and reduce probability of
systematic signal loss. The aim is therefore to set a foundation for a real, sophisticated
communication device capable of more complex and reliable data transfer. A valuable effort of
research comes from targeting reliability of such materials used in energy transfer sensing
applications. Currently, this can only be performed buy testing such materials directly and in
sequence.
Such materials used for FRET, or alternate pathways, are typically organic fluorescent dyes.
Rhodamine is used often for its high quantum yield and tunable emission wavelengths through
derivatives like Atto550 and Atto467N 9. These derivatives have also been popularized for their
ease of tagging DNA. Such methods have become a popular technique for maintaining and
controlling separation of donor and acceptor as the DNA scaffold has also become a tool via DNA
origami research. There a also a significant overlap with materials used for organic solar cells as
the same photophysical properties are useful for FRET. Perylene is a valuable material to the solar
cell field due to its chemical, thermal, and photochemical stability 17,37,38. Those same properties
make such a material competent for use in energy transfer sensing environments.
DYES AND DERIVATIVES
Interest in quenching dynamics of rylene dyes is periodic and has been spread over multiple
decades. Early work aimed to identify single mechanisms under strict and controlled
environments. these experiments showed strong efficacy of perylene dodecyldiimide as a strong
quencher of various π-electron donors. Unusually high rates of static quenching were measured
for the time and they were attributed to the Perrin model and singlet excited state electron
transfer39. More modern applications of the perylenes strong quenching properties have been used
for molecular sensing. A conjugated microporous polymer based on perylene tetraanhydride
bisimide has been used to selectively sense for the presence of o-nitrophenol40. The mechanism
utilized for such application was again electron transfer. the work determined that it was a
combination of dynamic and static quenching that made quenching between acceptor and donor
so dominant in the case of o-NP, over other quenching species.
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There is a continuing effort to produce derivates of perylene diimides in highly soluble forms. The
methods for such typically called for substitutions to the imide with hydrocarbon chains and
branches 1,21. Such modifications allowed the previously very low solubility of PTCDA to become
a material readily dissolved in common solvents such as hexane, chlorobenzene, chloroform and
toluene

41

. Through creating such a versatile material some negative properties remained.

Aggregated states for many organic dyes induce energy dissipation known as “aggregation caused
quenching” (ACQ)

42

. What great photophysical properties PDIs once had were becoming less

effective once concentrations induced aggregations to form. Efforts have been made to reduce
aggregation with long -chain secondary alkyl groups which promote solubility and in turn deter
aggregation 21,43.
Aggregation is well understood to affect photophysical properties of materials and work is being
done in both sold state and solution environments to understand its conflicts with energy transfer
also. H- and J- aggregates have been studied in the solar cell environment to determine how tunable
and to what affect these assemblies can have upon optical absorption, fluorescence, and excited
state lifetime. it was found that j-type aggregates have a significantly superior photovoltaic
performance over identical electronically structure h-aggragates44. It was determined that the
improved photovoltaic properties were derivative of faster charge generation allowed by the more
efficient exciton diffusion that j-aggregates have over h-aggregates.
A recent study analyzing the consequence of aggregation for BODIPIY-based fluorescent dyes
explored the solvent and concentration dependence upon spectrum shape and intensity45. It was
determined that concentration plays great significance in aggregation and could be used to tune
fluorescence color, if so intended. BODIPY derivatives have been a focus for fluorescent
chemosensors for some time as fifteen years prior to the aggregation study they were being
analyzed for the solvent and pH dependent fluorescent properties46. The application for this work
was to determine the viability of these derivatives for pH indication in acidic solutions.
Due to the modification of PTCDA for it to become highly soluble for a reasonable selection of
solvents it is viable for use as a liquid phase sensor. This is on top of the advantageous weak
intermolecular forces that PTCDA already is characterized to have47–49. These studies focused on
2-D structure and the resultant photophysical and optoelectrical properties associated with such
12

structures. Lesser attention has been paid towards nanoparticle derived PTCDA derivatives and
the consequential photophysical behavior. A small section of research has considered nanoparticle,
nanowire, and nanorod structures of PTCDA50, but this area is far from expansive. Current work
typically concludes with observation as opposed to application advancements. This realm requires
efforts in both categories. A leap towards practicality has yet to be taken. The efforts in this work
attempt to resolve a small piece of this challenge and provide material research intent of resolving
some practical limits of energy transfer for a PTCDA derivative.

METHODOLOGY
BASICS OF FÖRSTER RESONANCE ENERGY TRANSFER
Förster Resonance Energy Transfer can also go by the name of Fluorescent Resonance Energy
Transfer. To understand FRET, it would be reasonable to break down each of its four words.
Fluorescence was first notably observed in 1560 by Bernardino de Sahagún. The phenomenon has
a long history of aesthetic and scientific applications branching from terrestrial biofluorescence –
a potential advantage for mating displays – to analytical spectroscopy: used for cell imaging

51

,

compound identification 52 and targeted medicine 53. As an approach to imaging, it is quite accurate
and produces a relatively intense, easily detected emission. Advanced laser scanning fluorescent
microscopes have axial resolution of 100 – 150 nm

54

. The resolution makes it quite a capable

communication mechanism for 3-dimensional positioning.
For a fluorophore (fluorescent molecule) to fluoresce, the emitted energy is provided by an orbital
electron in an excited singlet state relaxing to a ground state: this process produces a photon. An
excitation can be presented with the following equation:
𝑆0 + ℎ𝜈𝑒𝑥 → 𝑆1

(1)

where S0 represent the ground state, h represents Plank’s constant, ν represents the frequency of
light and S1 is the first excited singlet state. Using this same nomenclature, a fluorescence scheme
can be written in the following way:
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𝑆1 → 𝑆0 + ℎ𝜈𝑒𝑚 + ℎ𝑒𝑎𝑡

(2)

The emitted photon (hvem) is typically of a lower energy than that of the excitation. This leads to a
longer wavelength of that photon known as the Stokes shift.

Figure 1 – Jablonski diagram of FRET. Provided by:
https://commons.wikimedia.org/wiki/File:FRET_Jablonski_diagram.svg
However, this energy transfer gets much more interesting when then typical emission path is not
taken. The initial excitation energy may have been provided by absorption of two photons; this
would result in an emission wavelength shorter than the original radiation source. It is also possible
to have a completely non-radiative energy transfer. This would be where the S1 is transferred to
another fluorophore entirely, and that is exactly what happens with FRET. As depicted in Figure
1.
When fluorescent resonant energy transfer is available, the excited state energy is transferred to a
nearby, ground state fluorophore. This process happens non-radiatively and takes less than a
nanosecond.
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Figure 2 – Diagram of FRET transition dipoles. Source: M. Kuscu and O. B. Akan, “A nanoscale
communication channel with fluorescence resonance energy transfer (FRET),” 2011 IEEE Conf.
Comput. Commun. Work. (INFOCOM WKSHPS), pp. 425–430, 2011.
Classical Electrodynamic Representation
As FRET is a non-radiative dipole-dipole coupling energy transfer there are many physical factors
that affect its performance. There are in general three rules for effective FRET: 1) the distance
between the optical centers of the donor and acceptor pair should be less than 10 nm, 2) there must
be spectral overlap between the emission spectrum of the donor molecule and the absorption
spectrum of the acceptor molecule, 3) optimal energy transfer depends upon relative orientation of
the emission dipole moment for the donor and the absorption dipole moment for the acceptor.
Efficiency of FRET can be measured a couple of ways, but typically fluorescent lifetime
measurements are made. Equipment is used to count the time a fluorophore remains in an excited
state. In order to identify when FRET has occurred within a system a control is taken with a sample
containing only donor molecules. A single peak should be produced resembling its emission. In a
system containing donors and acceptors, there is an opportunity for FRET. It is not a guarantee
however, so some donor molecules will still fluoresce, and some acceptor molecules will fluoresce.
This will produce a double peak in the fluorescence lifetime measurement. The efficiency can be
calculated from the ratio of peak heights relative to the isolated donor sample.
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Resonance can be described with analogy as it appears in many typical scenarios of modern life.
The simplest would be coupled pendula. The relative maximum amplitude for coupled pendula
can only be met at resonant frequencies. For both radiative and non-radiative transfer of energy to
occur the emission spectrum of the donor and the absorption spectrum of the acceptor must
overlap. The key difference is the dependency upon distance between the two fluorophores (R).
FRET is a near field electromagnetic interaction; requiring models using a mixture of real and
virtual photons 55. As a result, the inverse square law for the rate of radiative transfer cannot apply.
The non-radiative transfer rate is proportional to the inverse of R to the sixth power.
The efficiency of FRET is defined by the fraction of energy that is passed on to the acceptor,
having previously been absorbed by the donor. This energy is typically measured by photon count
and the expression for efficiency can be represented in by the following:
𝑅06
𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝐸 = 6
𝑅0 + 𝑅 6

(3)

Where R0 is the Förster distance, and R is the distance between the centers of the fluorophore
dipole moments. The Förster distance is defined as the distance were the energy transfer efficiency
is at 50% 56.
The Förster distance can be calculated using an overlap integral of the donor emission spectrum
and the acceptor absorption spectrum. This combined with the mutual molecular orientation is
used to create the following equation:
𝑅0 6 =

2.07 𝜅 2 𝑄𝐷
∫ 𝐹𝐷 (𝜆) 𝜖𝐴 (𝜆)𝜆4 𝑑𝜆
128𝜋 5 𝑁𝐴 𝑛4

(4)

here, NA represents Avogadro’s constant, κ2 represents the dipole orientation factor, QD represents
the quantum yield of the donor fluorescence, n represents the medias refractive index 57.
The dipole orientation factor needs further expansion; it can be given by:
𝜅 = 𝜇̂ 𝐴 ∙ 𝜇̂ 𝐷 − 3(𝜇̂ 𝐷 ∙ 𝑅̂ )(𝜇̂ 𝐴 ∙ 𝑅̂ )
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(5)

here, 𝜇̂ represents the normalized transition dipole moment and 𝑅̂ represents the normalized interfluorophore displacement. In standard cases, it is fair to assume that κ2 is equal to 2/3. This can
happen when both the donor and acceptor are freely rotating, and isotropic assumption can be
made. It is also important to add that the greater contributing variable to κ is R 58.
Dipole alignment is a key piece of the proposed work and can be manipulated in an accessible way
for a thin-film device. The standard electric dipole moment can be easily calculated via the
following:
𝑝 = 𝑞𝑑

(6)

Where, q represents the charge of the pole and d represents the distance between the dipoles 59.
To vary the electric dipole moment, an object can be subject to torque. This torque is provided by
an external electric field. If the E field is strong enough, it will align the dipole with the direction
of the field 60. For a uniform electric field, the torque can be calculated via the following:
𝝉=𝒑×𝑬

(7)

For application however, care is only really given to make sure the electric field is strong enough
to provide high dipole moment alignment.
Fluorescent measurements can also be used to identify FRET efficiency and computed using the
following:
𝐸 = 1−

𝐹𝐷𝐴
𝐹𝐷

(8)

Where FDA represents the fluorescence intensity of the donor in the presence of the acceptor, and
FD represents the fluorescence intensity of the donor in the absence of the acceptor.
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PHOTOPHYSICS

Dynamic quenching
Dynamic quenching occurs in the excited state of a molecule. The environment has strong effect
on the rate in which quenching occurs. An increase in ambient temperature will cause an increase
in the rate of dynamic quenching. Dynamic quenching is active in solution hance, when more
energy is provided to the motion of molecules, the chance of collision increases. The result of this
seen through a spectrofluorometer, is a decrease in fluorescence intensity as temperature increases.
observations to the excited-state lifetime and absorption spectrum are important to note. The
excited state lifetime of a molecule can be changed through dynamic quenching whereas the shape
and magnitude of the absorption spectra will remain a constant.

Static Quenching
Static quenching begins in the ground state of a molecule. It is introduced to a system when nonexcited molecules form complexes that have strong coupling due to orbital interactions.
Environment plays a significant role again as it did with dynamic quenching. Temperature will
decrease the rate of static quenching as complexes will be less likely to form. The solvent used
will also have a significant effect on complex formation as most dyes are induced into aggregation
through hydrophobic interaction. Qualitative measurements of such characteristics can be made
with UV-vis spectroscopy. Complex formation can be observed through distortion and peak
shifting of the absorption spectrum. Not surprisingly, excited state lifetime measurements are of
no use in this case as photonic emission does not occur with complexed molecules and the free
molecules have no change to their excited state lifetime.

Energy Transfer
A short yet comprehensive description of energy transfer mechanisms can be taken from the book:
Structure and Dynamics of Macromolecules by J. Albani61.
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𝑫 + 𝒉𝝂𝟎

→

𝑫∗

Absorption

𝑫∗

→

𝐷 + ℎ𝜈1

Fluorescence

𝑫∗

→

𝐷

Non-radiative deexcitation

𝑫∗ + 𝑨

→

𝐷 + 𝐴∗

Energy transfer

𝑨∗

→

𝐴

Non-radiative deexcitation

𝑨∗

→

𝐴 + ℎ𝜈2

Induced fluorescence

These mechanisms form the foundation of quenching fluorescence. They can be applied to simple,
single-moiety systems or complex, multi-moiety systems with energy transfer interactions across
many species. Energy transfer is a subset of dynamic quenching. The other two processes which
generally complete the category of dynamic quenching are electron transfer and electron exchange.
Coulombic energy transfer does not rely upon the transfer of an electron as the packet of energy.
In the case for Förster resonance energy transfer, the packet of energy is said to be a virtual photon.
the energy is transferred through resonance coupling, also known as dipole-dipole coupling. This
transfer between the donor and the acceptor needs two simultaneous transitions. these transitions
are the non-radiative deexcitation of the donor and the non-radiative excitation of the acceptor. the
rate that this energy transfer can occur is dependent upon the oscillator strength of the radiative
transitions. FRET only occurs in the singlet-singlet state whereas mechanisms that exchange
electrons can occur in singlet-singlet or triplet-triplet. The name Dexter energy transfer is given to
such mechanism of electron exchange.

FRET lifetime
The excited state lifetime is a very literal title and describes the period of time before deexcitation
of an excited molecule. It is not generally experimentally convenient to obtain single molecule
lifetime measurements, so the numerical evaluation of lifetime is a mean time during which
observed molecules are in an excited state. Fluorescence lifetime is equal to61:
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𝜏𝑓 =

1
1
=
𝑘 (𝑘𝑟 + 𝑘𝑖𝑠𝑐 + 𝑘𝑖 )

(9)

were 𝑘𝑟 is the radiative rate constant, 𝑘𝑖𝑠𝑐 is the intersystem crossing rate constant, and 𝑘𝑖 is the
internal conversion rate constant.
The excited state lifetime of a donor and acceptor pair is a very telling characterization technique
for identifying FRET. In the ideal case, a delay to the fluorescence emission of the acceptor will
be observed due to the extra steps needed for the initial energy source to excite the acceptor. this
delay may be only a few nanoseconds but, when compared to the directly excited acceptor, it is
significant.
Figure 1 presents the Jablonski diagram for resonant energy transfer. It is important to note that
fluorescence and FRET take place within similar time frames. Both processes can occur within
nanoseconds. The energy transfer occurs from the lowest energy excited state; just as the
fluorescence occurs for the non-quenched donor.
MOLECULAR ORBITAL COMPUTATIONS
Molecular orbital calculations are a strong tool for subsidizing and interpreting experimental
results. Open source and proprietary software exist for making approximate calculations for
multiple characteristics of molecules. This work uses Density Functional Theory (DFT) to
minimize the energy of an input file built from Cartesian coordinates dictating the position of every
atom in the given molecule. The calculation goes through an iterative process to minimize the
structural energy, cycling until self-consistency. This method of calculation will provide the total
energy of the molecule, the molecular orbitals, and the orbital energies. This work uses Gaussian
to find HOMO and LUMO energy levels of the donor, 9-anthroic acid, and the acceptor, PDIsilane.
There are known failures of DFT computations and one of those is its competency with extended
π conjugation. There is likely significant underestimation of molecular HOMO-LUMO band gaps
resulting in such molecules being treated metal-like62. It appears that the current best practice for
obtaining results closer to experimental values is to artificially increase the gap63,64. These
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downfalls are addresses using Time Dependent-Density Functional Theory (TD-DFT)65. TDFT is
very capable of predicting low-energy excitation transitions.
MATERIALS

Aggregation
Aggregation is the attraction and formation of assemblies of molecules in suspension of a liquid.
these assemblies can form homoaggregates – caused via aggregation of like molecules – and
heteroaggregation – caused via aggregation of dissimilar molecules. the rate of aggregation can be
determined in homo and hetero systems and is typically denoted with a ‘k’. How molecules in the
aggregate pack to one another can determine properties of the resultant structure. two types of
aggregates that express variable photophysical properties to their monomer counterparts are J- and
H-aggregates.
J-aggregates are driven by hydrophobic and π-stacking interactions. A predominantly head-to-tail
arrangement of monomers cause j-type aggregation, and it results in the relative alignment of the
transition dipole moments for the adjacent molecules. These interactions induce changes in the
electron distribution for each constituent molecule resulting in a shift to the light absorption
spectrum. When compared to the monomer absorption spectrum, a j-aggregate will produce a redshifted absorption peak. Driving forces for such structures are typically high concentration
environments. j-aggregates retain the fluorescent properties of the monomer molecule.
H-aggregates are built upon similar principles as those of J-aggregates. The crucial difference
between these types is the dominance of face-to-face stacking found in h-type aggregates. this
stacking pattern forms a non-fluorescent complex and results in an absorption spectrum shifted
blue.
The shifts in absorption spectra are dependent upon the gap between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). a blue shift would
mean that this gap has expanded, and a red shift would mean the gap has shrunk. The variation in
orbital energies is derived form the relative orientations of the molecule transition dipole which in
turn varies the frequency of electronic excitations. When two monomers come together a
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superposition must be created for the eigen states that describe the resultant dimer. With equal
transition frequencies and parallel dipole moments only one of these superposition states is
allowed. Figure 3 presents these superpositions states for (A) a blue shifted dimer configuration
and (B) a red shifted dimer configuration. These states relate to H- and J-aggregates, respectively.

Figure 3 – Dipole alignment energies for two dimer conformations. Source: Saikin, S. K.;
Eisfeld, A.; Valleau, S.; Aspuru-Guzik, A. Photonics Meets Excitonics: Natural and Artificial
Molecular Aggregates. Nanophotonics 2013, 2 (1), 21–38. https://doi.org/10.1515/NANOPH2012-0025.
Particles and siloxanes
Dye-loaded nanoparticles designed to retain energy transfer mechanisms do exist in current
literature. Motivation for such work is found with the stability and workability of such products
whilst retaining the majority of preferential photophysical properties. There does not appear to be
a comprehensive literature base for dye loaded particles regarding FRET. Similar research
experiments have observed quantum dots tagged with dye terminated peptides have been used to
understand energy transfer mechanisms of hetero- and homo-FRET for monomer and dimer
acceptors66. Although similar in many ways, equating a dye loaded siloxane nanoparticle to a
quantum dot for energy transfer studies ignores crucial surface chemistry properties and quenching
pathways. Organic fluorescent dyes integrated into a particle framework still retain potential πboning properties and conjugation variations under environmental stress. They are potentially a
more variable system and require a separate experiment effort.
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Particles also compete with traditional thin-films as they can form into monolayers. The
differences between the two come when comparing surface area and uniform smoothness. Particle
monolayers have holes between each sphere and maintain a varying surface contour. This can
produce a surface that is more difficult to interact with or make a surface have a greater number of
interaction sights.

Thin-films and polymers
The term ‘thin-film’ presents itself in a vast variety of application and experimental topics as the
diversity of materials and conformation branch the complexity tremendously. From modified and
patterned PDMS intent of creating hydrophilic surfaces67, to plasmon coupled nanoparticle
monolayers capable of plasmon coupling to resonant energy transfer pathways10, there are many
reasons for the term to be found in literature. The popularity of use could be attributed to the variety
of methods available for production and the practical dimensionality. Thin-films have potential to
mimic both one- and three-dimensional properties, dependent upon orientation. Two derivatives
of thin-films were used for this work; one being an organic spin-coating and the other being
metallic films formed via physical vapor deposition (PVD).
Spin-coating is a widely used technique as it is capable of forming quick and uniform films. In
principle it consists of a spinning substrate to which material is applied to, and then centripetal
forces and surface tension distribute and thin-out the material over the substrate. it is a very reliable
technique that can be dialed to produce thin-films of consistent thickness time and time again.
different spin speeds and material viscosity are variables used to control thickness. A faster angular
speed will thin the film more and so will a lower viscosity material. When using a liquid film
material, solvent can be added to reduce viscosity. In the case of solids, the concentration of the
solvent-solid solution can be varied. The higher the solution concentration typically the more
material deposited on the substrate. This technique is highly sensitive the substrate cleanliness.
Physical debris and foreign chemicals on the surface will cause imperfections as the film forming
material passes over them. As a technique used in the silicon chip manufacturing process, there
has been valuable development of surface cleaning procedure. Silicon wafers are a common
substrate and use a method of cleaning known as RCA clean. This process strips the surface of
metal ions and leaves an oxide layer of protection. in combination with deionized water washes
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and ozone or plasma cleaning, a very clean surface can be achieved. Modifications to the RCA
clean procedure can be made for other substrate materials that may need less aggressive chemical
treatment. When done correctly, spin-coating is capable of producing pristine films inches in
diameter and only nanometers thick.
Physical vapor deposition is another method of film creation that can boast such disparities
between dimensions also. This process is more suited to metallic films. as it uses a plasma arch to
evaporate raw metals and guide them to an electrically charged target. The process is done in
vacuum and uniformity of the film is dependent upon the quality of the vacuum. This technique
can also be used to cover 3-dimensional objects using a rotating stage as long as there is direct line
of sight between the source and the target’s surface. PVD is capable of layering sub-nanometer
films with a slow enough evaporation rate and an ultra-high vacuum.
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CHAPTER III: EXPERIMENTAL METHODS

PHOTOPHYSICS
FRET EFFICIENCY MEASUREMENT
There are four well accepted methods of experimental FRET efficiency measurement; each one
has their own complexity and limitations. The most accurate, yet least practical, is through
measurement of quantum yield of the Donor and then the Donor/Acceptor blend. The efficiency
is expressed using the following equation:
𝐸 =1−

𝑄𝑌𝐷𝐴
𝑄𝑌𝐷

( 10 )

where 𝑄𝑌𝐷𝐴 represents the quantum yield of the donor and acceptor blended specimen and 𝑄𝑌𝐷
represents the quantum yield of the donor specimen alone. Quantum yield measurements are
difficult to perform as they require low absorption values that exists preferably between 0.02 and
0.07. For dynamically interacting samples in solution, this can be difficult to acquire when a typical
cuvette cell length of 10 mm and concentrations of 10-1000 µM are required.
Fluorescence lifetime can be used to characterize FRET efficiency is a very similar manner.
Lifetime is typically independent of concentration. This makes the approach resistant to
experimental preparation errors. The equation for efficiency is as follows:
𝐸 =1−

𝜏𝐷𝐴
𝜏𝐷

( 11 )

where 𝜏𝐷𝐴 represents the lifetime if the donor and acceptor blended specimen and 𝜏𝐷 represents
the lifetime of the donor specimen alone. This technique can also avoid the strict low concentration
limit set for the quantum yield method.
Thirdly, measurement of energy transfer efficiency can be made from the acceptor emission. This
method is the most convoluted of the four as two instruments and five spectra are needed for its
completion. The equation for efficiency is as follows:
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𝐸 =1−

𝐼𝐴𝐷 𝐴𝐴𝐴 − 𝐼𝐴𝐴 𝐴𝐴𝐷
𝐼𝐴𝐴 𝐴𝐷𝐷

( 12 )

where 𝐼𝐴𝐷 is the intensity of the acceptor using direct donor excitation, 𝐴𝐴𝐴 is acceptor absorption
at the acceptor excitation wavelength, 𝐼𝐴𝐴 is acceptor intensity using direct acceptor excitation,
𝐴𝐴𝐷 is acceptor absorption at donor excitation wavelength and 𝐴𝐷𝐷 is donor absorption at the donor
excitation wavelength. As presented in this form, this method is the most labor intensive and
impractical if excitation of the acceptor cannot be done outside of the donor’s absorption band.
The final method of FRET efficiency measurement can be described as a ratiometric efficiency.
This is a qualitive measurement as it relies upon donor and acceptor intensities alone. It is also a
measurement technique that requires the most additional corrective factors. Its appeal is the
simplicity of initial instrument use and broad requirements for sample preparation parameters. The
equation for this technique is as follows:
𝐸𝑟𝑒𝑙. =

𝐼𝐴
𝐼𝐷 + 𝐼𝐴

( 13 )

where 𝐼𝐴 is the total acceptor intensity and 𝐼𝐷 is the total donor intensity. Both values are taken
after donor excitation. In this state, donor and acceptor spectra are assumed not to overlap. If
overlap is present, then decomposition of the spectra is needed to correctly attribute intensity to
the correct components.
This final method can be used to calculate a true efficiency with some minor modifications. Firstly,
one must consider the direct excitation of acceptor by the donor’s excitation wavelength. This is
measured using a reference acceptor sample of identical concentration. Secondly, the ratio of
quantum yield between in donor and the acceptor is needed to appropriately adjust the intensity
spectra for each.

Relative Efficiency Via Spectral Decomposition
For this work a modified version of method four is used to compute relative FRET efficiency along
with the further quantum yield corrections to determine a true efficiency value, where applicable.
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From this point on, specimens that contain both acceptor and donor fluorophores will be referred
to as blend. References to donor and acceptor samples indicate single moiety specimens.
The initial equation form for the relative FRET calculations is as follows:
𝐼𝐵
(𝐼𝐷 + 𝐼𝐵 )

𝐸𝑟𝑒𝑙. =

( 14 )

where 𝐼𝐵 is the total intensity of the blended sample and 𝐼𝐷 is the total intensity of the donor sample.
This equation works only when in reality the donor is completely quenched in the blend sample.
Experimentally, this has been rarely the case, so the following equation is modified to account for
radiative excitation.
𝐸𝑟𝑒𝑙. =

(𝐼𝐵 − 𝐼𝐴 )
((𝐼𝐵 − 𝐼𝐴 ) + 𝐼𝐷 )

( 15 )

where 𝐼𝐴 is the total intensity of the acceptor sample. This modification accounts for excitation and
radiative emission left over from the donor moiety and direct excitation of the acceptor moiety
causing radiative emission.
The final modification needed to complete accuracy of this measurement technique is to address
the emission overlap between the donor and acceptor. Because of the nature of fluorescent
spectroscopy measurements distinction of overlapping spectra is sometimes obscured. The method
applied in this case results in a calculation that most biased towards eliminating all radiative
emission from the donor artificially increasing the acceptors emission intensity at each overlapping
wavelength. The following equation presents that modification:
𝜆

𝐸𝑟𝑒𝑙. =

𝜆

(𝐼𝐵 𝜆ℎ − 𝐼𝐴 𝜆ℎ )
𝑙

𝜆

𝑙

( 16 )

𝜆

((𝐼𝐵 𝜆ℎ − 𝐼𝐴 𝜆ℎ ) + 𝐼𝐷 )
𝑙

𝑙

where 𝜆𝑙 and 𝜆ℎ represent the low and high integration bounds of the associated spectrum. These
bounds are determined by the end wavelength of the acceptor absorption and the end wavelength
of the absorption emission.
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QUANTUM YIELD
Quantum yield (QY) is a valuable tool used to determine the effective number of molecules that
produce fluorescent light when compared to the number of molecules that were initially excited.
Quantum yield is a complex relationship of multiple rate constants that are often never measured
individually. The general expression for QY (𝜑𝐹 ) is as follows:
𝜑𝐹 =

𝑘𝐹
𝑘𝐹 + 𝑘𝐼𝐶 + 𝑘𝐸𝐶 + 𝑘𝐼𝑆𝐶 + 𝑘𝐶

( 17 )

where 𝑘𝐹 is the rate constant for Fluorescence, 𝑘𝐼𝐶 is the rate constant for Internal Conversion, 𝑘𝐸𝐶
is the rate constant for External Conversion, 𝑘𝐼𝑆𝐶 is the rate constant for InterSystem Crossing and
𝑘𝐶 is the rate constant for any other Competing processes.
STERN-VOLMER
Although in this work dynamic quenching process is desired to be observed and understood, it is
very likely that static quenching will play a significant role and appear in cases where a high
concentration of fluorophores are used. Static quenching is common when complexes or
aggregates are formed. When this process takes place at the round state, non-fluorescent complexes
are formed that outcompete dynamic quenching entirely61. The set of equations that describe the
physics of static quenching are as follows:
F + Q → FQ

( 18 )

where F denotes the fluorophore, Q denotes the quencher, and FQ denotes the complexed form of
both. It is of course possible that the complex be comprised of only one type of molecule.
The next equation derives a constant that can be determined from a ratio relationship between these
three components. In a closed system, the ratio of the concentration of the complex to the combined
concentration of the fluorophore and quencher should be constant.
𝐾𝑎 =

[𝐹𝑄]
[𝐹]1 [𝑄]1
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( 19 )

Here, the brackets denote concentration of the value enclosed and the subscript of ‘1’ denotes
free/available moiety. One can also describe the total fluorophore concentration in the following
way:
[𝐹]0 = [𝐹]1 + [𝐹𝑄]

( 20 )

where the subscript of ‘0’ denotes a total count of all reference components in the system. Equation
( 9 ) and ( 20 ) can then be combined to for equation ( 21 ).
[𝐹]0
= 1 + 𝐾𝑎 [𝑄]1
[𝐹]1

( 21 )

Two final modifications can be made to equation ( 21 ) for practical use. Firstly, concentration of
the fluorophore is proportional to the intensity of fluorescence when considered as a ratio between
total and free components. Secondly, it can be possible to assume that the number of quencher
molecules involved in the complex is proportionally very small to this free in the system. Applying
these two modifications results in the final equation below.
𝐼0
= 1 + 𝐾𝑎 [𝑄]
𝐼

( 22 )

A trial of a few different concentration blends with fluorophore and quencher can quickly lead to
a plot capable of providing the association constant 𝐾𝑎 when the slope of the linear fit is found of
the data.

MOLECULAR ORBITAL COMPUTATIONS
Geometry optimization calculations were performed with Gaussian in order to optimize geometry
of input molecules. Geometry optimization was calculated for no solvent, THF and chloroform.
molecules computed were 9-anthroic acid and PTCDA. PDI-silane was attempted but failed to
pass self-consistency iterations. The model chemistry used for these calculations was a ground
state DFT calculation using the functional B3LYP. The calculations were run with the larger than
minimum basis set 6-31G. No polarization was added nor a diffuse function in order to save on
computational expense. The molecules were assumed to have neutral charge and spin multiplicity
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was singlet. Once an optimized geometry was found, TD-DFT was performed for single point
energy optimization. Parameters of the basis set were reused from the geometry optimization
calculations for consistency.

STÖBER PROCESS
In this work, the Stöber process is used to form PDI-silane integrated SiO2 nanoparticles. This
process was originally reported in 1968 and is renowned for its controllable and monodispersed
attributes68. This sol-gel reaction involves a single-step between the precursor of tetraethyl
orthosilicate (TEOS) (Figure 4), and if so desired, another compatible derivative (Figure 5). In this
case, PDI-silane is used to load the nanoparticle and provide photophysical attributes22. these
precursors are hydrolyzed in ethanol and catalyzed by ammonia. precisely controlling quantity of
catalyst and time of the reaction provides for particles sizes that range 30 to 2000 nm.
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Figure 4 – General scheme for Stöber process. Source: By Smokefoot – Own work, CC BY-SA
3.0, https://commons.wikimedia.org/w/index.php?curid=25698603
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Figure 5 – Modified Stöber process scheme
STEGLICH ESTERIFICATION
Steglich esterification is an evolution from fisher esterification. It is a mild reaction that that can
remove the water byproduct that results from the Fisher method. the carboxylic acid precursor and
DCC mediator form O-acylisourea as an intermediate. This intermediate is then able to react with
the alcohol precursor species to form the ester and stable dicyclohexylurea69. the reaction scheme
is simplified here in and Figure 6.

Figure 6 – Steglich esterification reaction scheme. Source: B. Neises, W. Steglich, Angew.
Chem. Int. Ed., 1978, 17, 522-524.
The application of this reaction to successfully form esters is significantly helped through the use
of DMAP as an accelerator due to being a stronger nucleophile the alcohol species in the
intermediate stage.
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Figure 7 – DMAP acceleration with Steglich Esterfication.Source: https://www.organicchemistry.org/namedreactions/steglich-esterification.shtm
The action of DMAP in the Steglich esterification is pictorially represented in Figure 7. here,
DMAP is an acyl transfer agent in this role. it then reacts with the alcohol created from the DCC
intermediary and finally allows the ester to form.

FILM FORMATION
There are many acceptable methods for assembling thin-films of nanoparticles. Most use
convective assembling techniques which include dip-coating12,70–72. these methods are controlled
by the rate of lifting of the substrate out of the solvent. These techniques are therefore very reliant
upon the quality of the machine doing the lifting. A precise and steady rate of lift provides the best
quality film. another technique for thin-film formation is Langmuir-Blodgett (LB). This method
also uses very precise equipment to provide controlled surface tension with which the film is
formed73–75.
SPIN-COATING
Some of the best monodispersed silica nanoparticle layers that have been provided in literature
have been produced through a two-step process76. the success of such process is mildly associated
with particle diameter but significantly dependent upon centrifugal and capillary forces associated
with the particles and solvent. The first step of spin coating is designed to balance the forces of
centrifugal and capillary with the intention of forming a wet monolayer. the second stage acts as a
cleaning and drying process. material that is not needed to complete the monolayer area coverage
is thrown off the substrate. the high rpm also rapidly dries the substrate which further encourages
the particles in the monolayer to compact together. These steps are presented in Figure 8.
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A significant step in the process not discussed in the published work of monolayer spin-coating is
the initial deposition of the material on the substrate. the question being, is the material deposited
on a still substrate or is it cast which the substrate is spinning. respectively, these two options are
labeled static and dynamic casting.

Figure 8 – Silica nanoparticle spin-coating protocol for monolayer formation. Source: T. Ogi, L.
B. Modesto-Lopez, F. Iskandar, and K. Okuyama, “Fabrication of a large area monolayer of
silica particles on a sapphire substrate by a spin coating method,” Colloids Surfaces A
Physicochem. Eng. Asp., vol. 297, no. 1–3, pp. 71–78, 2007.
Dynamic Drop-casting
Dynamic drop casting is a method of material deposition used for spin-coating where the substrate
is spun up to the first step operating speed before material is placed on the substrate. the rate of
deposition is also important in this process as a forceful, therefore fast, stream of material can
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improve substrate coverage. too forceful of a deposition on the other hand can eject too much
material from the substrate before particles have time to form into a hydrated monolayer.

Static Drop-casting
Static drop-casting has very similar complications to its process as compared to the dynamic
equivalent. Static drop casting takes place prior to rotational acceleration of the substrate. the
benefit of this method is that the substrate can be confirmed to be completely wetted before
spinning begins. on the other hand, very volatile solvents can begin to dry before the first step of
spinning can effectively distribute the particles. another variable with this method is the rate of
acceleration of the substrate. Jerk of the spinning motion can disrupt uniform material distribution,
so a variable acceleration of the substrate is required to achieve optimal results.
LANGMUIR BLODGET
The Langmuir-Blodget technique comes from a long line of experimental observations from
Benjamin Franklin and Agnes Pockels. the name of the method describes the contraption used to
mediate to surface tension and film distribution. this method typically using the interaction of polar
molecules and water to form monolayer films on the surface of the water. once the material is
monodispersed, a substrate can be lifted through the layer to collect upon its surface the ordered
material. an interesting additional value that this method brings is the fact that both side of a thin
enough substrate can be coating at once produced identical and mirrored coatings.
SPRAY-COATING
Spray coating is a method of film-deposition the is commercially used for painting and similar
colloidal or soliton film dispersion. It is very good for large area coatings but does lack the precise
control of film thickness that other film deposition methods retain. in this method compresses air
is used to produce a directed aerosol from a solvated material. the air gun’s nozzle can be adjusted
to increase concentration of the spray and distance from substrate can be varied to control the
velocity of the material hitting the substrate.
PDMS THIN-FILM LIMITS
Film thickness is crucial factor when establishing an energy transfer signal visible with standard
photospectroscopy equipment. With FRET having a maximum effective range of 10 nm, a film
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thickness of 100 nm may contribute to a 90% radiative emission signal obscuring relevant energy
transfer emission. The best published work providing PDMS thin-film procedure achieves 3.8 ±0.8
nm, with a controllable process up to 27 ±1.1 nm 67. This range was achieved through a thinning
agent such as toluene or THF. Such is proof of potential to create an ideal donor thin-film but does
not provide evidence that PDMS functionalization will allow for the same results.
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CHAPTER IV: SYNTHESIS PROCEDURES

PI-ANTHRACENE
POLYMER-LINKER SYNTHESIS AND WORK-UP

MH001
To a 100 mL three-neck round-bottom flask, add 0.5 g of 6-bromo-1-hexanol and 1.2 equivalent
weight of potassium hydroxide (0.19 g). Add 0.5 g of Poly[trimellitic anhydride chloride-co-4, 4'methylenedianiline] to the solution. Add 40 mL of DMSO: in doing so, rinse the walls of the flask
to wash all polymer into the solution. Seal all three necks of the flask and run the reaction overnight
(≈20 Hours) at room temperature with a stir bar.
After the reaction has run for approximately 20 hours, use a rotary evaporator to evaporate the
DMSO. Add acetonitrile to the solution and filter to remove the 6-bromo-1-hexanol. Leave to dry
before storage. FTIR was performed for characterization.

MH002
To a 100 mL three-neck round-bottom flask, 6-bromo-1-hexanol (0.5 g, 2.76 mmol), 1.2 equivalent
weight of potassium hydroxide (0.19 g, 3.39 mmol), and Poly[trimellitic anhydride chloride-co-4,
4'-methylenedianiline] (1.0 g) were added. Followed by addition of DMSO (40 mL), the flask
walls were rinsed well into the reaction solution. The reaction was sealed using a silicone septum
and left to stir at room temperature over 30 hrs.
The reaction was stopped after 30 hours of stirring and concentrated in the rotovap. The resultant
dark orange solution was precipitated in acetonitrile by adding ≈25 mL acetonitrile. The orangeyellowish solid was collected by gravity filtration and dried in air in the hood to yield 1.27 g of the
final product. The product was characterized by proton-NMR and confirmed the successful
functionalization. FTIR was performed for further characterization.
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ANTHRACENE-LINKER SYNTHESIS AND WORK-UP

MH003
To a 100 mL round-bottom flask add: 0.5 g (2.25 mmol) of 9-anthracene carboxylic acid, 1.2
equivalent weight of DCC (0.56 g, 2.71 mmol), 1.2 equivalent weight of 6-bromo-1-hexanol (0.49
g, 2.71mmol), 4-5 crystals of DMAP (≈20 mg) , and 40 mL of DCM. Seal the neck of the flask
and run the reaction overnight (≈20 Hours) at room temperature with a stir bar. Wrap flask with
aluminum foil as reaction is light sensitive.
Once the reaction has run for ≈20 hours, using a gravity filter, pass the entire solution through to
remove waste product. This should leave clear yellowish liquid in flask. Use a rotating evaporator
to evaporate DCM at 30 °C. Wash the remaining product with hexane and filter once more. Leave
product in filter paper to dry before storage. The product yield was 0.47 g. Further purification was
needed for this batch, so it was washed with methanol and ran through a gravity filter once more.
This removed any leftover DCC and DMAP and left a yield of 0.187 g.

MH004
To a 100 mL round-bottom flask add: 1.0 g (5.50 mmol) of 9-anthracene carboxylic acid, 1.2
equivalent weight of DCC (1.12 g, 5.42 mmol), 1.2 equivalent weight of 6-bromo-1-hexanol (0.98
g, 5.42 mmol), 8-10 crystals of DMAP (≈40 mg), and 60 mL of DCM. Run the reaction under
nitrogen or Argon. Wrap flask with aluminum foil as reaction is light sensitive. Leave the reaction
overnight (≈20 Hours) at room temperature with a stir bar.
Once the reaction has run for ≈20 hours, using a gravity filter, pass the entire solution through to
remove waste product. This should leave clear yellowish liquid in flask. Use a rotating evaporator
to evaporate DCM at 30 °C. Wash the remaining product with hexane and filter once more. After
drying, washed with methanol and run through a gravity filter once more.

MH027
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To a 100-mL round-bottom flask: 1.0 g (5.50 mmol) of 9-anthracene carboxylic acid, 1.2
equivalent weight of DCC (1.12 g, 5.42 mmol), 1.2 equivalent weight of 6-bromo-1-hexanol (0.98
g, 5.42 mmol), 8-10 crystals of DMAP (≈40 mg), and 60 mL of DCM was added. The reaction
was run under nitrogen atmosphere. The flask was wrapped completely with aluminum foil due to
the light sensitive nature of the reaction. The reaction was then left overnight (≈20 Hours) at room
temperature mixing with a stir bar. Once the reaction had ran for approximately 20 hours, using a
gravity filter, the waste product was removed, and the filtrate was collected. The filtrate was a
clear, yellowish liquid. Using a rotating evaporator at 30 °C, the remaining DCM was removed
from the product. The remaining syrupy liquid was then mixed with hexane and fed through
another gravity filter.
The initial filtered waste from this reaction weighed over 800 mg. It was believed at the time to
not contain any product. This reaction was therefore concluded as a poor synthesis and was
changed later. Recently, the filtered waste has been analyzed from other reactions to suggest that
good product is present in the precipitant.

MH033
The reaction parameters for this synthesis changed by increasing the mass of DMAP added and
decreasing the volume of DCC for the reaction to take place. A thoroughly washed 100 mL round
bottom flask was dries in 80 °C oven before use. To the 100-mL round-bottom flask: 1.0 g (5.50
mmol) of 9-anthracene carboxylic acid, 1.2 equivalent weight of DCC (1.12 g, 5.42 mmol), 1.2
equivalent weight of 6-bromo-1-hexanol (0.98 g, 5.42 mmol), 60 mg of DMAP, and 40 mL of
DCM was added. The reaction was run under a nitrogen atmosphere. The flask was wrapped
completely with aluminum foil due to the light sensitive nature of the reaction. The reaction was
then left for two days (≈48 Hours) at room temperature mixing with a stir bar. Once the reaction
had ran for approximately 48 hours, using a gravity filter, the waste product was removed, and the
filtrate was collected. The filtrate was a clear, yellowish liquid. Using a rotating evaporator at 30
°C, the remaining DCM was removed from the product. The remaining syrupy liquid was then
mixed with hexane and fed through another gravity filter. Characterization revealed that the
product was not clean and therefore another wash cycle was implemented. A methanol wash was
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used followed by filtration to remove DCC and DMAP that could be identified from an FTIR
spectrum of the sample.
This procedure was modified from MH027 due to low yield. The DCM solvent was reduced to
increase concentration in reaction and DMAP weight was increased to aid yield potential. To
relinquish one possible cause for poor product yield, samples from each step of the work-up were
taken and observed using FTIR whilst still in solution. This figure demonstrated that the use of a
silica gel column would be a possible necessary work-up method for this reaction.

MH034
This new reaction was initiated at half the scale of previous. It used a relatively large volume of
DCM and similar ratio weight for DMAP. A round-bottom, 100 mL flask was used and to it: 0.5
g (2.25 mmol) of 9-anthracene carboxylic acid, 1.2 equivalent weight of DCC (0.56 g, 2.71 mmol),
1.2 equivalent weight of 6-bromo-1-hexanol (0.49 g, 2.71mmol), 4-5 crystals of DMAP (≈20 mg),
and 40 mL of DCM was added. The flask neck was sealed, and a nitrogen atmosphere filled the
reaction vessel. The reaction was run overnight (≈20 Hours) at room temperature with foil
covering the flask and a stir bar.
As a response to problematic work-up results. A silica gel column was used to provide a more
precise method of collecting this product. After running the dry samples through FTIR, the results
from the column were promising and showed that the column could be used to isolate the pure
product. The synthesis however still did not provide ideal product mass.
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REACTION SUMMARY

Experiment

9-anthroic
acid

6-bromo-1hexanol

DCC

DMAP

Solvent

500 mg

484 mg
(1.2 eq.)

560 mg
(1.2 eq.)

39.9 mg

DCM
40 mL

1.00 g

981 mg
(1.2 eq.)

1.160 g
(1.2 eq.)

39.9 mg

DCM
50 mL

1.00 g

990 mg
(1.2 eq.)

1.12 g
(1.2eq.)

40 mg

DCM
60 mL

1.00 g

990 mg
(1.2 eq.)

1.12 g
(1.2 eq.)

60 mg

DCM
40 mL

500 mg

490 mg
(1.2 eq.)

560 mg
(1.2 eq.)

20 mg

DCM
40 mL

MH004

MH004

MH027

MH033

MH034

Table 1 – Reaction summaries for anthracene linker syntheses
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PDMS-ANTHRACENE
SYNTHESIS AND WORK-UP
This procedure using Steglich esterification to synthesize a functional PDMS molecule with
anthracene capped termination points.

9-

PDMS

anthracene
carboxylic
acid
PDMS-Anthracene

Scheme 1 – Synthesis of poly(dimethylsiloxane)bis(3-aminopropyl) and 9-anthracenecarboxylic
acid to form PDMS-anthracene
Hydroxy Terminated PDMS
MH047
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, add 0.444 g of 9-anthracene carboxylic acid, 0.408 g of DCC, and 20 mg of DMAP. To the
flask, now add 40 mL of DCM along with a stir bar and begin stirring. Finally, add 1.0 g of PDMSOH terminated. Cap the flask and cover with aluminium foil. Leave reaction to run for 48 hours.
After 48 hours, filter the reaction mixture using a gravity filter. The filtrate is then concentrated in
the rotovap which removed the DCM. A yellow wet solid remained. This solid was washed with
hexane and filtered once more. Solid from filter was collected and washed with water followed by
ethanol. A purification step was then required so the product was dissolved in 20 – 30 mL of
chloroform in a beaker. This solution was then filtered, and the filtrate was collected and
rotovapped. The solid was allowed to dry before storage
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MH059
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, add 0.444 g of 9-anthracene carboxylic acid, 0.408 g of DCC, and 20 mg of DMAP. To the
flask, now add 40 mL of DCM along with a stir bar and begin stirring. Finally, add 1.0 g of PDMSOH terminated. Cap the flask and cover with aluminium foil. Leave reaction to run for 48 hours.
After 48 hours, filter the reaction mixture using a gravity filter. The filtrate is then concentrated in
the rotovap which removed the DCM. A yellow wet solid remained. This solid was washed with
hexane and filtered once more. Solid from filter was collected and washed with water followed by
ethanol. A purification step was then required so the product was dissolved in 20 – 30 mL of
chloroform in a beaker. This solution was then filtered, and the filtrate was collected and
rotovapped. The solid was allowed to dry before storage.
MH078
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, add 0.444 g of 9-anthracene carboxylic acid, 0.408 g of DCC, and 20 mg of DMAP. To the
flask, now add 40 mL of DCM along with a stir bar and begin stirring. The flask is then cooled in
ice-water for five minutes to bring the temperature down to 0°C. Finally, add 1.0 g of PDMS-OH
terminated and bring the flask of the ice bath to allow it to come to RT. Cap the flask and cover
with aluminum foil. Leave reaction to run for 48 hours.
Product was gravity filtered and solvent was removed with rotovap. product was suspended then
in hexanes and gravity filtered once more. cake was suspended in ethanol and solution was passed
through gravity filter. both filtrate and precipitate were characterized after drying.
MH094
The reaction was weighted with respect to 1 g of PDMS-OH (0.4 mmol) as it was added to a 100
mL round bottom flask. 186 mg (2.1 eq, 0.837 mmol) of 9-anthracene carboxylic acid, 173 mg
(2.1 eq, 0.838 mmol) of DCC and 20 mg (0.164 mmol) of DMAP was prepared together before
adding to the flask. The flask was then topped with 30 mL of acetonitrile, a stir bar was set to 600
rpm, and the reaction flask was covered for 48 hours.
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Upon uncovering the reaction flask after 48 hours, the solution appeared to be clear and mildly
tinted yellow; with an additional yellow, tacky substance present. This product was dirtier in color
to the solution and precursor of anthracene. The were no particulates present in the reaction vessel
so the first approach to workup of this reaction was rotary evaporation to remove acetonitrile. This
left a mostly dry yellow powder coating the flask. The flask was then flushed with hexanes and
scraped down to remove all material. Following a gravity filter, the filtrate was tinted a similar
dirty yellow and a yellow powder remained as the precipitate. The filtrate was saved and stored in
a glass vial for later analysis. The precipitate was further washed with methanol and another gravity
filter. The complete mass of yellow powder was dissolved into the methanol and passed through
the filter. A cleaner, yellow filtrate remained along with no discernable precipitate. Both the
hexane filtrate and methanol filtrate were dried with rotary evaporation to leave testable material.
After drying of the hexane filtrate, a thick, yellowish liquid remained (similar consistency to
PDMS-NH2) which contained yellow particulates. This liquid was analyzed using FTIR and NMR
(d-DMSO). The methanol filtrate was given the same drying treatment and produced a dry yellow
solid. This solid was analyzed using FTIR and NMR (d-DMSO).
MH135
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, now add 40 mL of DMF along with a stir bar and begin stirring. Bring flask to sub-zero
Celsius using ice or LN2. To the flask, add 0.444 g of 9-anthracene carboxylic acid, 0.408 g of
DCC, and 20 mg of DMAP. Begin stirring on stir plate. Finally, add 1.0 g of PDMS-OH
terminated. Cap the flask and cover with aluminum foil. Leave reaction to run for 48 hours.
With no suspension present, remove DMF with rotary evaporation. Flush dried material with
hexane(s) and gravity filter. Take dry cake and dissolve into ethanol then filter. Dry filtrate and
precipitate.
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-NH2 Terminated PDMS
MH095
The reaction was weighted with respect to 1 g of PDMS-NH2 (0.4 mmol) as it was added to a 100
mL round bottom flask. 186 mg (2.1 eq, 0.837 mmol) of 9-anthracene carboxylic acid, 173 mg
(2.1 eq, 0.838 mmol) of DCC and 20 mg (0.164 mmol) of DMAP was prepared together before
adding to the flask. The flask was then topped with 30 mL of DCM, a stir bar was set to 600 rpm,
and the reaction flask was covered for 48 hours.
Upon uncovering the reaction flask after 48 hours, the solution appeared to be a suspension of
particulates contained in a bright yellow solution. The solution was gravity filtered to yield a clean,
yellow solution. The precipitate caught the filter appeared to be a white powder. The filtrate was
dried using rotary evaporation, removing DCM and leaving crystal like formations along with
bright yellow clumps of material. The dry filtrate was then washed with hexanes and gravity
filtered once more. Yellow powder remained as a precipitate in the filter as a yellow filtrate
solution was collected in the flask.
MH105
The reaction was weighted with respect to 1 g of PDMS-NH2 (0.4 mmol) as it was added to a 100
mL round bottom flask. 186 mg (2.1 eq, 0.837 mmol) of 9-anthracene carboxylic acid, 173 mg
(2.1 eq, 0.838 mmol) of DCC and 20 mg (0.164 mmol) of DMAP was prepared together before
adding to the flask. The flask was then topped with 30 mL of DCM, a stir bar was set to 600 rpm,
and the reaction flask was covered for 48 hours.
Upon uncovering the reaction flask after 48 hours, the solution appeared to be a suspension of
particulates contained in a bright yellow solution. The solution was gravity filtered to yield a clean,
yellow solution. The precipitate caught the filter appeared to be a white/clear crystal powder. The
filtrate was dried using rotary evaporation, removing DCM and leaving crystal like formations
along with bright yellow clumps of material. The filtrate was then washed with hexanes and gravity
filtered once more. Yellow wax remained as a precipitate in the filter as a yellow filtrate solution
was collected in the flask. NMR was completed in CDCl3.
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MH107
The reaction was weighted with respect to 1 g of PDMS-NH2 (0.4 mmol) as it was added to a 100
mL round bottom flask. 186 mg (2.1 eq, 0.837 mmol) of 9-anthracene carboxylic acid, 173 mg
(2.1 eq, 0.838 mmol) of DCC was prepared together before adding to the flask. The flask was then
topped with 30 mL of DCM, a stir bar was set to 600 rpm, and the reaction flask was capped and
blacked-out for 48 hours.
Reaction was stopped after 48 hours. Bright yellow liquid resided in flask particulates floated
throughout. Reaction flask was placed in -20°C freezer for 1 hour. Funnel and filter was frozen for
1 hour also. Solution was gravity filtered leaving white powder (presumably dicyclohexylurea)
and a hint of yellow (unreacted anthracene or possibly lost product). The precipitate was dried via
roto evaporation. Clear, oil-like substance remained with yellow particulates embedded.
Appearance indicates reaction did not form product intended.
MH108
The reaction was weighted with respect to 1 g of PDMS-NH2 (0.4 mmol) as it was added to a 100
mL round bottom flask. 186 mg (2.1 eq, 0.837 mmol) of 9-anthracene carboxylic acid, 173 mg
(2.1 eq, 0.838 mmol) of DCC was prepared together before adding to the flask. The flask was then
topped with 30 mL of DCM, a stir bar was set to 300 rpm, and the reaction flask was capped and
blacked-out for 48 hours. Nitrogen was flushed through for the remainder of the reaction.
Reaction was stopped after 96 hours. Bright yellow liquid resided in flask particulates floated
throughout. Reaction flask was placed in -20°C freezer for 1 hour. Funnel and filter was frozen for
1 hour also. Solution was gravity filtered leaving white powder (presumably dicyclohexylurea)
and a hint of yellow (unreacted anthracene or possibly lost product). The precipitate was dried via
roto evaporation. Clear, yellow, oil-like substance remained. Appearance is promising.
MH109
The reaction was weighted with respect to 1 g of PDMS-NH2 (0.4 mmol) as it was added to a 100
mL round bottom flask. 186 mg (2.1 eq, 0.837 mmol) of 9-anthracene carboxylic acid, 173 mg
(2.1 eq, 0.838 mmol) of DCC was prepared together before adding to the flask. DCM was dried
with 100 mg of magnesium sulfate and gravity filtered. The flask was then topped with 30 mL of
DCM, a stir bar was set to 300 rpm, and the reaction flask was capped and blacked-out for 24
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hours. A couple of Drierite rocks was added to the reaction as a capture of water produced by the
reaction.
After 24 hours the reaction was placed in a freezer to cool to -20 °C. Solution was then gravity
filtered. This process was extremely slow and a small amount of clear yellow liquid precipitated
through.
MH110
The reaction was weighted with respect to 1 g of PDMS-NH2 (0.4 mmol) as it was added to a 100
mL round bottom flask. 186 mg (2.1 eq, 0.837 mmol) of 9-anthracene carboxylic acid, 173 mg
(2.1 eq, 0.838 mmol) of DCC was prepared together before adding to the flask. DCM was dried
with 100 mg of magnesium sulfate and gravity filtered. The flask was then topped with 30 mL of
DCM, a stir bar was set to 300 rpm, and the reaction flask was capped and blacked-out for 24
hours. A couple of Drierite rocks was added to the reaction as a capture of water produced by the
reaction.
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Reaction Summary
Table 2 – Table of experimental parameters for anthracene terminated PDMS
Experiment
MH047
MH049
MH059
MH078
MH094

9-anthroic acid
0.444 g
0.444 g
0.444 g
0.444 g

PDMS Termination
1.0 g (OH)
1.0 g (OH)
1.0 g (OH)
1.0 g (OH)
1.0 g (OH)

DMAP
20 mg
20 mg
20 mg
20 mg
20 mg

0.186 g
(2.1 eq.)
MH095

1.0 g (OH)

20 mg

1.0 g (NH2)

N/A

1.0 g (NH2)

N/A

1.0 g (NH2)

N/A

1.0 g (NH2)

N/A

MH134
MH135

30 mL (DCM)
0.173 g
(2.1 eq.)

1.0 g (NH2)
0.186 g
(2.1 eq.)
0.444 g
0.444 g

30 mL (DCM)
0.173 g
(2.1 eq.)

0.186 g
(2.1 eq.)
MH110

30 mL (DCM)
0.173 g
(2.1 eq.)

0.186 g
(2.1 eq.)
MH109

30 mL (DCM)
0.173 g
(2.1 eq.)

0.186 g
(2.1 eq.)
MH108

30 mL (acetonitrile)
0.173 g
(2.1 eq.)

0.186 g
(2.1 eq.)
MH107

Solvent
40 mL (DCM)
40 mL (DCM)
40 mL (DCM)
40 mL (DCM)
40 mL (acetonitrile)

0.173 g
(2.1 eq.)

0.186 g
(2.1 eq.)
MH105

DCC
0.408g
0.408g
0.408g
0.408g

1.0 g (OH)
1.0 g (OH)
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N/A

20 mg
20 mg

30 mL (DCM)
0.173 g
(2.1 eq.)
0.408g
0.408g

40 mL (DCM)
40 mL (DMF)

PDI-SILANE
Scheme 2 shows the synthesis diagram for the single-step replacement reaction that forms PDIsilane.

Beginning

with

perylene-3,4,9,10-tetracarboxylic

dianhydride

and

3-

aminopropyltriethoxysilane a reflux reaction was initiated in 200 proof ethanol over 48 hours.

3-aminopropyl-

perylene-3,4,9,10-

triethoxysilane

tetracarboxylic
dianhydride
80 °C
EtOH

PDI-silane

Scheme 2 – Synthesis of perylene-3,4,9,10-tetracarboxylic dianhydride and 3aminopropyltriethoxysilane to form PDI-silane
SYNTHESIS AND WORK-UP
All glassware was dried prior to use. ~1000 mg of Perylene-3,4,9,10-tetracarboxylic dianhydride
was added to a two-necked round-bottom flask. 10 mL of (3-aminopropyl) triethoxysilane was
added to the flask. The flask was then fitted to the reflux column, purged and filled with a nitrogen
atmosphere. 50 mL of anhydrous EtOH was added to the flask via syringe through a plugged neck.
The flask was then lowered into the oil bath to begin equilibrating temperature. The oil bath was
stabilized to ≈ 80 °C for the reflux reaction. The reaction was left for 36 hours.
When performing reaction in solvent, excessive 3-APT is required. 10 mL of 3-APT to 1 g of
PTCD seems to be a reliable place to start. This coincidentally provides 10 3-APT molecules per
reaction site. Volume of EtOH could potentially be reduced 20%. Untidy stirring is helpful to
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prevent solid buildup on sides on flask. Don't aim for a specific temperature, aim to reach just past
boiling and make sure condensation is working.
After time, remove the round bottom flask from the oil bath and allow it to cool to room
temperature. Add hexane to the flask to force the product out of solution. Pour the suspension
through a gravity filter, this will remove the ethanol and left over reactants (one-sided PDI-silane).
Remaining in the filter paper should be perylene and product. Wash the filter and suspend solid
with chloroform. Wash through second ashless gravity filter and collect product in filtrate solution.
Rotary evaporation is then used to remove chloroform and product solution is left to dry. Allow to
dry overnight in desiccator or glovebox, protect from oxygen atmosphere and direct light. Once
product is dry, scrape thoroughly product from sides of flask and collect in vial. To store, fill vial
with nitrogen atmosphere and seal.

PDIB NANOPARTICLE
A typical procedure begins with a dry, 100 mL round bottom flask to which 40 mL of anhydrous
ethanol and 5 mL of ammonium hydroxide is added. A stir bar is added to thoroughly mix the two
liquids before precursors are added. 100 mg of PDI-silane is dissolved into 10 mL of chloroform
and sonicated to ensure complete dispersion. 1 mL of TEOS simultaneously with the PDI-silane
solution is added to the round bottom flask. The reaction is then capped and left for 24 hours. Upon
completion, the reaction volume is distributed into 50 mL centrifuge tubes and particles are forced
out of solution at 10000 rpm. Depending upon particle diameter, desired product resides in either
the pellet or reaction solvent. In the case where particles remain in suspension, they are dried as
quickly as possible to prevent further reaction due to the catalyst presence of ammonium
hydroxide. Particles that reside in the pellet after the first centrifugation are twice washed with
chloroform to remove unreacted PDI-silane and centrifuged. They are then washed with ethanol
to remove excess ammonium hydroxide. SEM samples are prepared from dry samples and UV-vis
and Fluorescence is studied in ethanol solution.
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PDI-silane
TEOS

DMF
DCC
DCM

PDI-B Nanoparticles

Scheme 3 – Synthesis of PDI-silane and tetraethylorthosilicate to form PDI-B nanoparticles
SYNTHESIS AND WORK-UP

MH048
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, 40 mL of anhydrous ethanol was added. Following this, 7.5 mL of ammonium hydroxide
was added and the mixture was left to stir for 15 minutes. Once sufficiently mixed, 0.5 mL of
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TEOS was added to the flask and the reaction was capped and allowed to run for 15 minutes
further. This mixture did not turn cloudy after the 15-minute mark had passed. During this time, a
solution of PDI-silane was prepared by adding 100 mg of PDI-silane to 10 mL purified chloroform.
Once the TEOS had been running for 15 minutes, the PDI-silane solution was added to the flask
through a 0.45 µm filter.
Before adding the PDI-silane solution, a sample was taken of the silicas NP growth after 15
minutes of reaction time. After 24 hours under reaction conditions a sample was taken a prepared
on a silica wafer shard. After 48 hours, this sample was dried on a silica wafer shard for imaging
under SEM. The product was separated into two 50 mL falcon tubes before centrifugation at 8000
rpm for 30 minutes. The supernatant was then decanted, and 10 mL of anhydrous ethanol was
added to the tubes. A sample of the supernatant was dried on a silica wafer shard for imaging under
SEM. The pellet was dispersed via agitation. The sample was then centrifuged once more at 8000
rpm for 30 minutes. The supernatant was then decanted, and 10 mL of chloroform was added to
the tubes. The pellet was dispersed via agitation. The sample was then centrifuged once more at
8000 rpm for 30 minutes. The supernatant was decanted, and 10 mL of chloroform was added to
the tube. The pellet was dispersed via agitation. The sample was once more centrifuged at 8000
rpm for 30 minutes. The chloroform was decanted, and a small sample of the pellet was taken and
suspended in ethanol. This small sample was then used to form a SEM sample when dropped and
dried on a silica wafer shard. The product was dried and stored.

MH050
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, 40 mL of anhydrous ethanol was added. Following this, 7.5 mL of ammonium hydroxide
was added and the mixture was left to stir for 30minutes. During this stirring period, 100 mg of
PDI-silane powder was dissolved into 10 mL of anhydrous chloroform. This solution was then
vortexed and sonicated to aid solution formation. The PDI-silane was then passed through a 0.45
µm filter. The filtered PDI-silane solution, along with 0.5 mL of TEOS, was then added to the
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round bottom flask and the reaction was capped. The reaction was let to run for 24 hours stirring
at moderate intensity.
Just after adding the PDI-silane, a sample was taken from the reaction a prepared on a silica wafer
shard for SEM imaging. After 24 hours under reaction conditions a sample was taken a prepared
on a silica wafer shard. The product was separated into two 50 mL falcon tubes before
centrifugation at 8000 rpm for 30 minutes. The supernatant was then decanted, and 10 mL of
anhydrous ethanol was added to the tubes. A sample of the supernatant was dried on a silica wafer
shard for imaging under SEM. The pellet was dispersed via agitation. The sample was then
centrifuged once more at 8000 rpm for 30 minutes. The supernatant was then decanted, and 10 mL
of chloroform was added to the tubes. The pellet was dispersed via agitation. The sample was then
centrifuged once more at 8000 rpm for 30 minutes. The supernatant was decanted, and 10 mL of
chloroform was added to the tube. The pellet was dispersed via agitation. The sample was once
more centrifuged at 8000 rpm for 30 minutes. The chloroform was decanted, and a small sample
of the pellet was taken and suspended in ethanol. This small sample was then used to form a SEM
sample when dropped and dried on a silica wafer shard. The product was dried and stored.

MH052
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, 40 mL of anhydrous ethanol was added. Following this, 10 mL of ammonium hydroxide
was added and the mixture was left to stir for 30 minutes. After time, 1 mL of TEOS was added to
the flask a left to stir for 15 minutes. During this stirring period, 100 mg of PDI-silane powder was
dissolved into 10 mL of anhydrous chloroform. This solution was then vortexed and sonicated to
aid dissolving. The PDI-silane was then passed through a 0.45 µm filter. The filtered PDI-silane
solution was then added to the round bottom flask once the TEOS had been present for 15 minutes
and the reaction was capped. The reaction was let to run for 24 hours stirring at moderate intensity.
After 24 hours under reaction conditions a sample was taken a prepared on a silica wafer shard.
After 48 hours, this sample was dried on a silica wafer shard for imaging under SEM. The product
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was separated into two 50 mL falcon tubes before centrifugation at 8000 rpm for 30 minutes. The
supernatant was then decanted, and 10 mL of anhydrous ethanol was added to the tubes. A sample
of the supernatant was dried on a silica wafer shard for imaging under SEM. The pellet was
dispersed via agitation. The sample was then centrifuged once more at 8000 rpm for 30 minutes.
The supernatant was then decanted, and 10 mL of chloroform was added to the tubes. The pellet
was dispersed via agitation. The sample was then centrifuged once more at 8000 rpm for 30
minutes. The supernatant was decanted, and 10 mL of chloroform was added to the tube. The pellet
was dispersed via agitation. The sample was once more centrifuged at 8000 rpm for 30 minutes.
The chloroform was decanted, and a small sample of the pellet was taken and suspended in ethanol.
This small sample was then used to form a SEM sample when dropped and dried on a silica wafer
shard. The product was dried and stored.

MH056
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, 40 mL of anhydrous ethanol was added. Following this, 0.1 mL of ammonium hydroxide
was added, and the mixture was left to stir for 30 minutes. After time, 1 mL of TEOS was added
to the flask a left to stir for 15 minutes. During this stirring period, 100 mg of PDI-silane powder
was dissolved into 10 mL of anhydrous chloroform. This solution was then vortexed and sonicated
to aid dissolving. The PDI-silane was then passed through a 0.45 µm filter. The filtered PDI-silane
solution was then added to the round bottom flask once the TEOS had been present for 15 minutes.
Immediately following this addition, 0.9 mL of ammonium hydroxide was added the flask to
further aid particle formation. The reaction was let to run for 24 hours stirring at moderate intensity.
After 24 hours under reaction conditions the volume was separated into two 50 mL falcon tubes
before centrifugation at 8000 rpm for 30 minutes. The supernatant was then decanted, and 10 mL
of anhydrous ethanol was added to the tubes. A sample of the supernatant was dried on a silica
wafer shard for imaging under SEM. The pellet was dispersed via agitation. The sample was then
centrifuged once more at 8000 rpm for 30 minutes. The supernatant was then decanted, and 10 mL
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of chloroform was added to the tubes. A sample of the supernatant was dried on a silica wafer
shard for imaging under SEM. The pellet was dispersed via agitation. The sample was then
centrifuged once more at 8000 rpm for 30 minutes. The supernatant was decanted, and 10 mL of
chloroform was added to the tube. A sample of the supernatant was dried on a silica wafer shard
for imaging under SEM. The pellet was dispersed via agitation. The sample was once more
centrifuged at 8000 rpm for 30 minutes. The chloroform was decanted, and a small sample of the
pellet was taken and suspended in ethanol. This small sample was then used to form a SEM sample
when dropped and dried on a silica wafer shard. The product was dried and stored.

MH057
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, 40 mL of anhydrous ethanol was added. Following this, 1 mL of ammonium hydroxide was
added and the mixture was left to stir for 30 minutes. After time, 0.5 mL of TEOS was added to
the flask a left to stir for 15 minutes. During this stirring period, 100 mg of PDI-silane powder was
dissolved into 8 mL of anhydrous chloroform. This solution was then vortexed and sonicated to
aid dissolving. The PDI-silane was then passed through a 0.45 µm filter. The filtered PDI-silane
solution was then added to the round bottom flask and the reaction was capped. The reaction was
let to run for 24 hours stirring at moderate intensity.
After 24 hours under reaction conditions the volume was separated into two 50 mL falcon tubes
before centrifugation at 10000 rpm for 60 minutes. The supernatant was then decanted, and 10 mL
of anhydrous ethanol was added to the tubes. A sample of the supernatant was dried on a silica
wafer shard for imaging under SEM. The pellet was dispersed via agitation. The sample was then
centrifuged once more at 10000 rpm for 60 minutes. The supernatant was then decanted, and 10
mL of chloroform was added to the tubes. A sample of the supernatant was dried on a silica wafer
shard for imaging under SEM. The pellet was dispersed via agitation. The sample was then
centrifuged once more at 10000 rpm for 60 minutes. The supernatant was decanted, and 10 mL of
chloroform was added to the tube. A sample of the supernatant was dried on a silica wafer shard
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for imaging under SEM. The pellet was dispersed via agitation. The sample was once more
centrifuged at 10000 rpm for 60 minutes. The chloroform was decanted, and a small sample of the
pellet was taken and suspended in ethanol. This small sample was then used to form a SEM sample
when dropped and dried on a silica wafer shard. The product was dried and stored.

MH058
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, 40 mL of anhydrous ethanol was added. Following this, 1 mL of ammonium hydroxide was
added and the mixture was left to stir for 30 minutes. During this stirring period, 100 mg of PDIsilane powder was dissolved into 5 mL of anhydrous chloroform. This solution was then vortexed
and sonicated to aid dissolving. The PDI-silane was then passed through a 0.45 µm filter. The filter
PDI-silane solution, along with 0.5 mL of TEOS, was then added to the round bottom flask and
the reaction was capped. The reaction was let to run for 24 hours stirring at moderate intensity.
The PDI-silane was more difficult to dissolve in chloroform compared with previous experiments
where more chloroform was used. Filtration was also more difficult (more filters used due to
blockage) indicating that a good solution was not formed. It is very likely that this experiment had
lower quantities of PDI-silane than previous procedures.
After 15 minutes of TEOS reaction, a sample was taken from the flask for later SEM analysis of
the silica particle formation. After 24 hours under reaction, a sample was taken from the solution
a prepared by drop casting onto a silicon wafer shard. The batch was then treated to a rotary
evaporator with the water bath at 60 °C to remove chloroform and ammonium hydroxide. With
the reaction now containing only water and ethanol, the volume was moved to a centrifuge tube
for spinning at 8000 rpm for 1 hour. The supernatant was then taken from the tube and stored in a
glass vial. Particles remain in ethanol suspension.
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MH104
Setup for this experiment required a thorough wash of a 100-mL round bottom flask which was
then dried at 80 °C in an oven, the flask was then allowed to cool to room temperature. To the
flask, 40 mL of anhydrous ethanol was added. Following this, 1 mL of ammonium hydroxide was
added, and the mixture was left to stir for 30minutes. During this stirring period, 100 mg of PDIsilane powder was dissolved into anhydrous chloroform. This solution was then vortexed and
sonicated to aid dissolving. The PDI-silane was then passed through a 0.45 µm filter. The filter
PDI-silane solution, along with 0.5 mL of TEOS, was then added to the round bottom flask and
the reaction was capped. The reaction was let to run for 24 hours stirring at moderate intensity.
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REACTION SUMMARY
EXPERIMENT NO.

MH104.1

MH104.2

MH104.3

ETOH (ML)

40

40

40

NH4OH (ML)

1

1

1

TEOS (µL)

500

500

500

PDI-SILANE (MG)

100

100

100

CHCL3 (ML)

2.5

5

7.5

Table 3 – PDIB-siloxane nanoparticle reaction table for experiment MH104
After 24 hours the solutions were transferred to 50 mL Falcon centrifuge tubes for work-up at 3500
rpm for 4 hours. A luminous orange solution remained separate from a dark red pellet. Solution
was separated, and pellet was allowing to dry. SEM samples were prepared of both pellet and
solution.
THIN-FILM FORMATION

MH053
The two ITO substrates were prepared using a modified RCA cleaning method. First, a soapybrush wash was used to remove macro debris and form a hydrophobic surface. The substrates were
then placed in a base-bath formed from 20 mL of ammonium hydroxide, 20 mL of hydrogen
peroxide, and 60 mL of deionized water. This solution was heated to 80 °C and the substrates were
submerged for 15 minutes. The substrates were then given a 20-minute sonication in deionized
water. The substrates were then dried with the nitrogen gun and stored in a clean petri dish. Before
spin coating, the substrates were placed under a high-powered UV lamp for cleaning in an ozone
atmosphere. This treatment was carried out for 20 minutes to form a hydrophilic surface. The
solution used for MH053.3 was a PDI-silane/chlorobenzene mix at 15 mL/mg concentration. The
solution used for MH053.4 was a PDIB-silane/anhydrous ethanol mix at 15 mL/mg concentration.
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These two solutions where sonicated upon first compilation for 20 minutes and left overnight.
Before depositing onto the ITO substrate, the solutions were sonicated for another 20 minutes.
MH053.3 was dropped onto the ITO substrate through a 0.45 µm filter and spread over the entire
substrate. The heat lamp was lit over the spin-coating stage and the substrate was accelerated to
300 rpm for 30 seconds followed by further acceleration to 3300 rpm for 30 seconds. MH053.4
was dropped onto the ITO substrate and spread over the entire substrate. The substrate was
accelerated to 300 rpm for 30 seconds followed by further acceleration to 3300 rpm for 30 seconds.

MH055
The four ITO substrates were prepared using a modified RCA cleaning method. First, a soapybrush wash was used to remove macro debris and form a hydrophobic surface. The substrates were
then placed in a base-bath formed from 20 mL of ammonium hydroxide, 20 mL of hydrogen
peroxide, and 60 mL of deionized water. This solution was heated to 80 °C and the substrates were
submerged for 15 minutes. The substrates were then given a 20-minute sonication in deionized
water. The substrates were then dried with the nitrogen gun and stored in a clean petri dish. Before
spin coating, the substrates were placed under a high-powered UV lamp for cleaning in an ozone
atmosphere. This treatment was carried out for 20 minutes to form a hydrophilic surface. The
solution used for MH055.1 was a PDIB-silane/anhydrous ethanol mix at 15 mL/mg concentration.
The solution used for MH055.2 was a PDIB-silane/anhydrous ethanol mix at 30 mL/mg
concentration. The solution used for MH055.3 was a PDIB-silane/chlorobenzene mix at 15
mL/mg concentration. The solution used for MH055.4 was a PDIB-silane/chlorobenzene mix at
30 mL/mg concentration. These four solutions where sonicated upon first compilation for 20
minutes and left overnight. Before depositing onto the ITO substrate, the solutions were sonicated
for another 20 minutes.
The solution for MH055.1 was dropped onto the ITO substrate and spread over the entire substrate.
The substrate was accelerated to 200 rpm for 30 seconds followed by further acceleration to 6000
rpm for 5 seconds. The solution for MH055.2 was dropped onto the ITO substrate and spread over
the entire substrate. The substrate was accelerated to 200 rpm for 30 seconds followed by further
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acceleration to 6000 rpm for 5 seconds. The solution for MH055.3 was dropped onto the ITO
substrate through a 0.45 µm filter and spread over the entire substrate. The heat lamp was lit over
the spin-coating stage and the substrate was accelerated to 200 rpm for 30 seconds followed by
further acceleration to 6000 rpm for 5 seconds. The solution for MH055.4 was dropped onto the
ITO substrate through a 0.45 µm filter and spread over the entire substrate. The heat lamp was lit
over the spin-coating stage and the substrate was accelerated to 200 rpm for 30 seconds followed
by further acceleration to 6000 rpm for 5 seconds.
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CHAPTER V: ANTHRACENE DERIVATIVES

DONOR CHARACTERIZATION AND PERFORMANCE
POLYIMIDE APPROACH
Discussion
With the intent of creating a donor component that was easily formed and cured into a resilient
thin film whilst having fluorescent caps sterically available for energy transfer, there were
inevitably a few modifications to the design approach and chemical synthesis. Beginning with the
original synthesis process, the molecule was comprised of three pieces. The polymer base was
chosen to be poly[trimellitic anhydrous chloride-co-4, 4', methylenedianiline] due to its high
temperature stability. A linker, 6-bromo-1-hexanol, was then to be attached within the chain that
provided easier functionalization of the polyimide. The linker also allowed more room for the
fluorescent anthracene molecule to attach to the polymer chains. The anthracene molecule took
the form of 9-anthracene carboxylic acid.
Through the trials of creating this molecule, four synthesis procedures were undertaken; two
providing the polyimide with the additional linker, and two providing the linker attached to the
anthracene molecule. These procedures showed success initially but as discussed later, they were
not ideally repeatable due to a trade-off between high yield and high purity. The anthracene linker
synthesis was revisited to improve the yield and purity. From a 0.5 g scale reaction (MH003), 0.47
g of product was produced before washing. It was expected that a wash would not impact this
value too much. However, once washed, 60 % of this mass was lost indicating unreacted 9anthracene carboxylic acid was prominent in this reaction. When scaling this reaction to 1.0 g
(MH027) to reduce wasted reactants a similar story was told. A close to doubling of the product
mass was achieved at 0.8090 g but washing again caused drastic reduction of the final products
weight. To confirm that the reaction procedure was sound, a different work-up was attempted. The
direction taken following these trials was to improve yield from the reactions and develop an
improved work-up procedure leading to a cleaner product.
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Characterization
Polymer-Linker reaction
Poly[trimellitic anhydrous chloride-co-4, 4', methylenedianiline]
The polymer used in the phase 1 set of reactions was Poly[trimellitic anhydrous chloride-co-4, 4',
methylenedianiline]. In order to estimate 1H NMR, the monomer form was used terminated by a
chlorine and amine. This should be an effective tool as the only variable pieces of the molecule
through reaction are located at termination ends of the polymer. the n groups that exist in-between
are effectively irrelevant. The best indicator of reaction efficacy would be the integrated value of
the peak associated with the amine. Within the polymer, and at the functionalized linker end, it
should integrate to 𝑛 × 1 or 1, respectively. But with unreacted polymer there should be a peak
integration of 2. This is all with the assumption that all three peaks are distinguished and resolved
from each other. This monomer prediction provided: 3.83 (2H, s), 3.9 (2H s), 6.34 (2H, d), 6.80
(2H, d), 7.10 (2H, d), 7.30 (2H, d), 7.99 (1H, d), 8.27 (1H, s), 8.54 (1H, d). All peak positions were
predicted with high confidence except for the amine termination group.
6-bromo-1-hexanol
The inker used for the phase 1 set of reactions was a brominated hexanol molecule. It’s intended
purpose was to improve reactivity between the polymer and fluorophore by reducing steric
hinderances. Simulating it’s 1H NMR allowed some confirmation that the hydroxy hydrogen was
the least shielded hydrogen in the molecule. The prediction in total gave: 1.24 (1H, t), 1.33 (2H,
q), 1.47 (2H, q), 1.58 (2H, q), 1.82 (2H, q), 3.52 (2H, t), 3.62 (2H, q). Upon successful reactions
shifts to the tail end hydrogens are expected.
Predictive 1H NMR
To predict the expected reaction outcome proton NMR, the same methods were as in previous
predictions. Attention is paid towards the peak shift from the amine associated hydrogen and the
reduced shielding of the hydrogens in the hexanol chain. These shifts, in combination, should be
enough to confirm reaction outcome without integration for a qualitative conclusion. Again, it is
important to note the low confidence in the amine hydrogen peak position after prediction. The
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predicted proton NMR calculates {δ, ppm}: 1.24 (1H, t), 1.29 (2H, q), 1.47 (2H, q), 1.58 (4H, q),
3.11 (2H, t), 3.62 (2H, q), 3.83 (2H, s), 3.6 (1H t), 6.51 (2H, d), 6.90 (2H, d), 7.10 (2H, d), 7.30
(2H, d), 7.99 (1H, d), 8.27 (1H, s), 8.54 (1H, d). It is important to indicate that most dramatic
changes to shielding are centered around the amine reaction site. The spectral peak for this one
hydrogen is now a triplet due to its increased neighbors. the 1 and 2 carbons on the hexanol chain
have also made significant changes. The ‘2’ carbon has had significant shifting lower and is now
symmetrical with carbon 5. Carbon 1 also has sifted relative to is component position when
shielded by the bromine chain-end.
MH001
After complete work-up, FTIR from this reaction shows broad O-H stretching from the hydroxy
group tailing the linker. The presence of tertiary amines in this spectrum are not identified due to
their weak intensity and probably location in a ‘busy’ area (1250-1020 cm-1). This is due to the
lack of polarity in the C-N bond. The secondary amine N-H stretching typically appears with
medium strength between 3350-3310 cm-1, indicated via red lines in Figure 9. There does not
appear to present any peaks within this region given good indication that mostly tertiary amines
are present. NMR is needed to further analyze this reaction success.
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Figure 9 – FTIR spectrum for Polymer-Linker product from MH001 reaction
MH002
The previous reaction (MH001) was repeated and scaled-up to 1 g. After complete work-up, NMR
was performed in DMSO-d6. Peaks presenting at 3.897 ppm and 3.986 ppm appear from the two
methylene hydrogens fixed between the ring structures in the polyimide. Comparing the
integration of these peaks to that from 3.346 ppm indicates are large discrepancy as integration of
this single peak appears 4x greater than integration including both peaks from the methylene. This
peak has likely a large contribution from the C ‘6’ (shielded by the OH group) of the linker. there
is indication here then that there is overwhelming presence of unreacted linker at workup and a
complexity in identifying a successful synthesis for this scheme. This problem encourages the
attempt to react the linker with 9-anthroic acid first to then attempt this mating as the secondary
step.
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Figure 10 – Experimental 1H NMR of linker/polymer reaction. Synthesis of 2-(4-(4-((6hydroxyhexyl)amino)benzyl)phenyl)-1,3-dioxoisoindoline-5-carbonyl chloride. DMSO-d6
solvent. 400 MHz.
Linker-Fluorophore reaction
9-anthroic acid
Initial understanding of precursor materials was gained through experimental and computational
methods. To set a baseline, proton NMR predictions were made using the built-in computation of
ChemDraw 17. Proton NMR for 9-anthroic acid was computed to reveal general peak position in
order to analyze experimental data faster. The general reaction schemes using 9-AA involved
esterification and the carboxylic acid functional group. Knowing the relative position of the
hydroxy hydrogen in the NMR spectrum made understanding reaction products quick. Estimated
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1H NMR position for this reaction indicator to be around 12 ppm. The anthroic hydrogens were
predicted to exist around 8.78 (1H, s), 8.16 (2H, d), 8.01 (2H, d), 7.59 (2H, t), 7.55 (2H, t). For
further practical reasons and to improve accuracy of the rough calculations, solvent proton NMR
was used to analyze 9-anthroic acid. Figure 11 shows the results of such analysis and reveals that
the hydroxy group exists a little higher on the shielding axis. 1H-NMR in DMSO-d6 {δ, ppm}:
13.85 (1H, s), 8.71 (1H, s), 8.13 (2H, d), 8.02 (2H, d), 7.61 (2H, t), 7.55 (2H, t). Peaks found at
3.30 (2H, d) and 2.47 (6H, t) indicate the DMSO solvent used and its non-anhydrous nature.
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Figure 11 – Experimental 1H NMR of 9-anthroic acid. DMSOd solvent, 400 MHz.
MH003
After work-up was complete this reaction provided 187 mg of material. this reaction was setup to
provide a potential maximum yield around 900 mg. The yield of this reactions is not sufficient for
production of a PI-anthracene derivative. FTIR spectra reveal the standard work-up to not removed
unreacted 9-anthroic acid. this is shown with the broad O-H stretching from 3500-3000 cm-1. The
methanol wash provides a yield that has removed 9-AA but shows that DHU still remains with
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large peaks at 2929 cm-1 and 2852 cm-1. The methanol wash did remove DCC from the standard
work-up signified by the disappearance of N=C=N stretching not present at 2115 cm-1 in the
following spectra.
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Figure 12 – FTIR sepctra comparing before and after methanol wash of sample MH003
Proton NMR reveals no presence of the hydrogen belonging to 9-AA signifying that unreacted 9AA was removed with the full work-up procedure. the anthracene rings are represented by signal
counts around 7-8 ppm. Previous NMR predictions indicated that the associated hydrogens of the
1 and 6 carbons along the hexyl chain should appear at 4.33 ppm and 3.52 ppm, respectfully. These
peaks are not present in appropriate magnitude with comparison to their neighboring and
associated protons. This indicates a failure to mate 6-bromo-1-hexanol with 9-anthroic acid.
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Figure 13 – Experimental proton NMR of 6-bromohexyl anthracene-9-carboxylate work-up
(MH003). 400 MHz, DMSO-d6.
MH004
This scaled-up reaction of MH004 provided no better success with functionalization or a
significant yield improvement.
MH033
Gravity filter precipitate FTIR results (Figure 14) provide secondary amine peak at 3322 cm-1
indicating the transition of DCC to the intermediate, O-acylisourea, and finally, onto the stable
dicyclhexylurea (DHU) identified by this peak. This is further supported by 1624-1568 cm-1
indicating C=C cyclic alkene presence and 2927-2850 cm-1 presenting C-H alkanes. This implies
that an esterification process has taken place and that the first filtrate contains unwanted material.
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The minor peak appearing at 2116 cm-1 suggests a small amount of DCC remains in this work-up
step. The portion of the work-up that remained in DCM solution was dried via rotary evaporation
and washed over with hexanes through a gravity filter.
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Figure 14 – FTIR spectrum of MH033 anthracene-linker work-up presenting precipitate from
first gravity filter.
FTIR spectrum of the considered product showed broad peak formation from 3300-2500 cm-1
indicating O-H stretching from carboxylic acid. 2800-2500 cm-1 present the overtone and
combination bands of O-H, further suggesting remanence of carboxylic acid. C-H stretching from
alkanes in the hydrocarbon linker could also be located in this region, but obscured (medium peak
3000-2840 cm-1). The strong peaks present at 1786 cm-1 and 1724 cm-1 are attributed to C=O
stretching. 1624 cm-1 appears still, indicating a possible presence of DHU, but much weaker than
found in previous sample.
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Figure 15 – FTIR spectrum of MH033 anthracene linker work-up presenting dried filtrate after
hexanes wash.
The presence of DHU in the reaction work-up suggested that an esterification process had taken
place. The counterpoint to this being the remanence of carboxylic acid O-H groups indicating that
the precursor 9-anthroic acid remain in high volume. the current work-up was insufficient to isolate
the 6-bromohexyl anthracenecarboxylate product in order to certify its formation.

Concluding Remarks
This design method did not present a clear pathway forward for reliable and scalable synthesis for
a functionalized polymer-based fluorescent dye. synthesis yields were too low in volume for what
was required for device manufacturing. Purity was another concern as multiple washing methods
were needed to obtain usable material yet complete removal of DCC and DHU remained
unachievable. Because the synthesis for the anthracene linker and PI-anthracene derivative had
proven insufficient thus encouraging the experimentation with functionalizing PDMS with the
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same fluorescent molecule as an alternative. The advantage of this process is that it is a one-step
synthesis to add the fluorescent molecule into the polymeric network. PDMS has as long history
as a material used in thin-film and patterning applications, ideal for the current device strategy.
PDMS APPROACH

Discussion
In an effort to simplify synthesis and still produce a workable polymer-based fluorescent dye
product, the material backbone was changed to PDMS. Termination ends of -OH and -NH2 were
selected for esterification and condensation single step reactions, respectively. both reactions were
tested for yield and reliability.

Characterization (-OH terminated PDMS)
MH047
Multiple wash cycles were performed for the work-up of PDMS-anthracene synthesis. With the
product residing in the first filtrate after gravity filtering and dried via rotary evaporation (Figure
16 black). Following a wash with water and ethanol (Figure 16 red) the product remained in the
precipitate signified by the strong C=O stretching at 1786 cm-1. DCC is seen in the filtrate from
three peaks of 3325 cm-1, 2927 cm-1, and 2850 cm-1. DCC also appears at 1626 cm-1 and 1574 cm1

. DCU appears to remain in the precipitate based on peak positions at 3321 cm-1 (Figure 16 black)

and 3319 cm -1 (Figure 16 red). After a final wash with chloroform, it appears that reaction catalysts
and byproducts have been removed from the product. A weak peak remains (Figure 16 yellow) at
3049 cm-1 indicating possible O-H stretching from alcohol terminated PDMS. This indicates that
not all precursor material was used-up in the reaction. This is supported by the primary alcohol CO stretching present at 1070 cm-1 in the same spectrum. It is possible that 1568 cm-1 is an obscured
aromatic C=C indicating the presence of anthracene and being inseparable from DCC post
reaction.
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Figure 16 – FTIR presenting all work-up stages of PDMS-anthracene synthesis MH047.
Proton NMR shows the presence of both PDMS and anthracene. The -OH signaling peak defining
9-AA is not present around 13.85 ppm indicating again that there is no precursor 9-AA material in
this sample. 1.949 ppm indicates the presence of -OH termination from the PDMS revealing that
work-up has not sufficiently removed unreacted PDMS. This may not be too much of a problem
as long as fluorescence performance remains. 0.077 ppm presents the PDMS backbone of CH3.
Taking the average molecular weight of the PDMS material to be around 550 g/mol, the integration
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of this peak should be 21x more. This is due to the average chain length being 7 units long and
containing 6 hydrogens per unit compared to the 2 hydrogens capping the ends of the polymer.
From Figure 17 the integration of proton signal from the PMDS backbone does not satisfy the
relation to the chain ends. A much greater emphasis is placed upon signal from the alcoholic chain
ends.

Figure 17 – Experimental proton NMR: PDMS-anthracene. DMSO-d6 solvent. 400 MHz.
Following synthesis, confirmation of fluorescence was studied through UV-vis and Fluorescence.
UV-vis spectral analysis (Figure 18) revealed characteristic peaks of anthracene with most
intensity around 365 nm. Fluorescence spectrum (Figure 19) showed broad emission with a poorly
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resolved peak intensity maximum at 475 nm. Comparing these spectra to 9-anthracene carboxylic
acid confirmation can be made that fluorescent functionalization was successful.
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Figure 18 – UV-vis: PDMS-anthracene in chloroform
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Figure 19 – Fluorescence: PDMS-anthracene. In chloroform. Excited at 365 nm.
MH094
Figure 20 presents FTIR spectrum of the filtrate after hexanes wash. Peaks from DCC are present
at 2961 cm-1, 2931 cm-1 and 2120 cm-1. Indication of aromatic C=C is present with a weak and
broad peak centered around 1567 cm-1. This argument can be further bolstered the description of
appears in the work-up notes presenting the dried appearance of this material as yellow. The PDMS
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backbone is also present with Si-CH3 stretching at 1257 cm-1 and 789 cm-1, and Si-O-Si stretching
at 1011 cm-1. With no indication of -OH groups between 3500-2800 cm-1, there is a good chance
that a functional product remains in this filtrate.
100%
98%
96%

1567

2961

92%
90%

2931

88%
86%

1257

84%
82%

1011 789
4000

3500

3000

2500

2000

1500

Transmission

94%

2120

1000

80%
500

Wavenumber (cm-1)

Figure 20 – FTIR presenting PMDS-anthracene work-up filtrate after hexanes wash.
The post methanol wash (Figure 21) filtrate shows strong indication of DCU from peak at 3320
cm-1, 2926 cm-1, 2850 cm-1, 1625 cm-1, and 1572 cm-1. PDMS indicators are still present at 1258
cm-1, 1014 cm-1, and 795 cm-1. Strong presence of convincing stretching from aromatic C=C is
unconfirmed.
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Figure 21 – FTIR presenting PDMS-anthracene work-up filtrate after methanol wash.
Summary (-OH terminated PDMS)
Multiple experiments were run for this synthesis sporadically over many months. A consistent
problem remained poor yield and an inability to separate a clean product from DCC or nonfunctionalized PDMS. Three different polar aprotic solvents were tested to add variation to
solubility of involved materials. Non resulted in clear front-runner for high yield. The problem
regarding DCC and DCU are their similar properties to the desired compound. It would seem at
this point a different esterification protocol should be considered.

Characterization (-NH2 terminated PDMS)
MH095
Pre-wash precipitate from work-up presented as a near-white powder. FTIR analysis of material
signifies significant presence of DCU (Figure 22) in this part of the work-up. After Hexane wash,
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presence of DCU was reduced greatly in filtrate yet remained in small part in precipitate. Hexane
filtrate showed presence of DCC. The appearance was yellow and waxy. This appearance is a
strong indicator of anthracene and significant presence of PDMS. PDMS indicators are still present
at 1257 cm-1, 1017 cm-1, and 790 cm-1 in both precipitate and filtrate. The yellow color both filtrate
and precipitate after hexane wash is supported by the FTIR with the presence of C=C aromatics.
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Figure 22 – FTIR presenting all work-up stages of PDMS-anthracene synthesis MH095.
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Enough material was present from this reaction scheme to make solutions in chloroform and
perform spectroscopic analysis. Figure 23 presents a UV-vis spectrum showing strong vibronic
resolution present from the PDMS-anthracene. Fluorescence performance also holds with strong
emission from excitation at 350 nm. The peak resolution is close to holding a mirror image. Solvent
broadening of the right shoulder of the spectrum is present.
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Figure 23 – (left) UV-vis spectrum for final washed material. (right) Fluorescence taken with
excitation values at 300 nm (black), 325 nm (red), and 350 nm (blue). Samples dissolved in
chloroform.
MH108
Taking further measures in the work-up procedure to remove DCC and DCU from product a
cooling stage was introduced. Post reaction, the flask was placed into -20°C as DCC’s solubility
is greatly reduced in cold DCM. Filtrate shows clear presence of DCU and precipitate presents
clearly with DCC. The precipitate is also the component that retains peaks for PDMS and aromatic
groups of anthracene.
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Figure 24 – FTIR presenting precipitate and filtrate from gravity filter after cooling MH108 postreaction to -20°C. Comparison with 9-AA provided.
MH109
Matching the synthesis and work-up of MH108, more product was synthesized for NMR
comparison to PDMS-NH2 precursor. Integration calibration was set at peaks around 1.3 ppm as
this appears as a stable location for precursor and product measurement. Integration of the polymer
backbone around 0.02 ppm shows a ratio of 1:23. Translating this ratio over to Figure 26 presenting
NMR data for the precipitate from the work-up of sample MH109 and using the same peak position
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for integration calibration it is shown that the ratio drops to half at 1:12. Experimentally, the 1.3
ppm reference appears in a busy part of the spectrum as the work-up procedures are not perfect for
purifying product. Figure 27 presents a rerun of this sample and isolates the 3.4 ppm and 2.3 ppm.
Predictive NMR calculated that these two values should be associated with the same protons.
Under functionalization of PDMS by 9-AA, greater shielding is provided to the final CH2 before
the secondary amine shifting the proton signal higher. The presence of both peaks indicates a
partial functionalization of the PDMS in this sample. The ratio of these signal is determined to be
very near 1:1.

Figure 25 – Proton NMR taken of PDMS-NH2 in DMSO-d6. 400 MHz.
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Figure 26 – Proton NMR taken of precipitate product from MH109 in CDCl3. 400 MHz.
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Figure 27 – Proton NMR taken of precipitate product from MH109 in CDCl3 (rerun). 400 MHz
The work-up had enough material to again test absorption and fluorescence performance. Samples
were less concentrated than those run from MH095. Concentrations of 25 µg/mL were used for
both UV-vis and photoluminescence. Vibronic resolution was present for absorbance spectrum but
there was a significant yield loss in fluorescence. It is possible that sample had photobleached over
the period of work-up and analysis.
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Figure 28 – (left) UV-vis for precipitate of MH109. (right) Fluorescence for precipitate of
MH109. Excited at 375 nm. Solvated in chloroform.
Summary (-NH2 terminated PDMS)
With the minor modification to synthetic scheme consistency of some yield from this reaction type
was improved. The amine group proves to be a strong nucleophile and does not require DMAP as
previously needed to accelerate the kinetics of the alcohol-based functionalization reaction. There
are still persistent difficulties with DCC remaining within the product isolate after wash procedures
and ‘freezing’ to encourage a crash out of solution from DCM. Given the crude purity of this
product and low yield, further experimentation with thin-film fabrication is set to a minimum.
Presented here is still a potential of viability for this product as there is proof of PDMS-anthracene
functionalization across FTIR, NMR, and photo-spectrometry analysis. Some material was
confirmed functional and in quantity large enough to test with photospectroscopy. Overall,
reactions were not reliably repeatable, and yields were typically too low for device fabrication
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trials. Reactions MH105 and MH108 appeared to provide the best relative result from yield,
appearance and analytics.

Thin-Film Results
Thin-film measurements of PDMS-anthracene were produced using quartz substrates. Material
from MH109 was used for the PDMS-anthracene and MH106 (sample from generic synthesis not
explicitly analyzed in this work) for PDI-silane. They were compared to PDI-silane thin films and
an attempt to blend both solutions together is presented (Figure 30). Concentrations of stock
solution were increased to saturation to provide the most fluorescent signal possible.
Concentrations were around 25 mg/mL, but not accurately measured due to filtration of a small
amount of insoluble material. Spectra taken present raw data (Figure 29). The quality of such
measurements was hindered by material availability creating difficulty with preparation as nonideal concentrations were used for spin-coating. Furthermore, substrate alignment with detector is
key to viable results and with no fine tuning available with the current apparatus, consistency for
measurement is not present. Via the same casting techniques used in the isolated study (Figure 29),
the layered thin films present a significant decrease in fluorescence intensity for both moieties. To
many factors exist to conclude a reason for such results as measurement alignment, layer washoff, and surface modification for the second coating all vary outcome.
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Figure 29 – Thin-films were produced on 25x25 mm quartz slides via a spin-coating method. 100
µL of solution was cast and processed at 1000 rpm for 30 seconds.
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Figure 30 – Fluorescence for layered films of PDMS-anthracene and PDI-silane
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CHAPTER VI: PERYLENE DERIVATIVES

ACCEPTOR CHARACTERIZATION AND PERFORMANCE
This section focuses on the synthesis and workability of the accepting component of the energy
transfer system. It discusses the process of creating the PTCDA derivative known as PDI-silane,
and the subsequent nanoparticle evolution PDIB-siloxane. To repeat, the creation of these
materials is not novel to this work. Some modifications have been made to synthesis procedures
that have not been published and could be considered incremental improvements and new.
Furthermore, nanoparticle diameter was reduced using from prior literature limits using synthesis
modifications, which again, could be considered as a new incremental improvement.
PDI-SILANE

Discussion
This section will discuss synthesis of PDI-silane and PDI-BS nanoparticles, and thin film
formation of both materials.

Characterization
The purified product was characterized via FTIR and NMR to reveal structural confirmation of a
successful synthesis. Infrared spectrum presents C-H at 2973-2883 cm-1, C-O at 1693 cm-1, Si-C
at 1344 cm-1, and Si-O at 1072 cm-1.
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Figure 31 – FTIR spectrum of PDI-silane after synthesis
Previous literature synthesizing PDI-silane does not provide 1H NMR for reference17, only solid
state carbon and silicon references exist. To aid in characterization, Chemdraw was used to
simulate proton NMR results. The simulated reads, 1H-NMR in CDCL3 {δ, ppm}: 0.56 (2H, d),
1.39 (6H, d), 1.55 (2H, t), 3.72 (2H, d), 3.83 (6H, d), 7.85 (4H, d), 8.15 (4H, d). Experimental
NMR provides fair agreement positionally with recorded peaks. The ratio of silane to perylene
structure is marginally imbalanced implying unreacted 3-APTEOS remains in sample.
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Figure 32 – 1H NMR of PDI-silane in CDCL3 at 400 MHz.
UV-vis and Fluorescence spectra were collected to confirm the absorption and emission bands
resembled literature. UV-vis absorption (Figure 5) shows three distinctly characteristic peaks –
and one shoulder – resembling PDI-silane, which can be matched to previous synthesis efforts
from Rathnayake, H. et al. Four vibronic bands can be identified from this spectrum at 432, 459,
490, and 527 nm. Fluorescent emission (Figure 6) from PDI-silane continues the trend of three
distinct peaks and one shoulder. It presents a mirror image of the absorption spectrum. The three
distinct vibronic bands are seen at 524, 544, and 575 nm; the shoulder band peaks at 622 nm.
Figure 7 is presented to clearly show the band shift from absorption to emission for PDI-silane.
Figure 7 also reveals the slight absorption from 300 – 400 nm which may show inconsistencies
when comparing the Donor moiety absorption spectra in isolation and in blend. This absorption
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does not seem to affect fluorescence however, as the emission spectrum does not reflect this band
in Figure 7. For FRET, acceptor absorption spectrum retains the majority of function information.
Specifically, the spread of light absorption. From Figure 33 the spread of PDI-silane’s absorption
starts near ultra-violet and drops rapidly after 550 nm. It should be noted that PDI-silane can be
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Figure 33 – UV-vis spectrum data for PDIsilane

Figure 34 – Fluorescent spectrum data for
PDI-silane. Excitation wavelength at 457 nm.
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Figure 35 – Absorption and emission overlap for PDI-silane. Excitation wavelength set to 457
nm.

Concluding remarks
Synthesis of PDI-silane was successful in volume appropriate for experimentation. photophysical
characteristics are good for the intended use for FRET. Absorption band is prominent from 400550 nm. The emission band exists between 500-675 nm. Overlap of absorption and emission may
contribute to complexity of analysis during blend sample analysis when a donor is present.
PDIB-SILOXANE NANOPARTICLES

Discussion
Expanding upon the run of experiments regarding the synthesis of accepter nanoparticles, three
more experiments were performed. These experiments were initiated to test particle diameter
reduction, procedure technique and repeatability of a past procedure. The new experiments are
designated MH048, MH050 and MH052.
Experiment MH048 was designed with the reduction in TEOS weight to stint the maximum growth
diameter of the silica particles. Experiment MH050 involved a change to the procedure order with
regards to timing of the addition of PDI-silane to the reaction. Instead of waiting 15 minutes after
the TEOS has been added to the reaction, the PDI-silane was added immediately after the TEOS.
Experiment MH052 was simply completed for the purpose of making material for later thin-film
trials. A known procedure was used in order to produce the particles. Coincidently this was an
opportunity for a repeatability test regarding this procedure. I believe it may have been the same
batch of PDI-silane for experiment MH042 and MH052, so constant results would show stability
of the PDI-silane using our current storage method.
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Figure 36 – Reaction summary table of PDIB-silane NPs

240 nm PDIB

~35 nm

~25 nm

MH048
This procedure did not produce smooth particles. Growths of PDI-silane or silica can be found on
the surface of the particles. Seed silica particles ranged from 200 -250 nm in diameter. The PDIBsilane NPs were below 200 nm in diameter. The 24-hour reaction sample showed very similar
results to the 48-hour reaction sample. This suggests that the 48-hour reaction time is not
necessary. Five samples of experiment MH048 were imaged under SEM. The silica NP sample
showed clean, consistent particle formation with diameters around the 230-nm mark (Figure 37).
The 24-hour synthesis sample showed particles with good shape and an apparent reduced diameter.
The typical PDI-silane ‘ribbons’ existed intertwined in the sample. The sample was also covered
in ‘crumbs’ of PDIB-silane or silica particles. These ‘crumbs’ were mainly found on the PDIsilane ‘ribbons’ (Figure 38). The 48_hour synthesis sample showed an almost identical scene to
that of the 24-hour sample (Figure 39). The sample bearing the washed product shows particle size
below 200 nm. The ‘crumb’ particulates remain in the sample, and it appears that they are fused
to the larger spherical particles (Figure 40). The supernatant sample showed no sign of particles,
only PDI-silane (Figure 41).
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Figure 37 – SEM sample MH048: Figure 38 – SEM sample MH048: Figure 39 – SEM sample MH048: 48
silica NPs
24 hours into synthesis
hours into synthesis

Figure 40 – SEM sample MH048: Figure 41 – SEM sample MH048:
washed PDIB-silane NPs

supernatant

MH050
This sample had signs, in early stages of the reaction, of smooth particle formation. Throughout
the 24-hour reaction, the isolated particles disappeared and bulky clumps of ill-shaped particles
where left over. The 0-hour sample showed interesting initial particle shapes. They were not
smooth spheres as previously observed. Clumping had occurred in some cases of pre-developed;
other locations of the sample showed larger formations of bulky material (Figure 42). The 24-hour
synthesis sample shows better particle formation. Smooth particles are present, but diameter
distribution is large. Bulky structures still exist on the sample also. Three populations of structure
exist in this sample: smooth particles, large bulk structures, and small clumping of pre-developed
particles (Figure 43 and Figure 44). The final washed product showed no instances of individual
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particles; Ill-shaped particles had formed large clumps (Figure 45 and Figure 46). The supernatant
had no contents of particles, only PDI-silane (Figure 47 and Figure 48).

Figure 42 – SEM sample MH050: 0 Figure 43 – SEM sample MH050: Figure 44 – SEM sample MH050: 24
hours into synthesis
24 hours into reaction
hours into reaction

Figure 45 – SEM sample MH050: Figure 46 – SEM sample MH050: Figure 47 – SEM sample MH050:
washed final product
washed final product
supernatant

Figure 48 – SEM sample MH050:
supernatant
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MH052
This experiment had purpose mainly to produce usable product by implementing a previously
successful procedure. The successful synthesis of comparable particles validates the procedure
further. The particles produce where around 250 nm in diameter and surface texture was visible
under SEM. Their physically soft nature was revealed from scaring and pressure marks on their
surface from packing or collisions. Two samples were prepared of this sample for SEM imaging.
A sample taken 24 hours into the reaction was imaged to show plentiful, quality, particles mixed
with PDI-silane ‘ribbons’. The particles were around 200 – 250 nm in diameter (Figure 49). The
sample of the final product showed ideal particles around 250 nm in diameter with fantastic
uniformity and consistency. SEM imaging reviled texture on the surface of the particles unseen
before. Pressure marks from packing were visible indication the soft nature of these particles
(Figure 50and Figure 51).

Figure 49 – SEM sample MH052: 24 Figure 50 – SEM sample MH052:
hours into reaction
washed PDIB-silane NPs

Figure 51 – SEM sample MH052:
washed PDIB-silane NPs

Further continuing the study of PDIB-silane formation, an enthusiastic push to produce
significantly smaller particles was made through the past week. A reduction by magnitude of base
catalyst was used to choke particle growth. The relevant experiments are to be known as MH056
and MH057. Experiment MH056 was designed to drastically reduce the base catalyst
concentration through the single-step reaction. It was also conducted to retry a procedure that
previously failed but was theoretically sound. This procedure was regarding two-step addition of
ammonium hydroxide: one before the addition of TEOS, and another after the addition of PDIsilane. Experiment MH057 was a test designed to analyze the pure functionality of one-tenth base
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catalyst and a reduction in TEOS. Both of these factors should lead to reduced particle size but
still allowing for integration of the PDI-silane.
MH056
This experiment should be considered a great success, certainly compared to past results. Particles
were generated in abundance and in diameters of 35 nm and a little below. Interestingly, silica
particle formation was unrepresentative of the final particle size. Silica particles were large and
ill-defined. The samples that were prepared from the first supernatant are most interesting from
this procedure. The particles produce a not provoked out of solution with 8000 rpm centrifugation
over 30 minutes. This is likely due to their small size. Dried particles formations were present on
the sample in huge volumes (Figure 52 and Figure 53). All particles were very uniform and had
ideal packing for surface coating (Figure 54 and Figure 55). The volume of particle produce was
quite impressive and the formation of canyon like sheets indicates that thin film formation should
be achievable. The sample prepared to show silica particle synthesis shows quite different results
however. Particles present in this sample are large, over 150 nm, and not well defined. They are
smooth yet connected to one another in a melted fashion (Figure 56 and Figure 57).
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Figure 52 – SEM sample MH056:
PDIB-silane NPs, 1st supernatant

Figure 53 – SEM sample MH056:
PDIB-silane NPs, 1st supernatant

Figure 54 – SEM sample MH056:
PDIB-silane NPs, 1st supernatant

Figure 55 – SEM sample MH056:
PDIB-silane NPs, 1st supernatant

Figure 56 – SEM sample MH056:
Silica particles

Figure 57 – SEM sample MH056:
Silica particles

MH057
This sample essentially confirms procedure capability of producing particles around the 30-nm
mark. It also informs upon the location of these particles being in the 1 st and 2nd supernatant
washes. This should decrease work-up time and generally make this procedure more efficient. A
step that still needs to take place however is the removal of any unused PDI-silane. There is also
interesting growth that difference from previous observations. PDI-silane forms prominent ribbons
that end-up covered in particles. These samples need to be reimaged in order to be quantitatively
compared to other results due to lack of metadata. Under unfortunate circumstances regarding user
interface for the SEM, images for this set of data do could not provide any analytical data.
Therefore, as a disclaimer, unknown parameters are as follows: working distance, magnification,
line/diameter measurements. Based on experience with the previous sample, MH056, I can
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confidently say that these particles are at least similar in radius (Figure 58 and Figure 59). This
statement is based upon ease of imaging and limit of sharp focus. Once again, the most abundant
particles are found in the first supernatant. These particles are uniform in size and shape, and
resemble a raspberry in figure. The first supernatant also contains ‘highways’ of presumably PDIsilane sheets that are completely coated with smaller particles (Figure 60 and Figure 61). As the
sample washes progress, the abundance of particles drops, yet still contains many (Figure 62).
With the chloroform washes, supernatant samples just contain PDI-silane formations Figure 63).
The final washed pellet shows clumped particles that are significantly larger than those in the
supernatants (Figure 64). The particles are also ill-formed and predominantly found forming
around sheets/rods of a different structure.
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Figure 58 – SEM sample MH057: Figure 59 – SEM sample MH057: Figure 60 – SEM sample MH057:
PDIB-silane NPs, 1st supernatant PDIB-silane NPs, 1st supernatant PDIB-silane NPs 1st supernatant

Figure 61 – SEM sample MH057: Figure 62 – SEM sample MH057: Figure 63 – SEM sample MH057:
PDIB-silane NPs, 1st supernatant PDIB-silane NPs, 2nd supernatant
PDI-silane, 3rd supernatant

Figure 64 – SEM sample MH057:
Final pellet

As seen previously, synthesized particles from reaction MH057 act as a colloid in the ethanol
solvent in which the reaction took place. These particles remain colloidal after centrifugation at
8000 rpm from 1 hour. SEM imaging of a sample prepared from the supernatant show particles
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around 30 nm in diameter (Figure 65). This sample also contains sheets of PDI-silane that did not
crash out under centrifugation (Figure 66). Because the first supernatant is likely to contain
chloroform, water, ethanol and ammonium hydroxide, the vial containing this mixture was left
open in the hood for a couple of days to allow for evaporation of chloroform and ammonium
hydroxide. After the second day, a visible red cloud was present at the top of the vial. This sample
was once again placed in the centrifuge for 1 hour at 8000 rpm to make removal of the clean PDIBsilane particles form the PDI-silane cloud easier.

Figure 65 – SEM sample MH057: first supernatant Figure 66 – SEM sample MH057: first supernatant after
after second centrifugation
second centrifugation

MH058
Observation of the sample intending to contain silica nanoparticles, taken from the reaction after
15 minutes, revealed very little in terms of well-defined spheres. The closest structures resembling
spheres found on the sample were clearly made from aggregates of smaller particles (Figure 67).
A cause is possibly the mechanism for smooth particle formation has been hindered due to general
insufficient access to the ammonium hydroxide. The same sample imaged under the Zeiss
microscope solidifies the argument that isolated particles are not significantly present on this
sample (Figure 68 and Figure 69). Moving to the sample taken from the 24-hour reaction volume,
the representative concoction of components is observed. A large mass of PDI-silane sheets are
present and typically covered in particle averaging 30 nm in diameter (Figure 70, Figure 71 and
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Figure 72). In regions where PDI-silane sheets are not prevalent, the nanoparticles take on two
forms. Firstly, they are found in large, thick, cracked, sheets resembling a dried salt bed (Figure
73 and Figure 74). Secondly, they can appear in a monolayer form with two packing structures:
groups of closely packed particles make up the larger structure of the monolayer (Figure 75). After
centrifugation, the monolayer formations still exist (Figure 76 and Figure 77). Remaining PDIsilane takes on a javelin shape and tends to group into star-like formations (Figure 78). These
structures do have particle on their surface but with lower density (Figure 79). The centrifugation
brings a new form of particle aggregation also, particle can be found in large bulk concentrations
with random structure (Figure 80 and Figure 81).
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Figure 67 – Hitachi SEM sample
Figure 68 – Zeiss SEM sample
MH058: silica nanoparticle formations MH058: dried silica plate

Figure 69 – Zeiss SEM sample
MH058: silica particle clump

Figure 70 – Hitachi SEM sample
MH048: 24-hour reaction sample

Figure 72 – Zeiss SEM sample
MH058: 24-hour reaction sample

Figure 71 – Zeiss SEM sample
MH058: 24-hour reaction sample

Figure 73 – Hitachi SEM sample
Figure 74 – Hitachi SEM sample
Figure 75 – Hitachi SEM sample
MH058: 24-hour sample, PDIB-silane MH058: 24-hour sample, PDIB-silane MH058: 24-hour sample, PDIB-silane
sheets
sheets
monolayer
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Figure 76 – Hitachi SEM sample
MH058: centrifuged sample, PDIBsilane nanoparticle layer

Figure 77 – Hitachi SEM sample
MH058: centrifuged sample, PDIBsilane nanoparticle layer

Figure 78 – Zeiss SEM sample
MH058: centrifuged sample, PDIsilane 'javelins'

Figure 79 – Zeiss SEM sample
MH058: centrifuged sample, PDIsilane 'javelins'

Figure 80 – Zeiss SEM sample
MH058: centrifuged sample, PDIsilane 'javelins'

Figure 81 – Zeiss SEM sample
MH058: centrifuged sample, PDIsilane 'javelins'

Characterization
A fascinating observation regarding the fluorescent emission (Figure 82 right) of the PDIB NPs is the disappearance of the distinct peaks that are present for the PDI-silane monomers. An
explanation for the formation of a single peak emission is best understood through resonant strain.
The siloxane network formation from PDI-silane has the benefit of loading more fluorescent
molecule per particle radius than any surface functionalization. Yet simultaneously, those
molecules are resonantly constrained. The distinct peaks from perylene-3,4,9,10-tetracarboxylic
dianhydride can be resolved only when the molecule is not under mechanical strain. The
nanoparticle system presented here offers a very strenuous environment for the fluorescent
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molecule. This data presents strong indication that the siloxane particles formed are indeed fully
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Figure 82 – (left) UV-vis spectra of PDIB-NPs. (right) Fluorescent spectra of PDIB-NPs.
Excitation wavelength set to 457 nm (right)
PDI-B nanoparticles produced from this reaction have minimum diameter of 20 nm and a
maximum around 30 nm. SEM imaging (Figure 83 left) has confirmed a smooth and typically
spherical particle morphology. As previously realized from fluorescent spectra, the PDI-B
nanoparticles have PDI molecules loaded throughout the particle. This can also be observed via
TEM imaging (Figure 83 right) as dense nodes are present in the core of each particle. These dense
nodes resemble tightly packed PDI-silane molecules interspersed in the siloxane network.
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Figure 83 – (left) PDIB-NPs imaged under SEM. 10kV accelerating voltage, x220k
magnification. (right) PDIB-NPs imaged under TEM.
Further Trials
MH104.1
Pellet showed no definable particles (Figure 84 top). Material present was conglomerated bulk.
Solution showed particle formations as expected from slow centrifugation speed (Figure 84
bottom). Particles seemed a little clumped, but borders were clear. Average measured diameter
was just under 25 nm (Table 4). This is a good reproduction of past experiments.
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Figure 84 – (top) SEM images of pellet from MH104.1 reaction. (bottom) SEM images of
centrifuge solvent form reaction MH104.1
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MEASUREMENT

AREA

MEAN

MIN

MAX

ANGLE

LENGTH (NM)

1

0.961

179.206

116

214.336

2.578

23.635

2

0.953

167.47

136

195.529

3.426

23.057

3

1.305

162.121

102.862

215.584

4.22

31.036

4

0.961

175.414

125

206.238

0.466

24.207

5

1.156

147.635

81

193.886

-178.197

28.784

6

0.93

117.05

77

144.255

-11.623

16.61

MEAN

1.044

158.149

106.31

194.971

-29.855

24.555

SD

0.152

22.995

23.817

26.459

72.908

5.024

MIN

0.93

117.05

77

144.255

-178.197

16.61

MAX

1.305

179.206

136

215.584

4.22

31.036

Table 4 – Particle diameter measurements for experiment MH104.1
MH104.2
Pellet showed similar features when compared with those of MH104.1. It also included ~5 nm
particle formations likely to be silica nanoparticles (Figure 85 top). Resolution of particles is very
poor but recognizable. Solution showed well defined particle formation (Figure 85 bottom).
Average measurement was around 55 nm (Table 5).
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Figure 85 – (top) SEM images of pellet from MH104.2 reaction. (bottom) SEM images of
centrifuge solvent form reaction MH104.2
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MEASUREMENT

AREA

MEAN

MIN

MAX

ANGLE

LENGTH (NM)

1

1.953

124.388

98

180

0

49.405

2

1.976

124.15

94

153

180

50

3

2.406

112.282

87

162

180

60.913

4

2.508

122.449

88

147

180

63.492

5

2

117.414

84

187

180

50.595

MEAN

2.169

120.137

90.2

165.8

144

54.881

SD

0.266

5.211

5.675

17.196

80.498

6.759

MIN

1.953

112.282

84

147

0

49.405

MAX

2.508

124.388

98

187

180

63.492

Table 5 – Particle diameter measurements for experiment MH104.2
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MH104.3
Pellet revealed typical bulky formations excluding resemblance of defined particles (Figure 86
top). Solution again produced well-defined particles (Figure 86 bottom). A binomial distribution
is in this sample with the smaller set measuring an average of 36 nm in diameter (Table 6).

Figure 86 – (top) SEM images of pellet from MH104.3 reaction. (bottom) SEM images of
centrifuge solvent form reaction MH104.3
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MEASUREMENT

AREA

MEAN

MIN

MAX

ANGLE

LENGTH (NM)

1

1.391

161.91

95

226

0

35.119

2

1.375

146.653

115

186

0

34.722

3

1.617

140.034

93

164

0

40.873

4

1.555

182.095

146

248

180

39.286

5

1.195

158.654

112

187

180

30.159

MEAN

1.426

157.869

112.2

202.2

72

36.032

SD

0.166

16.184

21.3

33.974

98.59

4.215

MIN

1.195

140.034

93

164

0

30.159

MAX

1.617

182.095

146

248

180

40.873

Table 6 – Particle diameter measurements for experiment MH104.3
BASELINE PHOTOPHYSICAL CHARACTERISTICS
Preliminary absorbance and fluorescence spectra were obtained for the PDIB-NPs synthesized.
initial sample concentration is unknown as samples were maintained in solution and never dried.
S5 absorbance from Figure 87 presents the concentration taken directly from the work-up flask.
Descending concentrations from this point were measured in 0.5x increments of dilution.
In these absorption spectra, there remains some resolution of the vibronic peaks characteristic of
PDI-silane fluorophore imbedded in the siloxane network. Peaks appear at 481 nm, 497 nm, and
549 nm. This final peak, in comparison to the PDI-silane precursor, is red-shifted from the 530 nm
it resided in previous analysis (Figure 33).
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Figure 87 – UV-Vis absorbance of increasing concentration to solution saturation of PDIB
nanoparticles in EtOH
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Figure 88 – Fluorescence emission of PDIB-NPs via multiple excitation wavelengths
PDIB-NPs show variable fluorescent emission intensity when excited with different frequency of
light sources. Minimal return of fluorescence was found when approaching 400 nm excitation and
550 nm excitation. The greatest strength emission is located around 450 nm and appears to
diminish quickly when excited by either more ‘red’ or more ‘blue’ light. Peak maxima is shifted
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considerable when compared to PDI-silane precursor. Peak maximum is found here around 655
nm whereas PDI-silane produces vibronic peaks reaching maxima between 525-575 nm.

Concluding Remarks
As a continuation of original work synthesizing perylene loaded silica nanoparticles diameter was
reduced to 25±5 nm, down from 37±7 nm 22. This work shows a 32% reduction in particle diameter
is possible with only adjustments to synthesis procedure. Ideal synthesis procedure for lowest
diameter particles was to introduce minimal base catalyst into the reaction vessel. This did appear
to reduce particle surface smoothness and made aggregation more prevalent in samples imaged.
THIN-FILM FORMATION

Discussion
Silica nanoparticles have been proven to provide uniform layered thin-films via spin-coating
techniques76. The same approach to silica particle monolayers was applied for PDIB-silane
nanoparticles.

Characterization
MH053
Both samples were imaged under SEM on the ITO substrate. MH053.3 showed good coverage of
the PDI-silane with very few defects (Figure 89 and Figure 90). This sample was later used for
capacitance measurements. Sample MH053.4 showed uniform coverage of PDIB-silane
nanoparticles however, particles were aggregated into ‘islands’ with open areas of uncoated ITO.
These particles have high affinity to each other. Particle integrity was not affected however Figure
91 and Figure 92).
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Figure 89 – SEM sample MH053.3: PDI-silane thin- Figure 90 – SEM sample MH053.3: PDI-silane thinfilm
film

Figure 91 – SEM sample MH053.4: PDIB-silane NP Figure 92 – SEM sample MH053.4: PDIB-silane NP
thin-film
thin-film

MH055
This set of experiments shows a comparison between anhydrous ethanol and chlorobenzene as
spin-coating solvents for PDIB-silane nanoparticles. Toluene is a possible future solvent to add to
these results. All four samples were imaged under SEM on the ITO substrate. Sample MH055.1
showed a better coverage when compared to sample MH053.4. This was likely due to the revised
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spin parameters. Initial spin speed reduced from 300 rpm to 200 rpm and drying speed increased
from 3300 rpm to 6000 rpm resulted in a thinner spread of material of the substrate. The island
formation was still present however leaving a lot of ITO uncovered. The islands were small, many
in number and close together (Figure 93 and Figure 94). Sample MH055.2, with a higher
concentration of PDIB-silane NPs, gave better coverage still, but still not complete. Surface
features of particle islands were significantly larger resulting in a very non-smooth surface (Figure
95 and Figure 96). Sample MH055.3 showed thinner coverage when compared to MH055.1. Island
structures where again present but larger in diameter than MH055.1 (Figure 97 and Figure 98).
Sample MH055.4 showed smaller island structure than MH055.3 but, clearly worse ITO coverage.
It is likely that spin parameters are not ideal for chlorobenzene solution (Figure 99 and Figure
100). Particles remain more attracted to aggregation over layer formation.
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Figure 93 – SEM sample MH055.1: PDIB-silane NP Figure 94 – SEM sample MH055.1: PDIB-silane NP thinthin-film (EtOH)
film (EtOH)

Figure 95 SEM sample MH055.2: PDIB-silane NP
thin-film (EtOH)
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Figure 96 – SEM sample MH055.2: PDIB-silane NP thinfilm (EtOH)

Figure 97 – SEM sample MH055.3: PDIB-silane NP Figure 98 – SEM sample MH055.3: PDIB-silane NP thinthin-film (C₆H₅Cl)
film (C₆H₅Cl)

Figure 99 – SEM sample MH055.4: PDIB-silane NP Figure 100 – SEM sample MH055.4: PDIB-silane NP
thin-film (C₆H₅Cl)
thin-film (C₆H₅Cl)

Concluding Remarks
When compared to the pure silica nanoparticle counterparts, the PDIB-silane nanoparticles appear
to have a greater affinity to one another when performing the spin-coat method. Even dry, the
nanoparticles remain in island structures as though bonded to one another. It does not appear that
centripetal forces are great enough to break the PDIB-silane nanoparticles apart in such a way that
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they can fall into place as the solvent dries through the high rpm phase. In order to form monolayer
thin films with such material there must first be a certainty that particles are separated from one
another. There is currently no reference data that can be used to determine if these particles
aggregate in solution or during the drying process through spinning. Characteristic TEM imaging
(Figure 83) has shown these particles existing in isolation under dry conditions. For sample
preparation of such analysis, the product is diluted to a point unfit for the parameters recommended
for spin-coating. There should exist an ideal case of correct concentration and minimal particle
attraction, but that case was not found through these experimental parameters.
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CHAPTER VII: FUSED ARENE PHOTOPHYSICS

SOLVENT PHOTOPHYSICS
Organic fluorophores remain as an area of interest for FRET applications due to the will-described
pairs and established signal amplification techniques. Competition for application has grown due
to the availability of quantum dots (QDs) after great improvements to synthesis procedures,
however many properties of organic dyes have remained superior. Their size is comfortably subnanometer, meaning spatial interference with resonant energy transfer is rarely problematic. QDs
have sizes ranging from a couple of nanometers to tens of nanometers dependent upon their
hydrodynamic diameter if a colloid is needed. organic dyes often present near unity quantum
yields, can be photostable, thermostable, and chemically stable. Solubility and functionality can
be controlled via well-established protocols. The optical properties of organic dyes are determined
by electronic transitions set discretely on a per-molecule basis. The energy gap between the
quantized ground and excited states determines the energy of photon it can absorb and emit. When
excited in number, a characteristic spectrum is produced providing a definable cumulative state of
all the excitable dyes at once. When created from dyes in solution, the shape of this spectra is
determined by the energies associated with the molecules Frank-Condon state. Solvent interaction
plays a significant role in the cycle of excitation and relaxation of a fluorescent capable dye
molecule. The first state is the equilibrium ground state. The molecule has no excess energy
absorbed and the solvent cage around it remains at an energetic minimum. Upon absorption of a
photon of sufficient energy, the molecule transitions to an excited state faster than the equilibrium
of its solvent cage can shift. This represents the nonequilibrium excited state, and the second state
in the cycle. The solvent cage then must change shape in some manner to accommodate the higher
energy electrostatic environment defined by the excited molecule. this produces an equilibrium
excited state defined as the third phase in the cycle. The final phase in the cycle, before the return
to an equilibrated ground state, is via a relaxation process. If this process of relaxation happens via
fluorescence – the emission of light from the excited fluorophore – the molecule will exist in a
nonequilibrium ground state where the solvent cage remains in an electrostatic stabilization as
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though dye molecule has higher energy. The solvent cage eventually catches upon with its
organization for the equilibrium group state to be established.
The quantifiable change in energy as each of these phases progress defines how absorption and
emission spectra present after measurement. Shifts left or right to a spectrum’s peak position
provides insight into the strength of interaction that a solvent can have the dye. Generally, the
greater the solvent interaction, the greater the blue-shift to the absorption spectrum because a
nonequilibrium excited state molecule will force strongly interacting solvents to increase in
polarity. The energy differential between ground and excited states is then forced to grow, relative
to weaker interacting solvents that feel polarity increase to a lesser extent. A similar sequence of
events must occur for deexcitation of a molecule. For a dye potentially fluorescing, two events
occur. Firstly, the solvent cage equilibrates with the newer electrostatic state of the excited
molecule. This is a very fast dynamic on the time scale of vibrational relaxation and the energy of
the system is reduced. Simultaneously, the excited electronics of the dye molecule are going
through non-radiative intramolecular transitions until they reach the lowest energy excited singlet
state. From this point the molecule can emit a photon to return to its ground state. However, just
as with the excitation, the solvent cage exists in the state equilibrated with the excited molecule.
this means that the energy differential between the equilibrium excited state and this nonequilibrium ground state is significantly smaller than that occurred for excitation. This process will
cause fluorescence spectra to typically be of longer wavelength than absorption. once the dye
molecule is in its ground state, the solvent cage can relax once more to equilibrate back into the
state at which this cycle started.
Fluorescence is not the only pathway for deexcitation of an organic dye molecule. With multiple
neighboring molecules in a solvated system, excited state energy transfer can occur between like
molecules. Resonant energy transfer occurs as an exchange of excited vibrational energy from one
molecule to a nearby neighbor. This neighbor can then fluoresce at a longer wavelength to deexcite
or potentially again pass along the energy to another molecule which absorbs and excites at even
longer wavelengths. When exchange of resonant energy happens in the near-field, it can be treated
as a electronic dipole-dipole interaction. Such interaction is known as Förster Resonance Energy
Transfer. At distances between 0.5 nm and 10 nm between the accepting ground state molecule
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and the excited donor molecule coulombic perturbation may allow for a nonradiative transfer of
energy.
Below 5 Å, there is a much greater probability of a different form of energy transfer coined by
Dexter

77

. At such close distances intermolecular and intramolecular exchange of electrons can

take place. the short-range energy transfer can happen from singlet-singlet exchange or tripletriplet. instead of the excited electron releasing energy to assume the molecules ground state, it
will swap the electron directly with another in a ground state. The accepting molecule will have
an excited state electron.
Förster and Dexter energy transfer processes are both part of a quenching pathway possible to the
donor molecule. They may be deemed as collisional quenching mechanisms as the excited
donating fluorophore is assisted with the non-radiative transition to ground state via ‘collision’
interaction with the quenching acceptor. in higher concentration solutions there is the other
possibility of static quenching. Static quenching derives from complexes of fluorophores forming
at the ground state. For dye molecules, a driving force of complex formation is hydrophobic
interaction with the solvent environment. The packing of such is similar to the solvent cage formed
around isolated molecules but these complexes become nonfluorescent and shift their absorption
spectra to shorter wavelengths.
All of these mechanisms have been used in some form or another to create photonic probes, passive
event detection, signal relays, and drug or toxic species detection. None of such applications are
viable without a complete understanding of the material behaviors present in the system. To gain
a complete picture of how solvents and fluorophores behave in potential application environments
many analytical techniques can be applied. For detection and measurements of FRET, steady state
and lifetime fluorescent measurements are a valuable tool. this can be coupled with UV-vis
absorption spectra for quantum yield values and a complete understanding of a donor acceptor
system can be made. The same methods can be used for observation of Dexter energy transfer with
the careful consideration they both share undetectable non-radiative mechanisms; measurements
are only made of the result, post transfer. detection of complex formation and static quenching con
be confirmed with the use of fluorescent spectra and application of the Stern-Volmer equation. this
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equation can allow for the determination of the rate of quenching. If only one mechanism is present
the rate will present linear as concentrations of the quenching material change. If the fit to the
equation appears quadratic, there are extra quenching mechanisms present increasing the rate. This
method is a fine tool for identifying the existence of multiple quenching pathways after the
assumption for the existence of only one.
Introductory work regarding energy transfer was produced in 1967 by Birks et al. with a study of
anthracene and perylene 78. Using concentration depended fluorescent lifetime measurements they
were able to determine transfer rates via Stern-Volmer kinetics consistent with Förster resonance
energy transfer. This study was limited in scope at the time in pat by the limits of spectroscopic
equipment but also by the solubility of perylene. Benzene was the only solvent used in this study
so solvent influence was understudied. Since then, recent literature has presented an array of
applications for perylene derivatives as sensing probes. Geng et al. has used a derivative for 0nitrophenol sensing. This is a poisonous material and is a known contaminant of soil near former
explosives, fabric factories and military plants 79. Cheng et al. have developed silver ion sensors
derived from perylene that have the ability to switch transfer mechanism upon interaction 80. Silver
ions are known to be toxic by inactivating specific enzymes in an organism and accumulate in the
body.
These works have strongly relied upon the electronic properties of a rylene dye known in shorthand
as PTCDA. Formally, perylenetetracarboxylic dianhydride. It is an organic semiconductor with
nearly 900 published scholary articles searchable through the Google Scholar search engine. The
scientific attraction to this molecule comes from its intense visible light absorption, thermal and
chemical stability, electron accepting tendencies, and near unity quantum yield emission. A
particular disadvantage that PTCDA has regarding application is that there are few non-toxic
solvents that sufficiently induce high solvation. Expansive work with the perylene core has, in
some cases, relied upon dendrimer formations that still require harsh solvents such as DCM and
toluene. Common and safer solvents such as water, ethanol, chloroform, and acetonitrile are not
sufficient to dissolve effectively this base molecule. Insolubility in common solvents very quickly
reduces the range of sensing applications as most environments of application do not exist in toxic
solvents. in 1988 ,Demmig et al. produced a functionalized PTCDA derivative with the intension
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of improving solubility without incurring detrimental characteristics that reduce fluorescence
emission

81

. In fact, improving the solubility could only improve the fluorescence yield. The

variety of PTCDA derivatives was improved upon in 2009 by Türkmen et al. with four more
soluble forms. In particular some were designed for aqueous environments where they could
minimize electron transfer through the addition of acidic species.
In the same year as Türkmen (2009), Wahab et al. Produced and self-assembled thin-films from a
perylenediimide-bridged silsesquioxane 17. This molecule s highly soluble in chloroform and can
be used to build in the and three dimensions. Issued the acronym PTCBS, this molecule could be
produced at fairly low temperatures using a single-step reaction. although this form does not retain
as great chemical stability as the mother-molecule, PTCDA, it gains a superior framework
capability.
This chapter aims to reintroduce the fundamental energy transfer studies to highly soluble PTCBS
now that the diversity of solvents capable for studies have increased. A focus on energy transfer
dependence upon concentration and solvent properties is key to this study as experiments are set
to understand the mechanisms that precede and follow Förster resonance energy transfer over such
variable parameters. Even with leaps in computational efficiency over the 80 years since the
introduction of the theory of FRET, it remains more practical to explore energy transfer
experimentally as the multibody systems are extremely computationally expensive and designed
outcome bias is a difficult programming consequence to avoid.
To fulfill the prerequisites of such work firstly, it was important to find a donor material that would
provide good spectral overlap with the absorption spectrum of PDI-silane and be compatible with
the appropriate solvent selection. It was suitable to consider a similar organic fluorophore as
opposed to a metallic derivative due to easier solvent compatibility. Most metallic and
semiconducting QDs require lipid coatings for solvation whereas organic dyes typically come
solvent friendly. Anthracene was found to have high quantum yield and a considerable emission
overlap with PDI-silane absorption spectrum. the derivative, 9-anthroic acid, was selected for all
work due to its high solvent compatibility and access to further synthesis schemes via sue of the
reactive carboxylic functional group.
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INITIAL FUNCTIONALITY CONFIRMATION
Prior to this study, the standard approach of stock solution creation had been to target unity
absorbance via changing the concentration of two separate stock solutions of PDI-silane (PDIS)
and 9-anthroic acid (9-AA). The solutions were blended in different manners (constant volume
blend or variable volume blend) to create a mixture intended to induce a measurable quantity of
FRET. The poor performance of these mixtures prompted a high concentration blend. The stocks
solutions in this case were created to saturate the solvent disregarding unity absorbance. In relation
to quantum yield experiments where the solution concentrations were on the order of µg/mL, these
stock concentrations were produced at concentrations of mg/mL. The stock solution for 9-AA was
created at a concentration of 2.2 mg/mL (10 mM) and PDIS stock solution was created at a
concentration of 8 mg/mL (10 mM). Both solutions were made in chloroform. These relatively
high concentrations are still expected to fully dissolve yet, PDI-silane did not. There were still
small, barely visible flakes remaining in the solution after 30 minutes of sonication. To remedy
this, the stock solution was filtered through a 0.45 µm filter. This would of course reduce the
concentration of the solution, but the matter left in the filter did not appear to contribute to much
significant weight after drying. A worst-case estimate would state a 10% loss of material providing
the PDIS stock solution with 9 mM.
The test solutions were than created from these stock quantities to check individual fluorophore
performance and blended system performance. For each test solution, the volume was held
constant to maintain fluorophore density in solution. After this dilution, the solution concentrations
contained 500 µM of fluorophore in 1 mL of solvent for the reference solutions. The blended
solution had 500 µM/mL each for donor and acceptor.
9-anthroic acid

PDI-silane

Solvent

PDI-S test solution

0 µM/µL

10 µM/µL

950 µL

9-AA test solution

10 µM/µL

0 µM/µL

950 µL

Blended test solution

10 µM/µL

10 µM/µL

900 µL
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Table 7 – Table showing stock solution volumes used to create test solutions of PDIS, 9-AA,
and a blended sample.
Absorbance
The first measure taken for this experiment was the collection of absorbance for all three test
solutions. This was performed with only single beam collection resulting in a distinct plateau
feature to the peaks maxima. This can be remedied with a double slit setup and should allow for
even greater absorbances to be measured accurately. Nonetheless, important information can be
gained from this current plot. Firstly, the absorbance values for all three test samples are more than
three times the prior stock solution experiment setups. Secondly, the absorbance maxima for PDIS
and 9-AA are roughly at the same value (≈3.5). Finally, these maximum peak heights are
maintained in the blended test solution; this means that fluorophore density has been maintained.
We can also take note of the peak maxima locations. 9-AA has absorption peaks located at 348
nm, 365 nm, and 381 nm. PDIS has absorption peaks located at 361 nm, 390 nm, and 526 nm.
Ideally for FRET measurement, the acceptor fluorophore has no absorbance overlap with the
excitation wavelength; this give a clear indication of when the acceptors fluorescence is achieved
via energy transfer. In the case for PDIS, there seems to be a low level of absorbance continually
occurring from 300nm to 400 nm. The local minimum of this absorbance is located very near to
400 nm. This is still within the absorbance of 9-AA, so the first test will excite these fluorophores
at 400 nm.
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Figure 101 – UV-vis absorbance of 9-AA, PDIS, and Blended test solutions.
Emission
Fluorescent spectra of for the 9-AA and PDIS test solutions both perform with strong fluorescence
when excited at 400 nm. Both solutions were tested to provide a baseline for the Blended solution
to be compared against. The performance of the blended solution gives us great insight into the
interaction of these fluorophores in solution. There is a strong quenching of the 9-AA; the
mechanism – of which is indicated by the increase of fluorescence for PDIS – being FRET. The
broad width of the 9-AA emission peak is reduce significantly; a likely reason for this is revealed
when the emission of 9-AA and absorption of PDIS is compared directly. The vast majority of
PDIS absorbance exists beyond 450 nm, this blue-sifts the blended 9-AA’s emission peak maxima.
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Figure 102. Fluorescence spectra depicting 9-anthroic acid (black dots), PDI-silane (red dots),
and an equal moiety blend of both (black line). All spectra were run in chloroform solvent
solutions.
The maximum emission peak values were obtained for 9-AA, PDIS and their corresponding in the
blend. These values were then used to calculate the losses and gains for 9-AA and PDIS emission,
respectively.
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9-AA maximum

PDIS maximum

Blended 9-AA

Blended PDIS

emission

emission

maximum emission

maximum emission

𝟐. 𝟎𝟒 × 𝟏𝟎𝟔 CPS

1.06 × 𝟏𝟎6 CPS

6.98 × 𝟏𝟎5 CPS

1.79 × 𝟏𝟎5 CPS

Table 8 – Peak maxima for emission spectra of 9-AA test solution, PDIS test solution and both
spectra with blended test solution
It is noted that 66% of 9-AA’s original emission strength is lost in the blend solution. PDIS gains
169% of its of its original emission in the blend solution. A transfer efficiency can be calculated
solely from the change in peak maxima. We find that 54% of 9-AA’s lost emission counts get
transferred to PDIS’s blended emission. It must be emphasized that this is not a FRET efficiency
calculation, as it does not consider quantum yield of either fluorophore. The FRET efficiency is
calculated via the following equation,
𝐸 =1−

( 23 )

𝐹𝐷′
𝐹𝐷

Here, FD’ represents fluorescent intensity of the donor in the presence of the acceptor and FD
represents fluorescent intensity of the donor in the absence of the acceptor. In this case the FRET
efficiency (E) is calculated to be 66%. This is a very good donor/acceptor system that has been
developed at these high concentrations. It could be assumed that the fluorophores are in very close
proximity to each other, but there is another method to confirm this.

CPS

Percent

9-AA blend loss

−1.34 × 𝟏𝟎6

66%

PDIS blend gain

7.33 × 𝟏𝟎5

169%

−6.12 × 𝟏𝟎5

54%

Transfer efficiency (via
CPS exchange)

Table 9 – Loss and gain percentages resultant of FRET between 9-AA and PDIS. Transfer
efficiency calculated via difference in CPS of both.
Provided with the FRET efficiency from equation 1, an estimation of the average distance
between fluorophores can be made using the following two equations:
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1
1 + (𝑟⁄𝑅0 )6

( 24 )

2.07 𝜅 2 𝑄𝐷
=
∫ 𝐹𝐷 (𝜆)𝜖𝐴 (𝜆)𝜆4 𝑑𝜆
5
4
128𝜋 𝑁𝐴 𝑛

( 25 )

𝐸=

𝑅06

FRET efficiency can be reimagined by knowing the Förster distance (R0) and the average distance
between fluorophores (r). the Förster distance I obtained by calculating the spectral overlap (J) of
the donor emission and acceptor absorption. In equation 3, NA represents Avogadro’s constant, κ2
represents the dipole orientation factor, QD represents the quantum yield of the donor fluorescence,
n represents the medias refractive index. The resulting plot shown in the figure below reveals the
theoretical average distance between each fluorophore. The resulting number is 1.41 nm.

Figure 103 – Theoretical FRET efficiency curve dependent on distance between fluorophores. In
this case, 9-AA and PDIS were used as the donor and acceptor, respectively. the quantum yield
of the donor was set to 0.36 and the refractive index was 2.5.
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FRET Efficiency
FRET efficiency (E) can be derived in a few different ways depending upon initial information
obtain from experimentation. The truest computation of efficiency is derived from the quantum
yield of the energy-transfer transition. That is the probability of an energy transfer occurring per
donor excitation:
𝐸=

𝑘𝐸𝑇
𝑘𝑓 + 𝑘𝐸𝑇 + ∑ 𝑘𝑖

( 26 )

where kET is the rate of energy transfer, kf is the radiative decay rate of the donor, and ki is/are the
rates of any other de-excitation pathways excluding energy transfers to other acceptors.
A more computationally and analytically focused method of computing E is with regards to donoracceptor separation distance.
1
1 + (𝑟⁄𝑅0 )6

( 27 )

2.07 𝜅 2 𝑄𝐷
∫ 𝐹𝐷 (𝜆)𝜖𝐴 (𝜆)𝜆4 𝑑𝜆
128𝜋 5 𝑁𝐴 𝑛4

( 28 )

𝐸=

𝑅06 =

here, NA represents Avogadro’s constant, κ2 represents the dipole orientation factor, QD represents
the quantum yield of the donor fluorescence, n represents the medias refractive index. Spectral
overlap can be calculated with the following.

𝐽=

∫ 𝑓𝐷 (𝜆)𝜖𝐴 (𝜆)𝜆4 𝑑𝜆
= ∫ ̅̅̅
𝑓𝐷 (𝜆)𝜖𝐴 (𝜆)𝜆4𝑑𝜆
∫ 𝑓𝐷 (𝜆)𝑑𝜆

( 29 )

Radiative or Non-radiative assistance
The first experimental confirmation for fluorophore compatibility is shown in Figure 102.
Fluorescent spectra of 9-AA and PDI-S were collected as reference for comparison to their blended
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counterpart. This blend was made of a 1:1 moiety count. The purpose for the reference data is to
show unequivocally that peak amplitude for the acceptor moiety has risen due to the presence of
donor. This method of energy transfer confirmation has a small shortcoming, however. As is
clearly presented here, there is an overlap with the 9-AA and the PDI-S emission spectra. Knowing
that the PDI-S absorption spectra presents itself at higher energies, it is quite possible to suggest
that high wavelength emission from the donor is not completely absorbed by the acceptor. The
blend peak amplitude in the acceptor region could then be artificially increased from hidden
detector counts courtesy of radiative emission from the donor. This idea is supported by looking
at the same plot in the region between 400-500 nm, where a significant drop in donor emission is
observed but not zero. This region is not optimal for acceptor absorption and therefore is not
eliminated from the possibility of radiative emission.
To remedy the possibility that acceptor radiative emission increase is actually just a
combined effort of radiative emission from donor and acceptor in the same bandwidth, a simple
summation can be calculated. Addition of the 9-AA and PDI-S reference spectra are compared to
that of the blend in Figure 104. This plot shows a substantial increase in the area under the curve
between 530-700 nm indicating that some of this acceptor emission had energy contribution via
non-radiative energy transfer from the donor moiety.
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Figure 104. Fluorescence spectra depicting summation of 9-anthroic acid reference and PDIsilane reference (black dash) overlayed with blend solution (black line)
Concluding Remarks
This initial trial satisfactorily provides evidence of increased acceptor emission upon introduction
of donor to the solvated system. It provides experimental confirmation that spectral overlap of the
donor emission and acceptor absorption is sufficient for energy transfer to take place and contribute
to the acceptor emission yield. It also confirms that a 1:1 molar ratio of donor to acceptor may
provide an efficient environment for resonant energy transfer. To further understand the process
in place, concentrations higher and lower from this reference should be explored as well as ratios
of imbalance favoring either side. This expansion of experimentation would be done to provide a
measure of ideal efficiency within the bounds of this system. Further experiments of such design
may discover a limit of energy transfer for a minimum and a maximum concentration; formerly,
where collisions reduce to immeasurably small probability and latterly, high concentration induced
aggregation quenching overcomes resonance energy transfer pathways.
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CONCENTRATION GUIDANCE
Before trials, conceptual guidance of appropriate sample concentrations was found using a simple
density model. Assuming each particle was homogeneously distrusted in solution, the average
distance between each particle was calculated for a range of concentrations from 1µg/mL to 1
mg/mL. For an energy transfer process that is dependent upon dynamic collisional interaction it
seemed valuable to gauge the ideal-case system.

Figure 105 – Modeled average distance
between monomeric 9-anthroic acid moieties
in 1 mL volume.

Figure 106 – Modeled average distance
between monomeric PDI-silane moieties in 1
mL volume.

Table 10 shows extracted points from these calculations to provide an average distance between
molecules for each magnitude of concentration between 1µg/mL and 1 mg/mL. These values
suggest that an initial starting point for concentration blends aiming at producing a high number
of dynamic collisional energy transfer would be around the 1 mg/mL mark. this produces an
average distance between molecules on the order of 10 nm; right at the limit for FRET. There are
clear limitations to this model as it ignores solvent interaction and resultant aggregation effects
that would create a non-homogeneous distribution of molecules in solution. These effects must me
studied experimentally.

Concentration

1E-3 g/mL
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1E-4 g/mL

1E-5 g/mL

1E-6 g/mL

9-anthroic acid distance
7.17 nm

15.45 nm

33.29 nm

71.73 nm

10.99 nm

23.67 nm

51.00 nm

109.89 nm

between molecules
PDI-silane distance between
molecules
Table 10 – Samples of average distance between molecules in 1 mL volume for 9-anthroic acid
and PDI-silane.
BASELINE PHOTOPHYSICS OF 9-ANTHROIC ACID IN SOLVENTS

Preliminary
This experiment was set-up to understand the solvent effects on 9-anthroic acid. Concentrations of
125 µM in five different solvents were made. All excitation was done at 365 nm. These baselines
are needed to determine complex and aggregation type after formation. Concentration aggregation
shift spectra red or blue depending on the relationship of ground and excited state energies.

Acetonitrile Chlorobenzene Chloroform
Solvent

Ethanol

Tetrahydrofuran

(Polar

(Non-polar

(Non-polar

(Polar

(Non-polar

aprotic)

aprotic)

aprotic)

protic)

aprotic)

0.460 (5.8)

0.188 (2.7)

0.259 (4.1)

0.654

0.207 (4.0)

3.44

1.54

1.15

1.66

1.75

36.64

5.69

4.81

24.6

7.52

Solvent
Polarity
(Index)
Solvent
Dipole
Moment
Solvent
Dielectric
Constant
Table 11 – Solvent polarity table. The values were obtained from the CRC (87th edition), or
Vogel's Practical Organic Chemistry (5th ed.)
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Table 11 shows polarity of the five solvents involved in this study. A general rule for solvent
polarity is that as polarity increases, absorption spectra shift red. A more accurate description is
with relation to solvent interaction; a solvent that does the most to bring the gap between excited
state and ground state closer will cause the most red-shift.

Results and Discussion
Qualitative observation of absorption (Figure 107) and emission (Figure 108) provide some initial
insight into solvent interaction. Four of five solvents provide clean and distinguished vibronic peak
absorption spectra. The chloroform is the outlier in this case as vibronic peaks from the anthracene
spectrum are less well defined. The cause of this is typically due to solvent broadening and
solvation changes over time. There could also be competition between dimer and monomer being
shown as low vibronic peak resolution. This is a trait seen of 9-AA because of the carboxylic acid
hydrogen bonding.

Absorbance

1.2
1.0
0.8
0.6
0.4
0.2
0.0
275.0

325.0

375.0

425.0

475.0

Wavelength (nm)
Acetonitrile

Chlorobenzene

Ethanol

Tetrahydrofuran

Chloroform

Figure 107 – UV-vis absorption spectra of 9-anthroic acid in various solvents.
Further qualitative analysis of fluorescence in Figure 108 show the yield performance varies
significantly with solvent choice. Chlorobenzene and tetrahydrofuran perform with the highest
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intensity fluorescent emission. This may be attributed to the fact that that these two solvents share

Millions

CPS

similar ring structure and relatively strong electron donor properties.
5
4
3
2
1
0
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450
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Wavelength (nm)
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Chlorobenzene
Tetrahydrofuran

Chloroform

Figure 108 – Fluorescent emission spectra of 9-anthroic acid in various solvents
Quantitative comparison of peak position can be seen in Table 12 and Table 13; this data is taken
from Figure 109 and Figure 110. The highest polarity solvents used both share the shortest
wavelength maximum absorption peak position. This information alone would imply that
acetonitrile and ethanol are the most strongly interacting solvents with the 9-anthroic acid system.
Second, with a peak at 363 nm, is THF. This solvent is capable of hydrogen bonding as either an
acceptor or donor. The shift to a slightly higher wavelength informs that this solvent is acting more
of a hydrogen bonding donor when compared to acetonitrile and ethanol. The two chlorinated
solvents – chlorobenzene and chloroform – are the least polar solvents in this study. This
characteristic is show this with the lesser interaction by having the longest wavelength measured
of the five. Although they share similar UV-vis peak positions, the fluorescent performance
between the two is vastly different. It may be true that the electron availability influences
fluorescent emission far more than absorption spectra can infer.
Figure 110 and Table 13 show a slightly different story to solvent performance over absorption.
Here, THF shows the strongest blue-shift to the spectrum. Preliminary expectations would imply
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similar order of shift to those found in absorbance. Acetonitrile, chlorobenzene and ethanol appear
very close in peak maxima location. Finally, chloroform appears with its peak quite late around
462 nm. The chloroform spectrum also shows much more vibronic definition and favors intensity
towards the red-most local maxima. Vibronic definition can also be seen ethanol.
1.2

Absorbance (a.u.)

1
0.8
0.6
0.4
0.2
0
32500

27500

22500

Wavenumber (cm^-1)
Acetonitrile
Ethanol

Chlorobenzene
Tetrahydrofuran

Chloroform

Figure 109 – Normalized UV-vis absorption spectra of 9-anthroic acid in various solvents

Solvent

Acetonitrile Chlorobenzene Chloroform

Ethanol

Tetrahydrofuran

362 nm

363 nm

Maximum
Peak

362 nm

365 nm

365 nm

Position
Table 12 – Peak locations for absorption spectra
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Normalized Intensity

1.2
1
0.8
0.6
0.4
0.2
0
25000

20000

15000

Wavenumber (cm^-1)
Acetonitrile
Ethanol

Chlorobenzene
Tetrahydrofuran

Chloroform

Figure 110 – Normalized fluorescence spectra of 9-anthroic acid in various solvents. Excitation
365 nm.

Solvent

Acetonitrile Chlorobenzene Chloroform

Ethanol

Tetrahydrofuran

455 nm

438 nm

Maximum
Peak

452 nm

452 nm

462 nm

Position
Table 13 – Peak locations for emission spectra
Figure 111 shows all five solvents with absorption and fluorescence layering. Here we can see a
very slight overlap between absorption and emission spectra for chloroform, ethanol, and THF.
These are the spectra that exhibit the most vibronic shape. Acetonitrile and chlorobenzene exhibit
the least overlap and retain the fewest shapely features in the emission spectra.
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Figure 111 – Absorption and fluorescence overlap for 9-anthroic acid in various solvents.
Excitation 365 nm.
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Concluding remarks
For further experimental trials, this study determines that chloroform has a slow solvation response
to 9-anthroic acid. The remaining solvents show stability over a 24-hour period whilst remaining
in solution. If performed quickly, trials comparing chloroform to the other peak broadening
solvents may show variations in how solvent interacts with the outcome of energy transfer.
FOLLOW-UP OF BASELINE PHOTOPHYSICS OF 9-ANTHROIC ACID IN SOLVENTS

Preliminary
This trial is a follow-up to the previous baseline measurements to understand the solvent dependent
photophysics of 9-anthroic acid. This set of data was collected using the same exact samples used
in the first trial. The variable is the 24-hour time window between the measurements. Samples
were stored in a cool dark place in interim.

Results and Discussion
Figure 112 shows the normalized absorption and fluorescence of the 24-hour measurements. All
fluorescent spectra were excited at 365 nm.
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Figure 112 – Absorption and fluorescence overlap for 9-anthroic acid in various solvents.
Excitation 365 nm.
Comparison between 0-hour and 24-hour begins with Figure 113. In cases for acetonitrile,
chlorobenzene, ethanol, and tetrahydrofuran, very little spectral change for absorption is observed.
Intensity and peak position are unchanged for acetonitrile, chlorobenzene ethanol and
tetrahydrofuran. Chloroform, on the other hand, exhibits a significant change in spectral shape and
appears to red-shift. A red shift of this magnitude could indicate the formation of j-aggregates, or
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at least dimers, being formed after 24-hours in solution. Such change in spectral shape may only
be observable for chloroform, yet be present with other solvents. The difference being rate of
change. Chloroform as a solvent for 9-anthroic acid exhibits a slow enough solvating behavior that
over a period of 24-hours spectral shift is observed. No other solvent in this trial exhibits this
behavior.
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Figure 113 – Absorption comparison between 0-hour and 2- hour measurement of 9-anthroic
acid in various solvents
To further explore the solvent effects on 9-anthroic acid, fluorescence measurements were repeated
after 24 hours, also. Very little change to emission spectra for acetonitrile, chlorobenzene, ethanol,
and tetrahydrofuran was observed. The magnitude and peak position remain very consistent.
Again, chloroform stands out as the variable. The emission of 9-anthroic acid in chloroform has
increased in intensity considerably after remaining in solution for 24-hours. It is also the only
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solvent to maintain the mirror rule with the vibronic peaks being clearly visible. It should also be
noted after these experiments that ethanol provides the strongest emission intensity at the shortest
wavelength. This is an indication of fluorescence from the higher energy excited states available
to 9-anthroic acid: shortest wavelength peak at 395 nm. This is possibly true for chloroform also,
having a primary peak around 410 nm. Other solvents have broad and strongly shifted bell-curve
styled emission indicating the relaxation process in taking place from the lowest excited states
available.
Furthermore, it is observed that photophysical stability remains for 9-anthroic acid after 24 hours
in solution. A further trial may be needed to confirm that a steady state has been found for the
chloroform sample.
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Figure 114 – Fluorescence comparison between 0-hour and 24-hour measurements of 9-anthroic
acid in various solvents.
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Concluding remarks
The follow-up analysis for solvated 9-anthroic acid showed consistent emission and absorption
spectra for acetonitrile, chlorobenzene, ethanol, and tetrahydrofuran. Acetonitrile, chlorobenzene,
and tetrahydrofuran exhibited the least resolved emission peak. Ethanol presented minor vibronic
resolution yet remained comparably unchanged over the 24-hour period. Chloroform shows the
most variation in the time provided. After 24-hours, it was the only solvent to present distinct
vibronic peaks within a fluorescent emission spectra and maintain a mirror image.
PRELIMINARY SOLVENT DEPENDENCE FOR DONOR/ACCEPTOR BLENDS
Blend trials with THF and acetonitrile were conducted to establish more reference data dependent
upon solvent. These two solvents were used to produce a large contrast in polarity performance.

Chloroform (CHCl3)
Relative yield of 9-AA fluorescence is equivalent compared to PDI-silane in CHCl3.Increase of
blend emission is present with blended sample. Strong quenching of 9-AA emission is clear and
present with blended sample. Magnified view of spectra shows 575 nm emission of PDI-silane to
be the most enhanced region of emission spectra. Summation of PDI-silane reference and 9-AA
reference was made to compare with blend spectra in order to emphasize contribution of resonance
energy transfer over radiative emission. Blended emission still remained higher in magnitude over
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Figure 115 – (a and b) Fluorescence spectra for blend in CHCl3. Black dot represents 9-AA
reference sample, red dot represents PDI-s reference sample, and black line represents blended
sample. Excitation at 365 nm. (c) Blend vs. summation of 9-AA reference and PDI-silane
reference
FRET efficiencies were calculated for relative efficiency using corrective methods. After potential
false emission contributions were subtracted from blend emission, relative FRET efficiency could
be calculated to be 17.10%. Assuming no contribution to the blend emission spectra from 9-AA,
relative FRET efficiency could be calculated to be as high as 25.90%.

Method

Result

FRET Efficiency

38.92% ±9.44

FRET Efficiency (Rad. Ex. Corr.)

25.90% ±8.13

FRET Efficiency (Rad. Ex. Corr. + 9-AA Ex. Corr.)

17.10% ±6.34

Table 14 – Preliminary CHCl3 Relative FRET efficiency calculation results
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Spectral Decomposition
Gaussian fits were produced of the distinct emission peaks in the spectra of Figure 116.Three
gaussians were used for an acceptably accurate fit with parameters provided in Table 15. The
Gaussian is prepared with the following formula:
𝑦 = 𝐶𝑒 −(

(𝑥−𝜇)⁄ 2
𝜎)

( 30 )

No spectral overlap was accounted for in the blended spectra between acceptor and donor due to
clear separation between the two spectral components.
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Figure 116 – Three gaussian spectral decomposition of THF solvated PDI-S reference solution
and PDI-S blend component. (a) Reference PDI-S solution. (b) Blended PDI-S and 9AA
solution.

Acceptor

Acceptor

Acceptor

Acceptor

Acceptor

Acceptor

reference

reference

reference

blend

blend

blend

S1[0-0]

S1 [0-1]

S1 [0-2]

S1 [0-0]

S1 [0-1]

S1 [0-2]

µ

544.5

573.5

613.5

545.1

573.3

613.5

σ

8.87

15.65

39.38

8.959

16.74

35.43

C

6.71E+05

9.82E+05

1.76E+05

1.17E+06

1.68E+06

3.07E+05

Table 15 – Gaussian fit parameters for Figure 116
The growth of each emission peak from reference gaussian peak to blended gaussian peak is
recorded in Table 16. The relative efficiency of energy transfer is implied to be much greater than
calculations presented in Table 14.
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Gaussian 1

Gaussian 2

Gaussian 3

76%

83%

57%

Percent growth
over reference
Table 16 – Growth of blended acceptor gaussian fits in comparison to reference acceptor peaks
in chloroform.
Tetrahydrofuran (THF)
Relative yield of 9-AA fluorescence is strong compared to PDI-silane in THF. increase of blend
emission is present with blended sample. Strong quenching of 9-AA emission is clear and present
with blended sample. Residual emission of 9-AA occurs between 400-450 nm where PDI-silane
absorption is weak. Magnified view of spectra shows 575 nm emission of PDI-silane to be the
most enhanced region of emission spectra. Summation of PDI-silane reference and 9-AA reference
was made to compare with blend spectra in order to emphasize contribution of resonance energy
transfer over radiative emission. Blended emission still remained higher in magnitude over
summation. this is strong evidence that FRET is contributing to enhanced emission.
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Figure 117 – (a and b) Fluorescence spectra for blend in THF. Black dot represents 9-AA
reference sample, red dot represents PDI-s reference sample, and black line represents blended
sample. Excitation at 365 nm. (c) Blend vs. summation of 9-AA reference and PDI-silane
reference.
FRET efficiencies were calculated for relative efficiency using corrective methods. After potential
false emission contributions were subtracted from blend emission, relative FRET efficiency could
be calculated to be 3%. Assuming no contribution to the blend emission spectra from 9-AA,
relative FRET efficiency could be calculated to be as high as 7%.
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Method

Result

FRET Efficiency

12.77% ±4.32

FRET Efficiency (Rad. Ex. Corr.)

6.70% ±1.13

FRET Efficiency (Rad. Ex. Corr. + 9-AA Ex. Corr.)

2.62% ±0.85

Table 17 – Preliminary THF Relative FRET efficiency calculation results
Spectral Decomposition
Gaussian fits were produced of the distinct emission peaks in the spectra of Figure 118.Two

0.8

Millions

Millions

gaussians were used for an acceptably accurate fit with parameters provided in Table 18.
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Figure 118 – Two gaussian spectral decomposition of chloroform solvated PDI-S reference
solution and PDI-S blend component. (a) Reference PDI-S solution. (b) Blended PDI-S and 9AA
solution.
No spectral overlap was accounted for in the blended spectra between acceptor and donor due to
clear separation between the two spectral components.
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Acceptor

Acceptor

Acceptor

Acceptor

reference

reference

blend

blend

S1 [0-1]

S1 [0-2]

S1 [0-1]

S1 [0-2]

µ

574.2

612.6

571.2

611.1

σ

13.34

43.4

15.65

35.03

C

3.94E+05

2.03E+05

6.92E+05

2.07E+05

Table 18 – Gaussian fit parameters for Figure 118
The growth of each emission peak from reference gaussian peak to blended gaussian peak is
recorded in Table 19. The relative efficiency of energy transfer is implied to be much greater than
calculations presented in Table 17.

Gaussian 1

Gaussian 2

106%

-18%

Percent growth over
reference
Table 19 – Growth of blended acceptor gaussian fits in comparison to reference acceptor peaks
in THF
Acetonitrile (MeCN)
Acetonitrile shows lower yield for both 9-AA and PDI-silane when compared to THF. Blend
sample shows poor quenching performance of 9-AA and little enhancement of PDI-silane emission
over the 9-AA radiative emission profile. The summation spectral profile is consistently higher
than the blend throughout the wavelengths. FRET efficiency calculations were not appropriate for
this sample set due to no significant spectral contribution above the ‘noise’ of radiative emission.
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Figure 119 – (a and b) Fluorescence spectra for blend in acetonitrile. Black dot represents 9-AA
reference sample, red dot represents PDI-s reference sample, and black line represents blended
sample. Excitation at 365 nm. (c) Blend vs. summation of 9-AA reference and PDI-silane
reference.
In an effort to improve quenching of 9-AA, concentration of the PDI-silane sample was increased
10x. At such concentration, solubility is poor, and it is unlikely sample was completely dissolved.
fluorescent intensity increase indicates that the increase of material in solution was minimal due
to marginal gains from emission intensity. Quenching of 9-AA could be seen to increase with
comparison but did not significantly contribute to gained fluorescence from PDI-silane. It was
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again not prudent to calculate FRET efficiency from such outcome due to overlapping radiative
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Figure 120 – Fluorescence spectra for blend in saturated acetonitrile. Black dot represents 9-AA
reference sample, red dot represents PDI-s reference sample, and black line represents blended
sample. Excitation at 365 nm. (c) Blend vs. summation of 9-AA reference and PDI-silane
reference.
Spectral Decomposition
Gaussian fits were produced of the distinct emission peaks in the spectra of Figure 121.Three
gaussians were used for an acceptably accurate fit with parameters provided in Table 20.
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Figure 121 – Three gaussian spectral decomposition of acetonitrile solvated PDI-S reference
solution and PDI-S blend component. (a) Reference PDI-S solution. (b) Blended PDI-S and 9AA
solution
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Acceptor

Acceptor

Acceptor

Acceptor

Acceptor

Acceptor

reference

reference

reference

blend

blend

blend

S1[0-0]

S1 [0-1]

S1 [0-2]

S1 [0-0]

S1 [0-1]

S1 [0-2]

µ

532

567

613

531

563

613

σ

11

19

25

15

25

25

C

115000

80000

14000

350000

180000

40000

Table 20 – Gaussian fit parameters for Figure 121
The growth of each emission peak from reference gaussian peak to blended gaussian peak is
recorded in Table 20. The relative efficiency of energy transfer is potentially present and
perceivable unlike previous methods for calculations for interpreting energy transfer.

Gaussian 1

Gaussian 2

Gaussian 3

315%

196%

186%

Percent growth
over reference
Table 21 – Growth of blended acceptor gaussian fits in comparison to reference acceptor peaks
in acetonitrile.
Concluding Remarks
CHCl3 provided the greatest FRET efficiency values using the current method with possible range
between 17-26%. THF also proved to be a solvent capable of producing resonant energy transfer
between PDI-silane and 9-AA. A potential efficiency between 3-7 % shows room for improvement
through varying blend ratio and concentration. Acetonitrile acted as a poor solvent for this system
and was not able to produce definitive results to suggest resonant energy transfer. overall, this
trend of efficiencies matches with dielectric constant and viscosity trends found in comparable
work 82,83.
159

QUANTUM YIELDS

Molar Attenuation
Molar concentration and molar attenuation were calculated for PDMS-anthracene and PDI-silane
based upon solution samples. These values were calculated using the following equations,
respectively:
𝐶=

𝑚
𝑀. 𝑊.× 𝑉

( 31 )

𝐴
𝐶×𝐿

( 32 )

𝜀=

where m is the mass of material in solution, M.W. is the molecular weight of the material, V is the
volume of solvent used, A is the absorbance, and L is the cuvette cell length.

Material

Molar Concentration (C)

Molar Attenuation (ε)

PDMS-anthracene

0.043 mol/m^3 (43 mol/L)

2160.23 m^2/mol

PDI-silane

0.023 mol/m^3 (23 mol/L)

3886.53 m^2/mol

Table 22 – Molar concentration and attenuation values for PDMS-anthracene and PDI-silane.
Quantum Yield
Quantum yield has been calculated for PDMS-anthracene from comparative analysis to a standard
of quinine sulphate. 1 mg (0.35 mmol) of PDMS-anthracene was added to 1 mL of CHCl3 and
sonicated for 5 minutes. Solution was diluted down to 10 µg/mL to reduce absorption to around
0.1. 2.72 mg (3.5 mmol) of quinine sulphate was then added to 1 mL of sulfuric acid (0.1M) and
reduced to 2.72 µg/mL; to match molar concentration of the PDMS-anthracene solution. For
further comparison and confirmation 9-anthroic acid was prepared in EtOH. 7.7 mg (35 mmol)
was added to 1 mL of EtOH (200 proof) and reduced to 0.77 µg/mL; to match molar concentration
of PDMS-anthracene. UV-vis and fluorescent spectra of all solutions was obtained and used for
calculating quantum yield. Excitation wavelength for all samples was 365 nm.
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UV-vis was completed of each sample to verify the peak position of maximum absorption
around 365 nm and that the maxima were below 0.1 absorbance. Area under the fluorescence curve
is used for quantum efficiency calculation. The following equation is used for such calculation 84.
2

𝜙𝑓𝑙,𝑥

𝐴𝑟𝑒𝑓 (𝜆)
𝑛𝑥
∫ 𝐸𝑥 𝑑𝜆
= 𝜙𝑓𝑙,𝑟𝑒𝑓 (
)(
)(
)
𝐴𝑥 (𝜆)
∫ 𝐸𝑟𝑒𝑓 𝑑𝜆 𝑛𝑟𝑒𝑓

( 33 )

where, ϕfl is the unknown fluorescence quantum yield of the sample, A is the absorbance of the
solutions at the exciting wavelength λ, ∫E is the integrated and detector-corrected emission band
area expressed in numbers of photons, and n is the refractive index of the solvent. Subscripts ref
and x refer to the reference standard and to the unknown, respectively.
Quinine sulphate was used as the reference material due to its good emission spectrum
overlap. From literature, the quantum yield of quinine sulphate is 0.54 between 400 – 600 nm 85.
As another comparative measure, 9-anthroic acid – one of the precursors to PDMS-anthracene –
was experimentally evaluated and compared with literature. When an emission range of 400 – 600
nm was used, the quantum yield of 9-anthroic acid matched with literature value of 0.05 86. This
provided good confidence for the accuracy of the experimental quantum yield for PDMSanthracene. Computed within the same spectral range, PDMS-anthracene produces a quantum
yield of 0.19,
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Quinine

9-anthroic acid

sulphate

PDMSanthracene

Sulfuric acid (0.1M)

EtOH (200 proof)

CHCl3 (anhydrous)

1.33 (water)

1.365

1.45

365 nm

365 nm

365 nm

0.0094498

0.025581

0.10488

Emission Range

400 – 600 nm

400 – 600 nm

400 – 600 nm

Emission Integral

1.4508x108

3.748x107

4.6657x108

0.54

0.05

0.19

Solvent
Refractive Index
Excitation
Wavelength
Absorbance

Quantum Yield

Table 23 – Quantum yield calculation data table for 400-600 nm emission range
As stated by a few sources, anthracene alone has a quantum yield of 0.27 between 360 –
480 nm. Because materials under investigation have resonant structure more like anthracene than
quinine sulphate. The calculations were rerun with a narrower emission integral. The design of
such was intended to cut off at the upper limit band of anthracenes accepted quantum efficiency.
The reference still holds true to its quantum efficiency as calculations remain in the standardized
range of measurement for quinine sulphate.
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Quinine

9-anthroic acid

sulphate
Solvent

PDMSanthracene

Sulfuric acid (0.1M)

EtOH (200 proof)

CHCl3 (anhydrous)

1.33 (water)

1.365

1.45

365 nm

365 nm

365 nm

0.0094498

0.025581

0.10488

Emission Range

400 – 480 nm

400 – 480 nm

400 – 480 nm

Emission Integral

1.0603x108

3.6265x107

2.898x108

0.54*

0.07

0.16

Refractive Index
Excitation
Wavelength
Absorbance

Quantum Yield

Table 24 – Quantum yield calculation data table for 400-480 nm emission range
Concluding Remarks
Quantum yield for PDMS-anthracene was calculated to be 0.16 in anhydrous chloroform between
400-480 nm when excited at 365 nm.
TRIAL ERRORS
The nature of the experiments conducted in this study provide multiple opportunities for procedure
error to arise via minute differences in preparation conditions resulting in environmental
variations. Such changes may very well alter the outcome of identically designed procedures
therefore, this subsection intends to quantify likely variances in the succeeding work.
In order to construct a general guide of error, three independent sets of concentration blend trials
were performed with identical formulation. The specific ratios are provided in Table 25. Stock
solutions for both fluorophores were created at 10 mM/mL concentrations.
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1:16 PDI-S reference
1:8 PDI-S reference
1:5 PDI-S reference
1:4 PDI-S reference
1:3 PDI-S reference
1:2 PDI-S reference
1:1 PDI-S reference
2:1 PDI-S reference
4:1 PDI-S reference
8:1 PDI-S reference
16:1 PDI-S reference
1:1 9AA reference
1:16
1:8
1:5
1:4
1:3
1:2
1:1
2:1
4:1
8:1

9AA 10%
stock
solution
0 µL
0 µL
0 µL
0 µL
0 µL
0 µL
0 µL
0 µL
0 µL
0 µL
0 µL
50 µL
50 µL
50 µL
50 µL
50 µL
50 µL
50 µL
50 µL
50 µL
50 µL
50 µL

16:1

50 µL

PDI-S 10% stock
solution

Chloroform

Molar Concentration

800 µL
400 µL
250 µL
200 µL
150 µL
100 µL
50 µL
25 µL
12.5 µL
6.25 µL
3.125 µL
0 µL
800 µL
400 µL
250 µL
200 µL
150 µL
100 µL
50 µL
25 µL
12.5 µL
~6.25 µL

200 µL
600 µL
750 µL
800 µL
850 µL
900 µL
950 µL
975 µL
987.5 µL
993.75 µL
996.875 µL
950 µL
150 µL
550 µL
700 µL
750 µL
800 µL
850 µL
900 µL
925 µL
937.5 µL
~943.75 µL

~3.125 µL

~946.875 µL

0 µM D – 800 µM A
0 µM D – 400 µM A
0 µM D – 250 µM A
0 µM D – 200 µM A
0 µM D – 150 µM A
0 µM D – 100 µM A
0 µM D – 50 µM A
0 µM D – 25 µM A
0 µM D – 12.5 µM A
0 µM D – 6.25 µM A
0 µM D – 3.125 µM A
50 µM D – 0 mM A
50 µM D – 800 µM A
50 µM D – 400 µM A
50 µM D – 250 µM A
50 µM D – 200 µM A
50 µM D – 150 µM A
50 µM D – 100 µM A
50 µM D – 50 µM A
50 µM D – 25 µM A
50 µM D – 12.5 µM A
50 µM D – 6.25 µM A
50 µM D – 3.125 µM
A

Table 25 – Sample concentration guide of error analysis
The average fluorescence intensity of 9-AAs emission in blend was taken for each ratio of D:A.
The standard deviations of these averages were also calculated. These two sets of statistical values
were used in conjunction with Stern-Volmer plots to confirm a bimodal quenching system and the
confidence of such conclusion.
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Figure 122 – Stern-Volmer plot of blended concentration error trials showing 2nd order quadratic
fit and one standard deviation from the mean.
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Figure 123 – Log base 10 scaled axes for Stern-Volmer plot of blended concentration error trials
showing 2nd order quadratic fit and one standard deviation from the mean.
Figure 122 presents a highly confident second order quadratic fit to the quenching of 9-AA via
PDI-silane. The logarithmic scale plot of Figure 123 provides visualization of the one standard
deviation from the mean. To further explore the significance of error for each concentration blend
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Figure 124 presents one standard deviation from the man as CPS from the fluorometer and that
same deviation as a percentage of the total fluorescent emission measured in CPS. This shows that
the error of low concentrations of PDI-silane (<100 µM/mL) have minor variation relative to
concentrations equal to and greater than 100 µM/mL. Once concentrations reach 400 µM/mL and
above, remaining fluorescence is so minimal that standard deviation of such detection is large
because the total CPS is so small. Most importantly, Figure 124 reveals that confidence with results
using 200-250 µM/mL concentrations of PDI-silane is most varied.
30000
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Deviation by CPS
25000

80%

Deviation as % of total CPS

70%
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Figure 124 – Bar chart presenting the standard deviation in fluorescent emission CPS, and as a %
of total CPS
For this work to be applied to future experiments, normalization is necessary. The best constant in
this work is the reference fluorescence of 9-AA. Many subsequent studied use concentrations of
50 µM/mL, or very near, and 9-AA should retain a linear dependence to concentration within one
order of magnitude. Normalizing the trial set with respect to their independent reference 9-AA
samples reveals very little variation in the Stern-Volmer analysis presented in Figure 125 and
Figure 126. Taking the standard deviation of the normalized data provides a general error for each
concentration case. Taking the average of these errors allows us to obtain a percentage of likely
deviation like preceding normalized data may contain.
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Figure 125 – Normalized 9-AA emission Stern-Volmer plot of blended concentration error trials
showing 2nd order quadratic fit and one standard deviation from the mean.
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Figure 126 – Normalized 9-AA emission Log base 10 scaled axes for Stern-Volmer plot of
blended concentration error trials showing 2nd order quadratic fit and one standard deviation
from the mean.
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Figure 127 – Bar chart presenting the normalized 9-AA emission standard deviation in
fluorescent emission CPS, and as a % of total CPS
The standard deviation of normalized spectra found in Table 26 will be used as an error window
in further trials to prevent excessive duplicate trials. The standard deviation of normalized spectra
as a percentage of maximum CPS can be used to obtain a quick error window by multiplying this
value by the quenched 9-AA fluorescent peak maxima CPS.
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PDI-silane
Concentration
(µM/mL)

Standard Deviation of
Normalized spectra

Standard Deviation of Normalized
spectra as a percentage of maximum
CPS

3.125

0.071

7%

6.25

0.091

9%

12.5

0.062

7%

25

0.065

8%

50

0.071

12%

100

0.129

37%

150

0.067

24%

200

0.119

63%

250

0.112

90%

400

0.032

84%

800

0.004

59%

Mean

0.075

36%

Table 26 – Standard deviation of procedural error calculated for various PDI-silane
concentrations blended with 50 µM/mL 9-AA.
As a fnal expansion of practicality of this error work, fitted equations were used to interpolate the
likely error for concentrations not explicitly measured. two equations were created; one for
reference data sets where only one species of fluorophores exists in solution, and another equations
for the data from blended samples where two species exist in solution. It was important to separate
these data sets as the data was not created with equal initial conditions. the logarithmic fit for the
reference data provided a reasonable confidence for interpolation. regarding the blended fit,
finding an ideal equation type was difficult. The final choice used a power type equation that
provided the highest R2 value when compared to linear, nth order polynomial, logarithmic, and
exponential.
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Figure 128 – (a) Fitting of standard deviation for reference spectra error. (b) Fitting of standard
deviation for blended spectra error.
THF PHOTOPHYSICAL BEHAVIOR

Preliminary
Measuring high concentration samples with widely varying absorbances create a difficult scenario
for data collection using a steady set of detector parameters. Fluorometer parameters were keyed
in to provide a beam slit width of 2 nm and a detector slit width of 2 nm. These offered to ideal
balance for detection intensity, illumination intensity and penetration through the sample, whilst
not overloading the detector for any one sample blend/reference.
Table 27 provides information regarding each sample preparation for this experiment of high
concentration blends using THF as the solvent. Blend ratios were doubled and halved twice from
a center point of 1:1 blend ratio providing a wide catchment for observation of FRET.
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Table 27 – Sample preparation conditions for blended and reference samples
9-AA

PDI-S

THF

Molar Concentration

1:4 PDI-S reference

0 µL

200 µL

800 µL

0 µM : 200 µM

1:2 PDI-S reference

0 µL

100 µL

900 µL

0 µM : 100 µM

1:1 PDI-S reference

0 µL

50 µL

950 µL

0 µM : 50 µM

2:1 PDI-S reference

0 µL

25 µL

975 µL

0 µM : 25 µM

4:1 PDI-S reference

0 µL

12.5 µL

987.5 µL

0 µM : 12.5 µM

1:4

50 µL

200 µL

700 µL

50 µM : 200 µM

1:2

50 µL

100 µL

800 µL

50 µM : 100 µM

1:1

50 µL

50 µL

850 µL

50 µM : 50 µM

2:1

50 µL

25 µL

875 µL

50 µM : 25 µM

4:1

50 µL

12.5 µL

887.5 µL

50 µM : 12.5 µM

9-AA reference

50 µL

0 µL

950 µL

50 µM : 0 µM

Excitation of each reference was taken prior to blended sample preparation to reduce the time with
which the blended samples could settle.

Results & Discussion
The reference spectra can be seen in Figure 129 as a compilation of each sample. Note that these
are labeled with ratio characters but do not actually contain and Donor material. The ratio
characters only are for matching with blend samples.
At these high concentrations, shifts in peak position and intensity are extremely prominent. At the
lowest molar weight concentration (12.5 µM), there is close to equality between peak maxima at
538 and 569 nm, with a very shallow third peak maximized around 615nm. Rising in concentration
to 25 µM, a near doubling of the second peaks intensity is observed and a slight shift in maxima
to 570 nm. Its first peak maximum is almost unchanged in intensity but red shifted to 541 nm. The
third peak presents with a substantial amplitude increase but a stable peak location at 615 nm.
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Regarding the 50 µM reference sample, a similar trend is observed. The second peak rises in
amplitude and red shift slightly to 372 nm. The first peak loses a lot of definition as its amplitude
sinks and its peak becomes more of a shoulder around 551 nm. The third peak has matured in this
concentration with an increased maxima and slight red shift to 617 nm. By 100 µM, there is no
remanence of the first peak remaining. The second peak has reduced in amplitude and is further
red-shifted to 575 nm. The third peak is still rising but has remained horizontally stably at 616nm.
Finally, at 200 µM, the second peak goes through an enormous reduction of peak amplitude and
its position red-shifts all the way to 583 nm. The third peak retains amplitude and red-shifts slightly
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to 619 nm.
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Figure 129 – Excitation spectra of reference solutions using 365 nm laser.
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800

The mechanism for amplitude and peak position changes cannot be totally determined easily from
Figure 129 alone. A very useful analysis is integration which can be used to determine a variant
of total energy associated with the emission spectra. Figure 130 shows this integration and provides
evidence the first three concentrations of 12.5, 25, and 50 µM have behaved in a linear manor
scaling the emission total energy appropriately with respect to molarity. At 100 and 200 µM
however, although the concentration continues to double, total area under the spectral curve does
not continue an upwards trend. This indicates shelf quenching phenomena and will most likely

Millions

cause performance issues with of the blended samples.
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Figure 130 – Integration of each reference spectra from 350 – 800 nm.
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Figure 131 – excitation spectra blended solutions using 365 nm laser
For reference and summation comparison, Figure 132 a-e provide a clear case that increase ratio
in favor of acceptor decreases FRET efficiency and even provides static quenching of the acceptor.
Relative FRET efficiency calculations were taken from these data sets and presented in Figure 133
and Table 28. This presents the 4:1 ratio, where the acceptor is outnumbered by the donor, as the
greatest efficiency for resonant energy transfer.
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Figure 132 – (a-e) Reference, summation, and blend fluorescence spectra for ratio samples 4:1,
2:1,1:1, 1:2, and 1:4, respectively. (f) Fluorescent spectrum for 9-AA excitation at 365 nm.
Constant concentration of 50 µM as donor for all trials.
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FRET Efficiency

FRET Efficiency (Rad. Ex. Corr.)

FRET Efficiency (Rad. Ex. Corr. + 9AA Ex. Corr.)

35%
30%
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15%
10%
5%
0%
4:1

2:1

1:1

1:2

1:4

Figure 133 – Relative FRET efficiency calculation results for THF blend

Relative FRET

Relative FRET

FRET Efficiency

Efficiency

Efficiency (Rad. Ex.

(Rad. Ex. Corr. +

Corr.)

9AA Ex. Corr.)

4:1

29% ±1.43

26% ±1.44

7% ±0.52

2:1

22% ±1.18

17% ±1.18

6% ±0.61

1:1

15% ±0.94

6% ±0.99

2% ±0.77

1:2

9% ±0.66

0% ±0.82

0% ±0.77

1:4

5% ±0.39

0% ±0.77

0% ±0.48

Table 28 – Relative FRET efficiency results for THF blend with error propagation
Stern-Volmer plots shown in Figure 134 provide evidence to a static and dynamically quenched
system. At low concentrations, error in peak position remains small, however as quenching is
almost complete variance increases as small differences contribute to a large percentage of the
total fluorescence intensity. This fact makes it difficult to determine a confident quantifiable rate
constant. Nevertheless, bimodal quenching remains present.
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Figure 134 – Stern-Volmer plots for blended ratios in THF fitted with linear and quadratic
curves.
Concluding Remarks
THF is again shown to have properties conducive of resonant energy transfer between 9-AA and
PDI-silane. With the unverified assumption of no 9-AA radiative emission contribution to the
blended emission spectra, FRET efficiency showed results as high as 26 % for a 4:1 blend.
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correcting for and 9-AA emission overlap, potential relative FRET efficiency was shown to be as
high as 7% for the same ratio. Energy transfer efficiency was in consistent decline as ratio
increased in favor of PDI-silane. This indicates that an excess of donor molecules at 4:1 is
preferable for higher efficiency energy transfer.
CHLOROBENZENE PHOTOPHYSICAL BEHAVIOR

Preliminary
To investigate fluorescence quenching processes occurring in an environment of interaction
between 9-anthroic acid and perylenediimide-silane two concentration studies were carried out. In
this case, chlorobenzene is used as it has proven the be a great solvent for both moieties, allows
strong fluorescent yields, and provides good characteristics for thin-film spin coating.
Concentrations of each sample are shown in Table 29 and Table 31. Samples were made
immediately before measurement and blends were not formed until reference samples were
measured. All spectra were gathered at 365 nm excitation.

178

Sample

Concentrations
(Constant Volume)

PDI-S #1

250 µmol

PDI-S #2

375.5 µmol

PDI-S #3

500.6 µmol

PDI-S #4

625.8 µmol

9-AA

360 µmol

Blend #1

250 µmol : 360 µmol

Blend #2

375.5 µmol : 360 µmol

Blend #3

500.6 µmol : 360 µmol

Blend #4

625.8 µmol : 360 µmol

Table 29 – Sample concentration preparation guide
High (100s µM) Concentration Results & Discussion
Observed, is a clear limit to the fluorescent emission strength at high concentrations of PDI-Silane.
Integration of the PDI-Silane emission reveals reduction in emission intensity, spectral-wide. This
is caused by a self-quenching process known as an aggregation caused quenching, consequent of
the intermolecular π-π stacking between perylene cores. It is also worth noting that this same
phenomenon is present for the Donor; chosen to be 9-anthroic acid. In this case, emission from 9AA is reduced compared with the later experiment using a solution molarity 10x weaker.
When the blend samples are analyzed for fluorescent emission and extreme reduction in emission
is observed for both Donor and Acceptor. This informs us that the excited state energy of the 9AA is being consumed via an alternate path to radiative emission. The hope for this experiment
was to observe FRET, this cannot be confirmed because the emission of the Acceptor has also
been quenched considerably. It is important to note that the emission intensity hierarchy of PDISilane remains. The self-quenching mechanism is still present but by adding 9-AA, further, and
almost complete quenching of the acceptor is seen.
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The mechanism responsible for such an outcome must exist with a characteristic that excludes
photon emission. The electron excitation experienced in these molecules is potentially exchanged
via a singlet-singlet Dexter energy transfer instead. But this still doesn’t explain the quenched
Acceptors emission. Dexter energy transfer still leaves behind an excited state electron, just as
FRET. The triplet-triplet Dexter energy transfer could only be observed with time dependent
fluorescence spectroscopy. But again, provides no immediate conclusion as to how the energy of
the excited state of the acceptor deactivates.
Another route to explain fluorescent quenching in this context can come from non-fluorescent
complexes being formed at the ground state. These complexes absorb and return to ground state
without the emission of photons. A complex of this type is known as static quenching. Resultant
fluorescent intensity is proportional to the concentration of complexed and free fluorophore. In a
solution containing both complexed and free fluorophores, the observations one can make are
those from the still emitting free fluorophores. Fluorescent lifetime is unchanged and there is no
interaction between complexed and free; and furthermore, there is no fluorescent lifetime to
measure for the complexed material. Therefore, the only indication of static quenching is reduction
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Figure 135 – Fluorescent spectra of 9-AA and PDI-S in chlorobenzene. 9-AA was dissolved at
high concentration of 360 µmol/mL. PDI-S #1-4 were dissolved at a ratio of 250 µmol/mL, 376
µmol/mL, 501 µmol/mL, and 626 µmol/mL, respectively.
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Figure 136 – Integration of spectra produced from high concentration blends in chlorobenzene.
Data labelled ‘Summation’ consists of two cumulated components: firstly, and consistently, the
integration of the reference 9-AA emission; secondly, to its corresponding number, the PDI-S
reference spectral integration. Data marked as ‘Reference’ consists of just the PDI-S integrated
spectra associated with its number. Finally, data marked as ‘Blend’ is the integration of the
blended sample spectra where both moieties present.
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Figure 137 – Fluorescent spectra of 9-AA and PDI-S blended in chlorobenzene. 9-AA was
dissolved at a high concentration of 360 µmol/mL. Blends #1-4 contained 360 µmol/mL of 9-AA
and PDI-S at a molarity of 250 µmol/mL, 376 µmol/mL, 501 µmol/mL, and 626 µmol/mL,
respectively.
Figure 138 helps to understand the inner workings of molecular interaction observed in the
previous spectra. Typical Stern-Volmer plots produce linear fit in response the presence of a single
form of quenching. A quadratic curve indicates both static and dynamic quenching is taking place
in this blended system.
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Figure 138 – Stern-Volmer plot produced from the high concentration blend study in
chlorobenzene. The Fluorophore was represented by 9-AA, and the Quencher was PDI-S. Data
fitted in linear equation (left) and quadratic (right).
Low (10s µM) Concentration Results & Discussion
Concentrations of each sample are shown in Table 30Table 32. Samples were made immediately
before measurement and blends were not formed until reference samples were measured. All
spectra were gathered at 365 nm excitation.
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Sample

Concentrations (Constant Volume)

PDI-S #1

25 µmol

PDI-S #2

37.6 µmol

PDI-S #3

50 µmol

PDI-S #4

62.5 µmol

9-AA

36 µmol

Blend #1

25 µmol : 36 µmol

Blend #2

37.5 µmol : 36 µmol

Blend #3

50 µmol : 36 µmol

Blend #4

62.5 µmol : 36 µmol
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Table 30 – Sample concentration preparation guide
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Figure 139 – Fluorescent spectra of 9-AA and PDI-S in chlorobenzene. 9-AA was dissolved at a
concentration of 36 µmol/mL. PDI-S #1-4 were dissolved at a ratio of 25 µmol/mL, 38
µmol/mL, 50 µmol/mL, and 63 µmol/mL, respectively.
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Figure 140 – Fluorescent spectra of 9-AA and PDI-S blended in chlorobenzene. 9-AA was
dissolved at a concentration of 36 µmol/mL. Blends #1-4 contained 36 µmol/mL of 9-AA and
PDI-S at a molarity of 25 µmol/mL, 38 µmol/mL, 50 µmol/mL, and 63 µmol/mL, respectively.
Figure 141 shows the interaction of molecules observed in the previous spectra. Typical SternVolmer plots produce linear fit in response the presence of a single form of quenching. This plot
shows slight signs of quadratic shape but stays mainly true to the linear fit. This indicates that the
quenching observed in Figure 140 is nearly exclusively either static or dynamic.
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Figure 141 – Stern-Volmer plot produced from the low concentration blend study in
chlorobenzene. The Fluorophore was represented by 9-AA, and the Quencher was PDI-S. Data
fitted with a linear equation.
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Figure 142 – Fluorescent spectra overlay comparing 9-AA, PDI-S and blends in chlorobenzene.
CHLOROFORM PHOTOPHYSICAL BEHAVIOR

Preliminary
To try and improve upon the chlorobenzene trial results, chloroform was used to repeat the
experiment. Dried chloroform was used for this trial, meaning the ethanol stabilizer was removed
using water and then magnesium sulfate was used to dehydrate the chloroform.
Past results have shown excellent FRET results when using chloroform and this experiment hoped
to exceed the outcomes of the chlorobenzene trial.
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High (100s µM) Concentration Results & Discussion
Concentrations of each sample are shown in Table 31. Samples were made immediately before
measurement and blends were not formed until reference samples were measured. All spectra were
gathered at 365 nm excitation.

Sample

Concentrations (Constant Volume)

PDI-S #1

250 µmol

PDI-S #2

375.5 µmol

PDI-S #3

500.6 µmol

PDI-S #4

625.8 µmol

9-AA

360 µmol

Blend #1

250 µmol : 360 µmol

Blend #2

375.5 µmol : 360 µmol

Blend #3

500.6 µmol : 360 µmol

Blend #4

625.8 µmol : 360 µmol

Table 31 – Sample concentration preparation guide
At high concentration, in Figure 143, it can be seen that PDI-silane does not behave favorably for
high yield of fluorescence. As concentration increases, the sample self-quenches. It forms into
non-fluorescent complexes resulting in a consistent decrease in emission intensity.
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Figure 143 – Fluorescent spectra of 9-AA and PDI-S in chloroform. 9-AA was dissolved at a
concentration of 360 µmol/mL. PDI-S #1-4 were dissolved at a ratio of 250 µmol/mL, 376
µmol/mL, 501 µmol/mL, and 626 µmol/mL, respectively. Excitation 365 nm.
After Blending, for all samples, emission intensity is drastically reduced (Figure 144). Not only
the region of the spectra associated with PDI-silane quenched, but also that of 9-anthroic acid.
Initial hope for this experiment was that the emission of 9-anthroic acid would disappear, but not
by sacrificing the PDI-silane emission. So far, it is possible to believe that non-radiative transfer
has occurred between (-anthroic acid and PDI-silane. However, the total reduction of PDI-silane
emission implies even stronger formation of non-fluorescent complexes. The question lies in
whether new complexes were formed after the addition of 9-anthroic acid.
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Figure 144 – Fluorescent spectra of 9-AA and PDI-S blended in chlorobenzene. 9-AA was
dissolved at a high concentration of 360 µmol/mL. Blends #1-4 contained 360 µmol/mL of 9-AA
and PDI-S at a molarity of 250 µmol/mL, 376 µmol/mL, 501 µmol/mL, and 626 µmol/mL,
respectively. Excitation 365 nm.
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Figure 145 – Integration of spectra produced from high concentration blends in chloroform. Data
labelled ‘Summation’ consists of two cumulated components: firstly and consistently, the
integration of the reference 9-AA emission; secondly, to its corresponding number, the PDI-S
reference spectral integration. Data marked as ‘Reference’ consists of just the PDI-S integrated
spectra associated with its number. Finally, data marked as ‘Blend’ is the integration of the
blended sample spectra where both moieties present.
As seen with the chlorobenzene trials, a high concentration blend of 9-anthroic acid and PDI-silane
can result in a combination of static and dynamic quenching. The same can be said for when
chloroform is used as the solvent. The Stern-Volmer plot in Figure 146 shows a convincing
quadratic curve not suited to a linear fit. The implication of this data is that if both dynamics of
quenching exist, then some molecules must still remain free in solution. It should be taken into
consideration that Figure 147, later in this report, shows 9-anthroic acid’s low concentration
reference emission intensity to be higher, by a margin, than that of the high concentration sample.
It could be right to infer that at high concentrations, 9-anthroic acid also forms non-fluorescent
complexes and self-quenches. This adds another variable in the equation to understand what
happens in the high concentration blends. It is possible that both species are close to a critical mass
for quenching and when blended, both are overrun.
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Figure 146 – Stern-Volmer plot produced from the high concentration blend study in chloroform.
The Fluorophore was represented by 9-AA, and the Quencher was PDI-S. Data fitted in linear
equation (left) and quadratic (right).
Low (10s µM) Concentration Results & Discussion
Concentrations of each sample are shown in Table 32. Samples were made immediately before
measurement and blends were not formed until reference samples were measured. All spectra were
gathered at 365 nm excitation.
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Sample

Concentrations (Constant Volume)

PDI-S #1

25 µmol

PDI-S #2

37.6 µmol

PDI-S #3

50 µmol

PDI-S #4

62.5 µmol

9-AA

36 µmol

Blend #1

25 µmol : 36 µmol

Blend #2

37.5 µmol : 36 µmol

Blend #3

50 µmol : 36 µmol

Blend #4

62.5 µmol : 36 µmol

Table 32 – Sample concentration preparation guide
At low concentrations, PDI-silane reacts in a standard manner to increasing fluorescence intensity
with increasing concentration. There is no indication that any non-fluorescent complexes have
been formed at this point by ether moiety. Figure 147 shows the reference samples fluorescent
emission.
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Figure 147 – Fluorescent spectra of 9-AA and PDI-S in chloroform. 9-AA was dissolved at a
concentration of 36 µmol/mL. PDI-S #1-4 were dissolved at a ratio of 25 µmol/mL, 38
µmol/mL, 50 µmol/mL, and 63 µmol/mL, respectively. Excitation 365 nm.
After blend (Figure 148) we can observe a slow yet significant reduction in the total emission in
the 9-anthroic acid region of the spectrum. What is more difficult to see is any change in the
magnitude of fluorescence emission from the PDI-silane. For that, Figure 150 is used to determine
intensity increase by overlaying blend and reference emissions. Sample set #1 may imply a very
small total increase in emission but, increasing concentration after that only equalizes or even
decreases intensity. These concentrations seem to be the start of non-fluorescent complex
formation.
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Figure 148 – Fluorescent spectra of 9-AA and PDI-S blended in chloroform. 9-AA was dissolved
at a concentration of 36 µmol/mL. Blends #1-4 contained 36 µmol/mL of 9-AA and PDI-S at a
molarity of 25 µmol/mL, 38 µmol/mL, 50 µmol/mL, and 63 µmol/mL, respectively.
The Stern-Volmer plot of Figure 149 shows an almost linear fit meaning that the quenching
mechanism taking place in most dominantly only dynamic or static.
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Figure 149 – Stern-Volmer plot produced from the low concentration blend study in chloroform.
The Fluorophore was represented by 9-AA, and the Quencher was PDI-S. Data fitted with a
linear equation.
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Figure 150 – Fluorescent spectra overlay comparing 9-AA, PDI-S and molar blends in
chloroform.
TIME-DEPENDENT FLUORESCENCE
Time dependent fluorescence was produced to compare 5 mM and 50 µM concentration samples
of 9-AA, PDI-silane, and blend in both chloroform and THF. These two solvents have proved to
be most reliable for inducing FRET and allow for a solvation of both moieties at 5 mM
concentrations. Table 33 summarizes the lifetime measurements of all samples tested. At 5 mM
concentrations in chloroform and THF, PDI-silane has two prominent fluorescent lifetimes fitting
a double exponential decay. The majority of excited state lifetimes observed exist at 5.01±0.05 ns
for chloroform and a slightly shorter lifetime in THF at 4.87±0.02 ns. These values are supported
from literature that have confirmed similar perylene derivatives with singlet excited state lifetimes
around 4 ns1. The second contributing portion of the lifetime measurements for PDI-silane comes
from around 10% of the sample exhibiting a lifetime of 22.74±2.7 ns for chloroform and 21.48±1.2
ns for THF. This long lifetime suggests a complexed fluorescent structure. Work regarding excited
state dimers of perylene (coined excimers) have shown the lifetime of such perylene excimers to
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17.6 ns87. It is possible that this bifurcation of lifetimes is caused by a fraction of the 5 mM
concentration PDI-silane sample forming aggregates or dimers in solution.
The is significant variation between the excited state lifetime of 9-anthroic acid comparing across
both solvents. In chloroform, 9-AA exhibited fitting to a single exponential decay and a lifetime
of 6.25±0.02 ns and for THF a lifetime of 10.34±0.01 ns. this presented as a consistent value for
both 5 mM and 50 µM concentrations tested. Concluding from this, the intermolecular and
intramolecular interactions are not dependent upon concentration within the values tested here. An
effect that is prominently observed for PDI-silane. The lifetimes reported here do appear high
when compared to literature. prior work has reported values of 2.0 ns for 9-AA at concentrations
around 30 µM88. This value was reported as a representation of infinite dilution for the monomer
form of 9-AA. There were also statements that the concentration of such measurement was too
low for measurement of excimer lifetime. With this work reporting consistent lifetimes comparing
both 50 µM and 5 mM concentrations, and measuring 3-5 times longer, it would be hard to argue
the dominant existence of monomers in this reporting. There currently does not appear to be
popular literature supporting 9-AA lifetimes in chloroform and THF matching values reported
here. 9-acridinecarboxylic acid (9-ACA) and its methyl ester, 9-(methoxycarbonyl)acridine (9MCA) have be measured at concentrations of 10µM89. 9-ACA exhibited lifetimes of 1.1 ns and
0.6 ns in THF and chloroform, respectively. 9-MCA exhibited lifetimes of 1.1 ns and 0.9 ns,
respectively. This report did not measure 9-AA for their own comparison and did not appear to
discuss

lifetime

variances

between

9-AA

and

the

alternate

derivatives.

9-(N,N-

Dimethylamino)anthracene (9-DMA) has excited state lifetimes reported in THF of 5.3 ns90. This
work ruled out the formation of excimers in their experimentation. Finding literature to support
excited state lifetime lengthening via excimer formation seems very rare for 9-AA. Work
performed with pyrene finds monomer lifetimes of 680 ns and excimer lifetime of 90 ns91. This
suggests that excimer formation should significantly reduce excited state lifetime. This is not
supporting evidence for excimer formation of 9-AA in this study when using lifetime values as
comparison from studies with 9-DMA, 9-ACA, and 9-MCA.
Under a 1:1 blended condition, lifetime measurements were biexponential for all four trials. In the
5 mM concentration study set, the count associated with PDI-silane was delayed by 0.7 ns. the
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secondary decay was measured to be 8.25±1.1 ns. The primary decay of 5.71±0.2 ns can be linked
to PDI-silane through the fluorescent emission spectrum taken of the blended sample (Figure 151).
A majority of the counts recorded in that spectrum are from wavelengths belonging to PDI-silane.
Considering that this work is pursuing identifying FRET care must be taken into attributing
lifetime counts to certain origins. When considering Figure 151 and the lifetime measurements for
the 5 mM concentration blended chloroform sample it would be brash to conclude FRET as a
dominant quenching mechanism of the 9-AA. The lifetime measurements of the blend remain
highly favorable to the primary exponential and emission magnitude is near half that of the PDIsilane reference sample. Quenching in this system is being sourced from non-fluorescent
pathways. Furthermore, the secondary exponential from the PDI-silane does not appear in the
blended sample. It is possible that the components responsible for the secondary PDI-silane
lifetime are completely quenched by the introduction of 9-AA into the solvated system. This same
statement could be proposed for chloroform and THF.
Further observation of the emission spectrum for 5 mM concentration samples in chloroform and
THF reveal shoulders forming around 550 nm in association with the PDI-silane emission. This
appearance indicates excitation of higher electronic and vibrational levels. These levels were not
excited from direct photon absorption in the reference PDI-silane samples. Applying the mirror
image rule, a 550 nm emission of PDI-silane has an absorption around 490 nm; this value also
aligns well with strong emission from 9-AA. The this considered, PDI-silane emission around 550
nm appears to be a result of excitation from a non-radiative energy transfer. The counter argument
to this observation is that fundamentally the donor lifetime should measurably decrease upon
resonance energy transfer
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. Observed here is a lengthening of the donor lifetime which is

indication of trivial emission/reabsorption via a fluorescent photon from donor to acceptor. To
then reevaluate the appearance of the PDI-silane shoulder around 550 nm it should be concluded
that this region of the spectra has increased intensity via far-field radiative transfer.
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PDI-silane
Chloroform (5mM)

THF (5mM)

9-anthroic acid

5.01 ns (86.8%)
22.74 ns (13.2%)
4.87 ns (89.2%)
21.48 ns (9.8%)

6.25 ns

10.34 ns

Chloroform (50µM)

4.74 ns

6.42 ns

THF (50µM)

4.35 ns

10.01 ns

Blend
5.71 ns (79.1%)
8.52 ns (20.9%)
6.54 ns (53.8%)
13.09 ns (46.2%)
4.80 ns (73.5%)
7.20 ns (26.5%)
4.24 ns (62.5%)
11.13 ns (37.5%)

Table 33 – Fluorescent lifetime measurements for 5 mM and 50 µM concentration solutions
mixed in THF and chloroform. Where applicable, contribution percentage is indicated.

PDI-silane
Chloroform (5mM)
THF (5mM)

9-anthroic acid

2389

1098

364
18805

16634

2273

Chloroform (50µM)

3252

5249

THF (50µM)

2006

1516

Blend
26852
7116
3245
2791
3011
1146
1431
857

Table 34 – Fluorescent lifetime counts for 5 mM and 50 µM concentration solutions mixed in
THF and chloroform.
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Figure 151 – Fluorescence emission spectra of 5 mM concentration samples used for excited
state lifetime measurements.
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Figure 152 – Lifetime measurements of 5 mM concentrations THF and chloroform solvated
samples of PDI-silane reference, 9-AA reference, and 1:1 blend.
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Figure 153 – Lifetime measurements of 50 µM concentrations THF and chloroform solvated
samples of PDI-silane reference, 9-AA reference, and 1:1 blend.
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With respect to high concentration work (5 mM/mL) in THF the following observations can be
made. Stern-Volmer plots showed that at high concentrations, THF presented static and dynamic
quenching mechanisms. Such implies that ground state complexes have formed, and dynamic
quenching is also present. Fluorescent spectra show an increase in PDI-silane emission with the
addition of 9-AA. This points towards energy transfer as the dynamic quenching mechanism. 9AAs emission was greatly reduced also which indicates an efficient quenching ability of PDIsilane and the possibility of dynamic and static quenching. From fluorescent lifetime
measurements, a significant increase in the lifetime of PDI-silane was observed. This indicates a
delayed energy absorption that may have been prolonged by energy absorption from a secondary
source; further indicating 9-AA as a resonance donor. These points indicate that at very high
concentrations, a radiative mechanism of energy transfer may outcompete FRET as seen when
concentrations remain orders of magnitude lower.
High concentration work done with chloroform provides a Stern-Volmer plot indicating both static
and dynamic quenching mechanisms. fluorescence spectra indicated that no dominating energy
transfer existed due to a diminished PDI-silane fluorescence upon addition of donor. Fluorescent
lifetimes of both the donor and acceptor increased which provides evidence to a radiative transfer
mechanism; albeit a very weak one. Under these circumstances, it is fair to conclude that trivial
energy transfer of emission and reabsorption is present to some magnitude and there is no
conclusive evidence that FRET remains possible in this environment.
For low concentration work (50 µM/mL) with THF, Stern-Volmer plots indicate a single
quenching mechanism. Fluorescence and lifetime measurements indicate no resonant energy
transfer present. with a minor increase in PDI-silane emission and a count split of 63:37 favoring
the acceptor from the lifetime measurements there is a possibility of energy transfer from
somewhere. the lifetime of 9-AA was measured just outside of error to increase upon quencher
blend. these facts indicate a radiative energy transfer mechanism which is unusual for
concentrations as low as 50 µM/mL.
When considering the 50 µM/mL samples in CHCl3, the Stern-Volmer plots sowed the presence
of only one quenching mechanism. Fluorescence emission indicates that energy transfer is not
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present. such conclusion is bolstered by the lifetime measurements of PDI-silane being unaffected
by the addition of 9-AA. The lifetime of the donor also remained constant with and without the
presence of the quencher. these points lead to a conclusion that at these very high concentrations,
static quenching is entirely dominant in the chloroform system.
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CHAPTER VIII: OUTLOOK

DONOR
This investigation was set to evaluate the efficacy of perylene and anthracene derivatives as a
donor-acceptor pair used in Förster Resonance Energy Transfer. One objective for this work was
completing synthesis of a novel polymer derived donor molecule that would aid in the preparation
of thin-films whilst retaining fluorescent properties. The initial approach to this task used a
polyimide known as poly[trimellitic anhydrous chloride-co-4, 4', methylenedianiline]. This was a
chemically resilient polymer with the availability to functionalize end its groups. Direct attachment
of 9-anthroic acid to the polyimide did not result in any meaningful success so a linker of 6-bromo1-hexanol was used to act as an extension away from steric hindrances and a target for reaction
with 9-anthroic acid. Although there was some success in attaching the linker to carboxylic acid,
final production of the complete molecule did not produce any viable product for further analysis.
A large yield was needed for solvent studies and its intended use a material for thin-film formation.
With this drawback, attention was turn to a PDMS derivative as the backbone with the hope of
greater synthesis success.
The use of PDMS allowed for a Steglich esterification reaction between the PDMS and 9-anthroic
acid directly. This simplification of reaction scheme was in effort to improve yield. Multiple
variations of this reaction were attempted by varying solvent type to improve access to the reactive
sight, varying use of the reaction accelerant, and the number of intermediates that were able to
form. Through these reactions, it was determined that the ideal synthesis approach was ***. From
what material that did show promise of successful reaction some spectra were taken to show the
persistence of absorption and fluorescence of the anthracene molecule whilst it terminated the
PDMS chain. Furthermore, a quantum yield was obtained of 0.19 between the range of 400-600
nm whilst in chloroform after excitation at 365 nm. Given this small success, reaction remained
poor, along with reliability of outcome. It was determined that this procedure was not a viable
option in this instance for further development of an anthracene functionalized PDMS derivative
as yield in volume was a necessity to continue work. For future studies into the approach of a
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fluorescent polymer derivative it would be prudent to sample reaction schemes specifically
designed and modified for long chain polymer reactants. Success in this field would allow for great
ease of thin-film device creation that would accelerate iterative design of optoelectrical devices.

ACCEPTOR
As a secondary to the task of material development perylene loaded nanoparticles were synthesized
with for the purpose of photophysical characteristic comparison with the precursor PDI-silane.
This work presents a modification to the synthesis procedure to enable smaller diameter particles
to form. The leading synthesis reduced NP diameter by up to 32% creating particles measuring 25
nm on average. FRETs spatial dependence required particle size to drop in order to take advantage
of as many fluorophores loaded into the siloxane particle. With a theoretical limiting FRET
effective range of 10 nm and an instance of a 1 nm gap between donor and the acceptor NP, the
reduction in diameter presented in this paper leaves only 2.2 % of the particles volume out of
range. The 37 nm minimum average particle diameter of prior literature22 would leave 43.3% of
the particles volume inaccessible. By mass, this is valuable functional improvement providing
potential utilization of almost the entire nanoparticle.
Considering the performance regarding thin-film formation of PDIB-NPs results appeared with
fewer successes. It was determined that coatings from a drop-cast spin-coating technique could
produce distribution of particles over a 1 inch2 substrate. Topology, however, was far from ideal.
PDIB-NPs remained in clusters non-homogeneously distributed across the substrate. Reasoning
behind cluster formation appeared to be the higher affinity of the NPs to one another.
Characterizing SEM imaging after synthesis of PDIB-NPs showed isolated particles were a natural
occurrence however the snip-coating methods applied in this work do not provide the correct
conditions. Under consideration is the surface roughness of the smaller particles relative to their
size. It may allow for a greater contact area and attachment forces with neighbors. Future studies
should be concerned about the relative strength of particle-particle attraction to the size. Smoother
and more massive particles have an inherent ability to shear from one another with greater torque.
This is potentially a valuable metric for monolayer film creation.
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PHOTOPHYSICS
An array of studies was conducted in order to understand the excited state interactions of PDIsilane and 9-anthroic acid. This work targeted the analysis of a FRET based quenching mechanism
but also discovered the prevalence of alternate deexcitation pathways between these specific
moieties. Data for setting a proof of viability early in this project presented a high FRET efficiency
of 66% when the donor and acceptor were blended at a 1:1 ratio in chloroform. This data set a
standard for guidance of concentration, solvent, component ratio, and preparation technique for
following experimental procedure. Using the obtained experimental efficiency, the Förster
distance was calculated to be 1.4 nm. This calculation prompted a quick average distance
calculation between the monomer dyes in solution to provide further guidance with correct solution
concentrations. This guidance concluded that concentrations to the order of 1 mg/mL would
provide average distance between monomers larger than those calculated via the Förster distance
calculations. This presented an inconstancy between the two methods and a bifurcation of the
experimental approach. The work continued to use the concentrations proven to produce resonant
energy transfer as the concentrations directed by the alternative would lead to aggregation and
other quenching interactions that would interfere and obscure measurement of FRET.
To further explore the acceptor and donor in solution, experiments set to vary solvent and
concentrations were performed. The variation of solvent was determined to change polarity
hydrogen bonding effectiveness ultimately determining quality of donor and acceptor interactions.
THF, chlorobenzene and acetonitrile were added to the experimental set as they could dissolve
both moieties. Work with acetonitrile was limited as it could not reach high concentrations of
solubility. It also proved to have poor results to determine if energy transfer had taken place.
Acetonitrile was a fine solvent for 9-AA but too weak for PDI-silane. Although 9-AA was being
quenched with the addition of PDI-silane, that quenching was not to equal magnitude of the
performance of alternate solvents at equal concentrations. THF presented as a much better solvent
for energy transfer and produced relative FRET efficiencies between 3-13 %, depending upon
correction technique. The concentration set used for THF also presented great variation in the
emission spectra for PDI-silane. as concentration increased, integration of the emission spectra
presented a rise and fall. this meant that within the blended data set, the experiments covered both
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sides of maximum radiative emission for PDI-silane (acceptor). Once concentrations increased to
a point where the radiative emission decreased, no observation of enhanced emission via energy
transfer could be observed. The dye appears to saturate as self-quenching prevents further
excitation. The presence of PDI-silane’s emission peak around 540 nm was an indicator for FRET
when the donor was added to the solvated system.
The final experimental sets were designed to find similar performance turning points where
acceptor concentration was a determining factor and further evaluate to cause of such quenching.
Chlorobenzene and chloroform were used for these studies, and both presented strong emission
peaks for 540 nm from PDI-silane through a large concentration set. Both solvents determined that
the strong presence of the 540 nm peak was not a guaranteed marker for FRET at concentrations
of 100s µM. In fact, both solvents showed drastic quenching of both moieties when blended at
such concentrations. Stern-Volmer plots determined that there were two pathways of quenching
present in these experiments suggesting a competing mechanism that would quench fluorescent
emission of both types of fluorophores. This was true for both solvents. When concentrations were
reduced to 10s µM, quenching of both fluorophores when blended was hindered and the SternVolmer plots presented a single mechanism of quenching.
Further understanding of these systems was greatly limited by the equipment being used so
fluorescent lifetime measurements were performed for a more concise insight of the quenching
mechanisms. THF and chloroform were used for this study along with concentrations of 5mM and
50 µM. A characteristic FRET measurement of a donor/acceptor system would present via a
lengthening of the acceptor fluorescent lifetime. However, lifetime measurements for 50 µM sets
presented the donor lifetime to lengthen with an unchanged acceptor lifetime. this is characteristic
of trivial radiative emission and possible reabsorption. For 5 mM a lengthening of both donor and
acceptor fluorescent lifetimes were observed indicating a competition between resonant energy
transfer and radiative emission.
It is important to highlight that the move from THF to chcl3 is an increase in solvent polarity but
a decrease in solvent dipole moment and static dielectric constant. PDI-silane lengthens its excited
state lifetime when solvated by CHCl3 as opposed to THF, regardless of concentration. the
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opposite is true for 9-AA. It is well understood that 9-AA has strong dimer formation potential and
the more polar a solvent is this less stable the dimer tends to be 93. It is possible that 9-AA loses
dimerization when CHCl3 is used which is why THF presents with significantly higher lifetime
measurements 94. Such change in donor conformation could also explain the inconsistencies with
FRET performance over a large range of concentrations when comparing these two solvents.
In total, this work presents the existence of a very narrow balance were these chosen fluorophores
are capable and dominant at performing Förster resonant energy transfer. this balance is bound by
aggregation induced self-quenching and trivial emission/reabsorption phenomenon allowed by the
photophysical characteristics of 9-AA and PDI-silane.

OUTLOOK
This project has explored multiple areas of interest in the field of energy transfer. The materials
implemented are unique in their combination for the practice of FRET so far in literature. They
present a promising possibility to further explore the potential of dye based resonant energy
transfer. These materials still remain very complex in their nature of quenching pathways and
currently an experimental approach is required to determine viability. Initial tests presented FRET
as a dominating process given some consideration to right concentration and correct environmental
parameters. Through experimentation this work concludes that such is not easily true. Conjugated
molecules present diverse options of deexcitation which counter the intended use case. Further
research into the hierarchy of mechanisms would be a valuable topic to explore with the
consideration of controllability of each quenching mechanism in a practical application. In the
future, a greater breadth of experimental work with fluorescent lifetime measurements would be
of great value to further substantiate the findings of this work.
This concept overlaps the paralleling work presented here attempting to introduction a greater
workability for fluorescent dyes. In doing so, it is clear that disruption to energy transfer
mechanism must take place. This is work that must be taken to be considered of great importance
in the future. For any reasonable application of FRET into devices there exists a compromise
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between performance and practicality. This work has shown crudely that functional and workable
materials could exist, but much work is needed to further the viability of such approaches.
Valuable future experimentation would be to create a liquid polymeric fluorophore with which
curing through a cross-linker is feasible. Such a material would provide a gateway into using
traditional thin-film and silicon chip manufacturing techniques for device creation. This would be
a key step forward to closing the gap between some theoretical visions of FRET computers and
the current practical limits of organic device fabrication.
Further avenues of exploration consist of the physical exclusion of transfer mechanisms via choice
of structure. Nanoparticles, organic frameworks, and DNA present as interesting conformations
able to restrain curtain options of fluorophore interactions. These types of ‘cages’ may be a
considered approach to controlling certain undesired quenching pathways that are problematic
with organic fluorescent dyes.
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APPENDIX A: MOLECULAR ORBITAL SIMULATION

Orbital Energy (eV)

0

LUMO, -0.07951

-0.1

LUMO, -0.14692

LUMO, -0.07382

-0.2
-0.3

HOMO, -0.15278
HOMO, -0.20399

-0.4

HOMO, -0.24282

-0.5
9-AA

PTCDA

PDI-silane

Material in vacuum

Figure 154 – Ground state HOMO-LUMO after geometry optimization simulation via DFT for
9-AA, PTCDA, and PDI-silane.
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Figure 155 – Ground state molecular orbitals after geometry optimization via DFT for 9-AA,
PTCDA, and PDI-silane.
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Figure 156 – Ground state HOMO-LUMO after geometry optimization simulation via DFT in
chloroform for 9-AA, PTCDA, and PDI-silane.
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Figure 157 – Ground state molecular orbitals after geometry optimization via DFT in chloroform
for 9-AA, PTCDA, and PDI-silane.
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Figure 158 – Ground state HOMO-LUMO after geometry optimization simulation via DFT in
THF for 9-AA, PTCDA, and PDI-silane.
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Figure 159 – Ground state molecular orbitals after geometry optimization via DFT in THF for 9AA, PTCDA, and PDI-silane.
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Table 35 – Ground state molecular orbitals after geometry optimization via DFT for 9-AA, PTCDA, and PDI-silane
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