Design, Synthesis, and Photophysical Investigation of Porphyrin-containing Polymer-
wrapped Single-walled Carbon Nanotubes

by
Mary Grace Glesner
Department of Chemistry

Duke University

Date:

Approved:

Michael J. Therien, Supervisor

David N. Beratan

Katherine J. Franz

Jie Liu

Benjamin J. Wiley

Dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor
of Philosophy in the Department of
Chemistry in the Graduate School
of Duke University

2015



ABSTRACT

Design, Synthesis, and Photophysical Investigation of Porphyrin-containing Polymer-
wrapped Single-walled Carbon Nanotubes

by
Mary Grace Glesner
Department of Chemistry

Duke University

Date:

Approved:

Michael J. Therien, Supervisor

David N. Beratan

Katherine J. Franz

Jie Liu

Benjamin J. Wiley

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of

Chemistry in the Graduate School of
Duke University

2015



Copyright by
Mary Grace Glesner
2015



Abstract

Significant advances in understanding the fundamental photophysical behavior
of single-walled carbon nanotubes (SWNTSs) have been made possible by the
development of ionic, conjugated aryleneethynylene polymers that helically wrap
SWNTSs with well-defined morphology. My contribution to this work was the design
and synthesis of porphyrin-containing polymers and the photophysical investigation of
the corresponding polymer-wrapped SWNTSs. For these new constructs, the polymer
acts as more than just a solubilization scaffold; such assemblies can provide benchmark
data for evaluating spectroscopic signatures of energy and charge transfer events and
lay the groundwork for further, rational development of polymers with precisely tuned
redox properties and electronic coupling with the underlying SWNT. The first design to
incorporate a zinc porphyrin into the polymer backbone, PNES-PZn, suffered from
severe aggregation in solution and was redesigned to produce the porphyrin-containing
polymer S-PBN-PZn. This polymer was utilized to helically wrap chirality-enriched
(6,5)-SWNTs, which resulted in significant quenching of the porphyrin-based
fluorescence. Time-resolved spectroscopy revealed a simultaneous rise and decay of the
porphyrin radical cation and SWNT electron polaron spectroscopic signatures indicative
of photoinduced electron transfer. By changing the absorption profile and

electrochemical redox potentials of the polymer, the photophysical behavior of the



corresponding polymer-wrapped (6,5)-SWNTs was dramatically changed, and the
polymer-wrapped SWNTSs no longer showed evidence for photoinduced electron

transfer.
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1. Introduction

This dissertation describes the synthesis and photophysical investigation of new
compositions of polymer-wrapped single-walled carbon nanotubes (SWNTSs) that
incorporate zinc porphyrin chromophores into the polymer backbone. To orient the
reader, it is helpful to have a basic understanding of SWNTSs; therefore, in this
introduction, | will present a brief overview of the relevant background and terminology
that will be used throughout this dissertation. In addition, the challenges encountered
with utilizing SWNTSs will be explored along with how these hurdles have been
surmounted by the ionic, [arylene]ethynylene polymer-wrapped SWNTSs pioneered by

the Therien lab.

1.1 Discovery and Importance of Single-walled Carbon
Nanotubes

In 1991, Sumio lijima published his observation of “helical microtubules of
graphitic carbon.”* This work was prompted, in part, by the discovery of carbon clusters
(fullerenes) just a few years earlier,? challenging scientists to explore what other
allotropes of carbon may exist. Figure 1A displays the first transmission electron
microscopy (TEM) images of carbon nanotubes from lijima’s groundbreaking paper.*
Note that the images depict multiple concentric tubes of carbon with between 2-7 walls,

known as multi-walled carbon nanotubes (MWNTS). Just a few years later, two groups



simultaneously reported the synthesis of nanometer-sized single tubes of carbon, or

single-walled carbon nanotubes (SWNTSs), shown in Figure 1B.3+*

Figure 1: First reported images of carbon nanotubes. A) First TEM images of
carbon nanotubes reveal multiple concentric rings of carbon, known as MWNTSs.! B)
One of the first images of a SWNT, with only one outer wall.?

Researchers were quickly intrigued by SWNTSs. At the nanoscale, these
cylindrical tubes of carbon boast extraordinary mechanical strength57 and excellent
charge transport properties.®® The photophysical properties of SWNTSs are also quite
unique. SWNTSs display tube-specific optical absorption and emission signatures® as
well as distinct Raman signatures.1-2

The mechanical strength of SWNTSs was perhaps the most promising property
for early commercialization efforts. The strength-to-weight ratio far exceeds traditionally
strong materials, such as steel, and SWNTSs are also highly flexible.* It was not long

before carbon nanotube composite materials began showing up in a wide range of



commercial applications.’*'> Many of the bulk applications were quite successful and
continue to be used today to exploit carbon nanotubes as a strong, lightweight material.
On the other hand, next-generation nanoscale devices that sought to harness the optical
and electronic properties of SWNTSs, in addition to their strength and flexibility, were
fraught with obstacles, including solubility, control at the nanoscale, and sample
heterogeneity. From the publication data displayed in Figure 2, it is clear that a rapid
increase in SWNT publications occurred soon after their discovery, but currently,
literature reports of carbon nanotubes seem to be waning. C&EN recently reported on

this trend as well noting that “the hype over carbon nanotubes has died down.” 16
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Figure 2: SciFinder report of publications with “carbon nanotubes.”

With a quick glance at Figure 2, one might conclude that SWNT research is
dying; yet, | would argue that now is a great time to be a SWNT researcher. Purification

techniques have become more sophisticated and the fundamental properties of SWNTSs

3



are becoming much better understood. The once hyped carbon nanotubes may still live
up to their expectations, and | believe they will be vitally important to next-generation
materials. Dr. Aaron Franklin recently wrote: “The road to producing transistors from
single-walled carbon nanotubes (CNTs) — one of the most promising options — has
been hedged about by the difficulties of purifying and controllably positioning these
tiny molecular cylinders...”” Yet, Franklin does not find the challenges insurmountable.
In fact, he concludes by saying “...the road is before us — will we take it?”’
Concurrently, C&EN, despite showcasing the plateau and decline of nanotube research
also highlights the optimistic attitude of many nanotube researchers, including Dr.
George Tulevski of IBM who notes that, “*now is the most interesting time to work on
carbon nanotubes.’””¢ With that optimism in mind, let’s take a closer look at this unique

material.

1.2 Defining a Single-walled Carbon Nanotube

A SWNT can be imagined as a rolled-up sheet of graphene, where graphene is
simply asingle layer of sp? hybridized carbon. How the sheet is rolled determines the
physical, optical, and electronic properties of the resulting nanotube. In Figure 3, AA’
defines a chiral vector Cn= naitmaz where a1 and az are unit vectors of the graphene
sheet. The graphene sheet is then “cut” and “rolled” such that A and A’ come together,
forming an (n,m) SWNT. This (n,m) value, or chiral index, contains all the necessary

information to describe a SWNT.18
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Figure 3: Graphene sheet map defining the basic parameters to construct a
SWNT. A (6,5)-SWNT is mapped out as an example.

The graphene sheet can be “rolled” in a variety of ways, which affects the
physical properties of the nanotube. These differences are highlighted in Figure 4. The
SWNT may have a handedness to the graphene sheet and its (n,m) chiral index will
define a set of enantiomers, for example the set of (8,6)-SWNTs displayed in Figure 4.
Two specific types of SWNTSs are achiral: (i) (n,n) SWNTs known as armchair SWNTSs,

and (ii) (n,0) SWNTs, known as zigzag SWNTSs.*®



(6.6)-SWNT (11,0)-SWNT (P)-(8.6)-SWNT (M)-(8,6)-SWNT

armchair zigzag chiral chiral

Figure 4: A SWNT can be achiral, as in armchair and zigzag structures, or the
SWNT may have an intrinsic handedness, such as in the set of (8,6) enantiomers.®

The cylindrical tube of graphene may be capped on each end to form a closed
structure, or the ends may be open. Typically, growth methods produce capped SWNTs
and processing of the SWNTSs leads to breakage along the tube and shorter, uncapped
SWNTs. This aspect of the physical structure can have a profound effect on SWNT
purification.?

Beyond the physical structure, the chiral index also determines the electronic
properties of the SWNT. If the quantity (n-m)/3 is an integer, the tube is metallic,
whereas if the value produces a non-integer, the tube is semi-conducting. For any
uncontrolled synthesis, the resulting SWNT mixture will be ~1/3 metallic and ~2/3
semiconducting. The electronic bandgap of semiconducting SWNTSs is inversely
proportional to the diameter.2! For a given (n,m) value the diameter can be determined

as follows:



d = Cn/m = (Acc /) *V(N2 +nm+m2)

In the above equation, n and m values come from the chiral index of the SWNT
and ac is the average carbon-carbon bond distance in a graphene sheet of 2.46 A .2

For semiconducting SWNTSs, each individual SWNT also has a unique absorption
and emission signature. For a mixture of as-prepared SWNTSs, photoluminescence (PLE)
mapping reveals an array of absorption signatures across the visible to IR with emission
signatures in the NIR.1 In Figure 5, each signal inside the white oval represents a unique
(n,m) semiconducting SWNT. In this way, PLE mapping is a powerful tool to investigate

the range of SWNTSs in a given sample and relative amounts of each SWNT.
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Figure 5: Photoluminescence mapping of a mixture of SWNTSs.10

The absorption signature of a SWNT is derived from the density of states. The
density of states for a semiconducting SWNT is shown in Figure 6, and a number of

absorption bands can be defined.!® The transition from the first valence to the first



conduction band is called the Eu. Likewise the transitions from the second and third
valence and conduction bands are denoted Ez and Ess, respectively. The Ez2 absorption
and Eu fluorescence defined in Figure 6 refers to the transitions inside the white oval of
the PLE map in Figure 5. It should be noted that SWNT optical transitions are excitonic
in nature and SWNTs have a large electron binding energy of ~0.43 eV.2 Therefore, the
transition from the valence to conduction band is defined by the optical transition plus
the electron binding energy. In contrast, metallic SWNTSs have a nonzero density of
states at the Fermi level and their optical transitions, denoted Mu, lie in the visible

region and derive from plasmonic resonances.-25
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Figure 6: Representative density of states diagram for a semiconducting SWNT
from which allowed optical transitions can be described.

1.3 Synthesis of Single-walled Carbon Nanotubes

Conceptually, a SWNT can be formed by cutting and rolling a sheet of graphene,

but in reality, this is not how SWNTSs are synthesized. Although my work did not
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encompass the synthesis of SWNTSs, it is helpful to have a basic understanding of how
these materials are produced along with the specific types of SWNTSs that are formed by
different synthetic methods. Broadly, the three main types of SWNT synthesis are
electric arc discharge, pulsed laser vaporization, and chemical vapor deposition.

The first nanotubes produced by lijima were synthesized using a modified
electric arc discharge method for the production of fullerenes.* A low voltage and high
current power supply produces an arc across a gap between two graphite electrodes in a
reduced pressure inert atmosphere (Figure 7).% Carbon nanotubes are produced along
with soot and fullerenes. As previously mentioned, the nanotubes observed by lijima
were MWNTS; to synthesize SWNTSs, a metal catalyst is deposited on the anode.** The

electric arc discharge method produces SWNTSs with an average diameter of 1.2-1.4 nm.?

Anode
He. Plasma

Cathode

X

¥ To Vacuum
JLA) Pump

= =

Figure 7: Diagram of an electric arc discharge set-up for the synthesis of carbon
nanotubes.?

The first method to produce SWNTs on a large scale utilized a pulsed laser

vaporization (PLV) technique (Figure 8).2728 First reported in 1995, a pulsed laser is used



to vaporize a graphitic, catalyst-containing target in a furnace under reduced pressure.
The laser simultaneously vaporizes the carbon and produces nanometer size metal

catalyst particles. The SWNTSs grow on the catalyst seeds until they condense on a cold
finger at the exhaust end of the furnace. Large diameter SWNTSs in the range of 1.0-1.6

nm are typical for PLV growth.?
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Figure 8: Diagram of a pulsed laser vaporization set-up for the synthesis of
carbon nanotubes.?

The third broad category of SWNT growth is chemical vapor deposition (CVD),
shown in Figure 9. In this method, a carbonaceous gas flows over a substrate containing
catalyst metal nanoparticles in a furnace. CVD growth can be tuned to grow SWNTs
with a diameter range anywhere between 0.4-5 nm depending on the exact conditions

including catalyst, carbon gas feedstock, and temperature.?

C.H,. CO Furnace

Acorol | |
' | Catalyst .. Substrate
500-1200°C
- = o

Figure 9: Diagram of a chemical vapor deposition set-up for the synthesis of
carbon nanotubes.?
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The three basic methods outlined above give a very simple picture of SWNT
synthesis, but it should be noted that there are a variety of growth methods available
which each produce a specific subset of SWNTs.2 As will be described below, the types
of SWNTs and distribution are vitally important to the ultimate application, therefore
the field of SWNT synthesis is vast and many intricate growth methods have been
explored. Two additional methods that are focused on controlling the diameter
distribution of SWNTSs are high pressure carbon monoxide (HiPco) synthesis, which
produces SWNTs with a narrow diameter distribution between 0.7-1.0 nm% and
CoMOoCAT synthesis, where SWNTSs are grown on a mesoporous silica support
containing cobalt and molybdenum to produce SWNTs with 90% of tubes in a diameter

range of 0.72-0.92 nm.%.3t

Figure 10: A and B) Representative TEM images of as-prepared SWNTSs,
showing extensive bundling of SWNTSs, amorphous carbon, and residual metal
nanoparticles.®
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The material that results in any of the above syntheses is a heterogeneous,
bundled mixture of SWNTSs. Figure 10 shows two representative TEM images of as-
prepared SWNTSs.2° Strong van der Waals interactions between the tubes cause the
SWNTs to bundle together into long, entangled ropes. Other carbonaceous material is
also present along with residual metal catalyst particles. For the material to be useful,

significant processing and purification are necessary.

1.4 Solubilizing Single-walled Carbon Nanotubes

The first challenge to utilizing SWNTSs is solubilization. There are two broad
strategies to overcome the strong van der Waals interactions?: 3 between the tubes and
impart solubility to SWNTSs: (i) covalent®*3* and (ii) noncovalent modification.3-3¢
Although covalent modification can achieve solubilization, it disrupts the desirable
optical and electronic properties of SWNTSs by creating defect sites along the tube.?” To
harness the exciting optical and electronic properties of nanotubes, noncovalent
strategies are necessary and will be the focus of this introduction. The simplest
noncovalent technique to disperse SWNTs in aqueous solution relies on the use of
amphiphilic surfactants, such as sodium dodecyl sulfate (SDS).3%® By sonicating SWNTSs
in a surfactant solution, the bundles are broken up and the SWNTs are individualized
and encapsulated by surfactant. Many other water-soluble surfactants can be used to
disperse SWNTSs,*-4 including sodium dodecylbenzene sulfonate (SDBS),* sodium

cholate (SC),* and Triton X.%¢ Each surfactant packs around the SWNTSs to form micelles,
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with the hydrophobic end associating with the surface of the nanotube and the polar
end interacting with the aqueous solvent. By taking advantage of the large aromatic
surface area of SWNTSs, a wide range of organic small molecule dispersants can also be
added to the list, such as pyrene,* naphthalene,* perylenene,** and porphyrin.+-°
Depending on the solubility of the small molecule, the SWNTSs can be dispersed in a
range of agueous or organic solvents. A standard procedure for solubilization involves
bath or tip sonication of SWNTSs in a solution of the surfactant followed by
centrifugation. After centrifugation, the supernatant is collected as solubilized SWNTSs
and the sediment contains large bundles of SWNTs and heavy metal catalysts.38

Elaborating on the simple surfactant dispersants, polymers can also solubilize
SWNTSs in various solvents. Aromatic, organic-soluble polymers including
poly(metaphenylenevinylene) (PmPV),% polythiophene,* polyfluorene,* and
poly(phenylacetylene)s- are highly effective in SWNT solubilization. Water soluble
polymers such as polyvinyl pyrrolidone (PVP) and polystyrene sulfonate (PSS)% along
with biomolecules such as amphiphilic peptides® and DNA5-% have also been shown to
disperse SWNTSs.

With amphiphilic and small molecule surfactants, there is little to no control over
how the molecules pack around the SWNT surface. Many of the organic polymers also
pack randomly along the SWNT surface. Figure 11 reinforces the nonspecific

superstructures formed by many organic polymers.55
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Figure 11: Polyvinyl pyrrolidone (PVP) can wrap the SWNT surface in a
number of ways, including A) double helix, B) triple helix, or C) switch-back
structures.>

Furthermore, the solutions of dispersed SWNTs are limited to either aqueous or
organic solvents and stable solutions generally require a large excess of surfactant. For
the water-soluble PVP/SWNT complexes displayed in Figure 11, addition of an organic
solvent to the stable solution results in polymer dewrapping.5 Additionally, Anderson
and coworkers investigated a series of butadiyne-linked porphyrin oligomers to
disperse SWNTs. After the typical sonication and centrifugation, the excess surfactant
(porphyrin) was removed by a filtration and washing step. In the case of porphyrin
dimer, when the excess porphyrin was removed from solution, the suspension was no
longer stable and the SWNTSs precipitated out of solution.*

One particularly unique and inspiring solubilizing agent is DNA. Unlike the
uncontrolled structures of various other polymers and biomolecules, DNA has been
shown to helically wrap SWNTSs with well-defined single-chain structures.5” This helical
structure is very robust, but the DNA-SWNTs are limited to aqueous solvent, and
although DNA is a useful biomolecule, it is not a very useful synthetic platform for

further modification.
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With the inspiration of DNA-wrapped SWNTSs, the Therien lab developed the
synthesis of ionic, conjugated [arylene]ethynylene polymers which effectively
individualize and disperse SWNTSs in aqueous solution.® Surprisingly, these linear,
conjugated polymers adopt single-chain helical wrapping structures around the SWNTSs,
as demonstrated by high resolution atomic force microscopy (AFM) and TEM; molecular
dynamics (MD) simulations predict a pitch-length that matches the experimentally
obtained data (Figure 12).% Notably, the ionic side chains are crucial to helical
wrapping.® Previous studies have indicated that uncharged arylene[ethynylene]
polymers solubilize SWNTSs by aligning parallel to the tube axis, with many chains
packed around the SWNT.%-% More importantly, by use of an appropriate phase-transfer
catalyst, these polymer-wrapped superstructures can solubilize SWNTSs in a variety of
organic solvents, including DMSO, MeOH, and DMF while retaining the same overall
morphology and no polymer dewrapping.® These unique polymers overcome the
problem of well-controlled SWNT solubilization. The polymer structure can also be
synthetically modified; the synthesis of these and more elaborate polymers will be

discussed in Chapter Two.
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Figure 12: A) Structures of ionic, conjugated arylene[ethynylene] polymers
PPES and PNES. B) MD simulations predict a helical wrapping structure. C) TEM
image of a polymer-wrapped SWNT confirms MD-predicted structure. 6!

1.5 Surmounting Single-walled Carbon Nanotube Heterogeneity

Although the solubility challenges were elegantly overcome with a polymer-
wrapping strategy, the dispersed SWNTs are still a heterogeneous mixture of metallic
and semiconducting nanotubes with a wide distribution of diameters and lengths (vide
supra). To design polymer/SWNT assemblies with well-defined physical and electronic
properties, separation by electronic structure (metallic/semi-conducting), diameter,
chirality, and/or length is necessary. A number of techniques are available to purify
SWNTs, including gel electrophoresis, size exclusion chromatography, selective
solubilization, selective reaction, and density gradient ultracentrifugation (DGU). .62
Each of these techniques makes use of covalent or noncovalent modifications to dissolve
the SWNTs and amplify the property being sorted. Of the available techniques, a useful
method will comply with the following restrictions: i) noncovalent modification must be

used to preserve the SWNT properties; ii) the solubilizing and/or separating agents must
16



be easily removed or replaced after sorting; and iii) the process should have a high yield
and offer some scalability. The method that best meets all these criteria is DGU, which is
a surfactant-based method and the amount of material that can be separated is limited
only by the size of the centrifuge. Importantly, DGU can be tuned to sort nanotubes by
length,5® diameter,® chirality,%-¢ and electronic structure.® The major challenge to this
technique is that many of the targeted separations require a finely tuned gradient which
necessitates tedious optimization.

In the Therien lab, a literature DGU method was simplified to gain access to near
single-chirality solutions of SWNTSs.®” Starting with commercially available SWNTs, a
two cycle density gradient procedure was developed which results in ~85% enrichment
of (6,5)-SWNTs. Figure 13 displays the electronic absorption spectra of the unsorted
SWNT starting material and the resulting suspension after two rounds of DGU. The
dramatic baseline reduction after DGU is due to the removal of highly scattering SWNT
bundles and various other carbonaceous impurities. The enrichment of (6,5)-SWNTSs is
confirmed by the disappearance of side peaks and narrowing of the Eu transition of
(6,5)-SWNTs at ~980 nm. The narrowing of the peak represents the removal of SWNTSs
with transitions that overlap the 980 nm peak, such as the disappearance of the

significant shoulder at ~1035 nm corresponding to (7,5)-SWNTSs.
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Figure 13: Electronic absorption spectra of as-purchased SWNT starting
material (blue) and DGU-purified (6,5)-enriched suspension (red).

1.6 Polymer-wrapped, Single-chirality Single-walled Carbon
Nanotubes

Following DGU, the resulting SWNTSs are individualized in solution in a mixed
surfactant of SDS and SC along with the density gradient medium, iodixanol. By
preparing a solution of polymer, the surfactant-dispersed SWNTSs obtained from DGU
can be slowly added to the polymer solution; the polymers wrap the surface of the
SWNTSs and replace the surfactant. Once the SWNTSs are wrapped by polymer, the
excess surfactant, residual density gradient medium, and unbound polymer can be

completely removed, giving a pristine solution of polymer-wrapped SWNTs (Figure 14).
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Figure 14: Comparison of surfactant (SC)-dispersed (6,5)-SWNTs (black) and
PNES polymer-wrapped (6,5)-SWNTs (red).

These polymer-wrapped, single-chirality SWNTSs provide an excellent platform
for gaining a greater understanding of the fundamental properties of SWNTSs; for
example, the first observation of the SWNT triplet®” and the first direct electrochemical
measurement of the SWNT potentiometric bandgap® were accessible with these
polymer-wrapped superstructures. Building upon these foundational studies, this
dissertation will highlight more complex design, synthesis, and photophysical
investigation of new polymer-wrapped SWNTSs featuring chromophoric porphyrin units

in the polymer backbone.
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2. Synthesis and Characterization of lonic, Conjugated
Arylene[ethynylene] Polymers That Helically Wrap
Single-walled Carbon Nanotubes

The road to polymer-wrapped single-walled carbon nanotubes (SWNTSs) all
begins with the design and synthesis of new polymers. The first reported polymers
(PPES and PNES) were solubilizing scaffolds, synthesized via microwave-assisted
Suzuki cross-coupling, resulting in the first arylene[ethynylene] polymers bearing ionic
units on every monomer along the polymer backbone.* These ionic, conjugated
polymers were shown to helically wrap SWNTs with well-defined structural
morphology in both aqueous and organic solvents.5! The next innovation in polymer
synthesis included the addition of chromophoric and redox-active units within the
polymer backbone. Therefore, the PPES and PNES first-generation polymers were
extrapolated to an AB polymer design, where A remained an ionic arylene motif,
necessary for helical wrapping,% and B became a conjugated diethynyl derivative. These
AB polymers were synthesized via microwave-assisted Sonogashira cross-coupling.

My contribution to this work was the design and synthesis of porphyrin-
containing polymers. The first design incorporated the ionic PNES Monomer coupled
with a monomeric diethynyl zinc porphyrin, yielding PNES-PZn. Due to solubility
issues, the ionic naphthalene PNES Monomer was replaced with an ionic binaphthalene
monomer and coupled with the same diethynyl zinc porphyrin to synthesize the

porphyrin-containing polymer S-PBN-PZn. Although the solubility hurdle was
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overcome, initial synthetic efforts created heterogeneous polymers containing meso-
ethyne porphyrin monomers along with butadiynyl-linked porphyrins. These challenges
were overcome by carefully tuning the synthetic conditions, including a change in
reaction conditions to copper-free catalysis and the adjustment of the aqueous/organic
solvent ratio. As a result, defect-free polymers were synthesized, fully characterized, and
subsequently, the polymers were utilized for photophysical investigation of new

polymer-wrapped SWNT superstructures (Chapter Three).

2.1 Introduction

In 2008, Therien and co-workers reported the synthesis of water-soluble poly(p-
phenyleneethynylene) (PPES), which was the first example of an arylene[ethynylene]
polymer with ionic groups on every arylene monomer along the polymer backbone.”
The synthetic strategy, displayed in Figure 15, utilized a Suzuki-Miyaura
polycondensation between an ionic arylene and a newly designed ethyne synthon
(B2C2). Under microwave conditions, polymers between 6.6-17.5 kDa could be

synthesized, corresponding to a degree of polymerization (DP) of 18-47.
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Figure 15: Synthesis of ionic, conjugated polymers PPES and PNES via
microwave-assisted Suzuki cross-coupling.

Soon after, Therien and co-workers reported a microwave-assisted Suzuki cross-
coupling synthesis of PNES, utilizing B2C2 as the ethyne source (Figure 15).5* Both
PNES and PPES were shown to effectively individualize and disperse SWNTSs in
aqueous solution with well-defined morphology.5® ¢ More importantly, unlike previous
polymeric solubilizing agents, PNES was shown to solubilize SWNTSs in a variety of
organic solvents, including DMSO, MeOH, and DMF by use of an appropriate phase-
transfer catalyst (Figure 16).5' These organic suspensions retained the same helical
wrapping structure observed in aqueous solution, and polymer dewrapping was not
observed. Therefore, the well-controlled superstructure of PNES defines an ideal

solubilizing agent that does not impact the desirable electronics of the SWNT.
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Figure 16: Aqueous suspensions of PNES-wrapped SWNTs can be transferred
to organic solvents including DMSO, DMF, and MeOH using a phase transfer
catalyst, such as 18-crown-6.5!

Thinking beyond a simple solubility scaffold, PNES was an ideal platform to
incorporate chromophoric and redox-active organic units. For this to happen, the
polymer synthesis was modified to an AB polymer design. In contrast to the synthesis of
PPES and PNES polymers which relied on a single monomer strung together with
ethyne linkers (B2C2) through Suzuki coupling, the new polymer design included an
ionic arylene motif (A) and a diethynyl monomer (B) and utilized Sonogashira cross-
coupling. As a proof-of-concept, a PNES-triPeg polymer was synthesized that contains a
non-ionic “triPeg” arylene spacer functionalized with polyethylene glycol (Peg)
sidechains (Figure 17).”* Although the spacers reduce the number of ionic units on the
polymer, PNES-triPeg was still able to individualize and solubilize SWNTSs through

single-chain helical wrapping.
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Figure 17: PNES-triPeg reduces the number of ionic units along the polymer
backbone and provides a new synthetic route towards functional polymers.

The PNES-triPeg polymer provided a synthetic route for the introduction of new
functional aromatic motifs into the polymer backbone. Many aromatic small molecules
have previously been shown to solubilize SWNTSs as organic surfactants,*-*° but
photophysical investigations of such suspensions have been hampered by the
uncontrolled nature of surfactant-dispersed SWNTSs. The excess surfactant required to
produce a stable SWNT suspension can overwhelm the absorption spectrum and any
new absorption or emission signals can be hard to distinguish as multiple interactions,
including SWNT-surfactant, surfactant-surfactant, and free surfactant, are present.
Importantly, these limitations can be overcome through the use of ionic, conjugated
polymers, which associate with SWNTSs in a well-defined manner; the polymer-
wrapping structure creates superstructures where the backbone of the polymer is
intimately associated with the sidewall of the SWNT and all excess polymer is removed,

yielding a single interaction for investigation.
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2.2 Results and Discussion
2.2.1 Synthesis of PNES

In order to establish and verify existing protocols, PNES was initially
synthesized. PNES would serve as a control polymer for future spectroscopic
investigation and would be needed for future designs similar to PNES-triPeg, which
utilizes the PNES Monomer as the ionic unit in the polymer backbone. PNES Monomer
was synthesized from 1,5-dihydroxynaphthalene (1) following literature precedent with
slight modifications (see Section 2.4.1).5* The overall synthetic scheme is displayed in
Figure 18. Bromination of 1 proceeds in good yield to produce 2. Benzyl protection of the
hydroxyl groups required extensive optimization to synthesize 3, which subsequently
underwent halogen exchange to yield the more reactive iodo derivative. Then, the
benzyl groups were deprotected, and the ionic, sulfonate sidechains were added to

synthesize PNES Monomer with an overall yield of 3.2%.
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Figure 18: Synthesis of PNES Monomer starting from commercially available
1,5-dihydroxynaphthalene (1). For detailed synthetic procedures, see Section 2.4.1.

Following completion of the monomer synthesis, PNES polymer was the next
synthetic target. The reported synthesis of PNES was performed on small scale;
however, a large stock of polymer was needed for future spectroscopic investigation.
The first attempt at larger-scale polymer synthesis failed in the microwave reactor. It
should be noted that microwave vials have both a minimum and maximum loading
capacity and the total volume of this solution did not meet the minimum requirement
for the reaction vessel. After scaling up the total reaction volume according to the
available sizes of microwave vials, the polymerization was again attempted, but did not
produce a polymer that matched the literature-reported PNES. The polymerization
conditions were then optimized where the total volume of the reaction, catalyst loading,

reaction temperature, and reaction time were each adjusted (Table 1).
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Table 1: Optimization of microwave-assisted synthesis of PNES on larger scale

than literature-reported conditions. Entries 1-5 detail the attempted larger scale
optimization. Entry 6 highlights the reproducibility of the literature-reported
procedure on small scale.

Batch Volume | Catalyst | Temp Rez_actlon Result
(mL) (mol %) | (°C) time
1 6.4 30 208 30 min | pwave reaction failed
. Doesn’t match literature-reported
2 14.7 30 208 30 min PNES
Doesn’t match literature-reported
3 6.6 30 180 1h PNES
Doesn’t match literature-reported
4 12.7 15 170 1h PNES
Absorption spectrum matches
literature-reported PNES
5 12.7 15 170 1h
Cannot produce stable SWNT
suspension
Matches literature-reported PNE
6 1.2 30 208 | 30min erature-repor S
Produces stable suspension

After five attempts at polymer synthesis, 121 mg of PNES was produced (Batch
5, Table 1) where the resulting absorption spectrum matched the reported PNES (Figure
19). NMR analysis of the newly synthesized PNES reveals one broad peak in the
aromatic region and three additional broad peaks corresponding to the protons
associated with the ionic sidechains (Figure 19C). Integration of the peaks matches the
expected numbers of protons; however, no other structural information can be gleaned
from the NMR since the signals for end-chain protons are too weak, which would assist

in estimating chain length.

27



-
o
1

1.4 9

o
o

1.2 1

1.0 9

e
(2]
T

0.8 9

0.6

Absorbance / AU

o o
N H
£ M'em™)x 10¢

0-0 1 1 1 1

300 350 400 450 500 550 600 650 700 -
Wavelength / nm

| 1

< <
)] a)
V] 0

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
f1 (ppm)

Figure 19: Preliminary characterization of PNES. Analysis of the absorption
included the comparison of A) the newly synthesized PNES and B) the literature-
reported PNES, which match extremely well. C) NMR spectroscopy reveals one broad
peak in the aromatic region for the four naphthalene-derived protons and three
distinct signals accounting for four protons each between 2-4 ppm corresponding to
the -CHz:- groups of the ionic sidechains.

Since absorption spectroscopy and NMR provided limited structural
information, gel permeation chromatography (GPC) was used to determine the
molecular weight (Mn) of the polymer. In GPC, a series of polymer standards with
known molecular weights are run on a sephacryl column. The results are used to create
a standard curve by plotting the retention time of the polymer versus the log of the
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polymer’s molecular weight. For my standard curve, nine water soluble polystyrene
sulfonate (PSS) standards in the range of 6.8-77 kDa were sequentially subjected to GPC
and a standard curve was created (Figure 20). Note that the point for the largest 77 kDa
PSS standard did not follow the linear trend which means its molecular weight was
outside the linear regime for the chosen column and was therefore not included in the

standard curve.
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Figure 20: GPC standard curve for the determination of polymer molecular
weight. A series of nine PSS standards from 6.8-77 kDa are plotted and a standard
curve was constructed from eight of the nine standards (pink squares), excluding the
77 kDa sample (blue diamond) which did not fall within the linear regime.

The newly synthesized PNES was then subjected to the same GPC conditions.
Due to the fact that PNES is a rigid rod polymer and the PSS polymer standards are

globular in nature, the molecular weight of PNES calculated from the standard curve is
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divided by a factor of two to account for an overestimation of molecular weight
according to established literature precedent.”? From this, the molecular weight (Mn) of
PNES was determined to be 21.2 kDa which corresponds to a DP = 45. This matches well
with the literature-reported PNES which was determined to be 18.8 kDa (DP = 40) by
anion exchange chromatography.

Despite the fact that the absorption spectrum, NMR, and length all matched
closely with literature reported results, the newly synthesized PNES failed to produce
stable SWNT suspensions. At this point, PNES was synthesized following the exact
literature-reported conditions on small scale to check the reproducibility of the
polymerization. After purification, the reaction yielded 10 mg of PNES which was able
to produce stable SWNT suspensions (Batch 6, Table 1). The PNES/[SWNT] suspensions
were utilized for combined AFM-Raman investigation as well as time-resolved

femtosecond Raman spectroscopy (Appendix B).

2.2.2 Synthesis of PNES-PZn

The first novel polymer synthesized was PNES-PZn, which couples PNES
Monomer with diethynyl zinc porphyrin. The polymerization reaction occurs in a high
dielectric, water-based solvent mixture, therefore the porphyrin, although a typical
organic chromophore, must be amphiphilic and soluble in the same aqueous
environment as the PNES Monomer. As with PNES-triPeg, polyethylene glycol (Peg)

sidechains are ideal to impart appropriate solubility for both the polymerization reaction
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and the final polymer. In this regard, Therien and co-workers have previously reported
a Peg-functionalized zinc porphyrin.” Briefly, the porphyrin is synthesized from the
condensation of dipyrrylmethane (7) with a Peg-functionalized benzaldehyde (6). The
resulting free base porphyrin is metallated with zinc to produce 8 which is then
brominated at the two free meso positions and coupled with protected ethynyl groups;
the ethynes can be readily deprotected prior to polymerization to yield the desired PZn

Monomer (Figure 21).
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Figure 21: Synthesis of PZn Monomer. The deprotection of the TIPS groups to
produce the diethynyl zinc porphyrin is done just prior to polymerization.

With both monomers in hand, the porphyrin-containing polymer PNES-PZn was
synthesized via Sonogashira microwave-assisted cross-coupling in a solvent mixture of
6:4:5:7 DMF:HO:TEA:THF (Figure 22). A miscible solution of both aqueous and organic
solvent (along with base) was necessary to equally solubilize the ionic PNES Monomer,

the organic PZn Monomer, and the growing polymer chain.
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Figure 22: Synthesis of porphyrin-containing polymer PNES-PZn.

The crude polymer was purified via filtration, precipitation, and size exclusion
chromatography. As the purity of the polymer increased, it became more difficult to
solubilize in MeOH/H:O. For instance, after initially easily passing through a 0.2 pm
membrane, the purified polymer, when solubilized in 1:1 MeOH:H:0O, would no longer
elute through the membrane. Likely the linear polymer chains were stacking due to the
large aromatic surface area of the zinc porphyrin units. Noting these solubility issues, a
small amount of pyridine was added to the polymer to facilitate dissolution. Pyridine
coordinates with the zinc metal center of the porphyrin rings and creates steric
hindrance for pi-stacking of adjacent polymers. After continuing to observe solubility
issues, a small amount of 4-tert-butylpyridine was used to solubilize the polymer, which
further increases the steric hindrance between the porphyrin units. With a purified
polymer solution, GPC analysis gave an estimated molecular weight (Mn) of 42.5 kDa
(DP = 23-25).

Although 4-tert-butylpyridine was successful in creating individualized polymer

chains in solution, the addition of such large bulky groups along the polymer backbone
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prevented the polymer from efficiently wrapping the SWNT surface. The typical process
for producing polymer-wrapped SWNTSs involves the addition of surfactant-dispersed
SWNTs to the solubilized polymer at room temperature and allowing the solution to stir
overnight. The polymer helically wraps the SWNT surface, replacing the surfactant, and
the excess polymer is then removed via GPC. For PNES-PZn, because room temperature
wrapping could not occur, the mixture of polymer and SWNTSs was heated to dissociate
the coordinated pyridine and allow the polymer chains to noncovalently associate with
the SWNTSs. After cooling to room temperature, the suspended SWNTSs were stable in
solution. The electronic absorption spectrum revealed the appearance of the SWNT

peaks along with the polymer peaks (Figure 23).
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Figure 23: Electronic absorption spectrum of the crude suspension of PNES-
PZn/[SWNT] (green). A solution of PNES-PZn (blue) and surfactant-dispersed
SWNTs (red) are shown for reference. Inset shows 900-1300 nm region where SWNT
absorptions are absent in PNES-PZn (blue) and present PNES-PZn/[SWNT] (green).
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In order to remove excess polymer, the crude SWNT suspension was subjected to
GPC. Figure 24 displays the GPC elution profile which shows two overlapping peaks.
The first peak is predicted to be the larger, polymer-wrapped SWNTs and the second
peak is predicted to be the excess free polymer in solution. Given that the peaks were
not resolved, the fractions that eluted from the column were combined into three
sections; fractions 12-14 represented the first fractions detected which showed
absorption at both polymer and SWNT wavelengths, fraction 15-17 eluted next with
both polymer and SWNT contributions, and fraction 18 and beyond showed only

polymer absorption (Figure 24).

A 2000 B 1.0

2 n ——PreHPLC
Sy 0.8 ——Frac 12-14
o 0.8 -

2 1500 | 8 ——Frac 1517

= < ——Frac 18+

~ 'E 06 L

© o

2 1000 - 8

% % 0.4 g

[72] N

L2 500 F =
© L

< £ 0.2
2

o | | 1 I I I olo | | .
0 10 20 30 40 50 60 250 450 650 850 1050 1250
Elution Time / min Wavelength / nm

Figure 24: A) GPC profile of PNES-PZn/[SWNT] monitored at 460 nm. B)
Absorption profile of collected fractions of GPC-purified PNES-PZn/[SWNT]
compared to the suspension before GPC (PreHPLC, black).

Although slight enhancement of the SWNT peaks in relation to the polymer
absorption is observed following GPC (Figure 24B), the samples still consisted mainly of

excess polymer in solution. It is likely that the removal of the coordinated pyridine led
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to re-aggregation of the polymer chains creating high molecular weight polymer
structures that could not be easily separated from the polymer-wrapped SWNTs by size
and may also have resulted in aggregation of the polymer chains on the surface of the
SWNT itself, with multiple layers of PNES-PZn aggregating on the surface of the

SWNTSs. Due to this insurmountable issue, the polymer was redesigned.

2.2.3 Synthesis of S-PBN-PZn

At the same time as | was investigating a porphyrin-based polymer, Dr. Pravas
Deria was developing a second generation polymer that incorporated a chiral
binaphthalene as the ionic monomer as a way to control handedness of the polymer-
wrapped SWNT superstructure.®® Unlike the first generation PPES, PNES, and PNES-
triPeg, the ionic binaphthalene introduced a kink into the polymer chain, which could
potentially discourage the severe polymer aggregation of PNES-PZn by creating a break
in linearity in the conjugated polymer.

The ionic binaphthalene monomer (BN Monomer) was synthesized according to
published procedures®® and coupled with PZn Monomer under the same conditions as

PNES-PZn to yield S-PBN-PZn (Figure 25).
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Figure 25: Synthesis of S-PBN-PZn.
The first polymerization reaction yielded 319 mg of S-PBN-PZn. Importantly, no
pyridine was needed to solubilize the polymer in MeOH/H:O. The purified polymer was

subjected to GPC and the molecular weight (Mn») was found to be 10 kDa (DP =5)

(Figure 26).
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Figure 26: A) GPC elution profile of S-PBN-PZn, monitored at 460 nm. B)
Electronic absorption profile of S-PBN-PZn. For comparison, PNES-PZn is shown
along with the TIPS-protected PZn Monomer (inset).

The break in linearity achieved through the binaphthalene monomer was
successful in preventing significant aggregation of the polymer and also led to a

decrease in conjugation length, which can be observed in the absorption spectrum of the
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newly synthesized polymer (Figure 26B). In PNES-PZn, the porphyrin-derived B-band
at ~450 nm is significantly broadened and the Q-band region between 650-750 nm is
significantly red-shifted with respect to the monomeric diethynyl porphyrin. For the
case of S-PBN-PZn, the B-band is less broadened and the Q-band region shows less red-
shifting and is less intense than PNES-PZn.

The next test for S-PBN-PZn was its ability to wrap SWNTSs. As before,
surfactant-suspended SWNTSs were added to a polymer solution and stirred at room
temperature overnight. The absorption spectrum of the resulting suspension showed

contributions from both polymer and SWNTs (Figure 27) and was observed to be stable.
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Figure 27: Electronic absorption spectrum of crude S-PBN-PZn/[SWNT].

The crude polymer-wrapped SWNTs were then subjected to GPC to remove
excess polymer from solution (Figure 28A). Unlike the PNES-PZn chromatogram which

showed poor separation of SWNTSs and polymer, the elution profile shows two clearly
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resolved peaks; the first peak corresponds to the polymer-wrapped SWNTs, and the
second peak corresponds to unbound polymer. The absorption profile of the first peak
(fraction 13-19, Figure 28B) confirms this assumption where the absorption of both
polymer and SWNTs are clearly seen whereas the second peak (fraction 28-38, Figure

28B) shows only polymer absorption with no SWNTSs present.
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Figure 28: A) GPC chromatogram of S-PBN-PZn/[SWNT] monitored at 460 nm
(polymer absorption) and 585 nm (SWNT absorption). Note that the first peak shows
contribution from both polymer (460 nm) and SWNT (585 nm) components whereas
the second peak shows contribution from the polymer (460 nm) only. B) Electronic
absorption spectra of the first peak (blue, fraction 13-19) and the second peak (green,
fraction 28-38) from the GPC chromatogram in panel A corresponding to polymer-
wrapped SWNTs and free polymer, respectively.

The purified polymer-wrapped SWNTs were then analyzed by AFM. The
SWNTs were observed to be individualized with a measured height of ~1 nm. The
SWNTSs used, mainly (6,5), (7,5), and (7,6), have a diameter range of 0.76-0.90 nm. The

measured AFM height is in accordance with the predicted height of one nanotube
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wrapped by a single layer of polymer, which also matches previously measured

polymer-wrapped SWNTSs.®
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Figure 29: A-B) AFM images of S-PBN-PZn/[SWNT] show individualized
SWNTs. C) Height profile of the blue line in panel B reveals a height of ~1 nm for
each of three SWNTSs.

S-PBN-PZn was a promising candidate for a new chromophore-containing ionic,
conjugated polymer; however, the molecular weight of the polymer (10 kDa) was low
compared to other benchmark polymers synthesized in the Therien group.®- 7 Therefore,
the polymerization reaction was further investigated to determine if the molecular
weight could be increased to the expected range of 20-25 kDa.

First, the purity of the monomeric precursors was investigated. Both monomers
were synthesized without extensive purification, and therefore, monomer purity could

be impacting the polymerization reaction. The BN Monomer was recrystallized in 10:1
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EtOH:H:0 then washed with acetone and dried extensively under vacuum. NMR

analysis confirmed the removal of residual impurities (Figure 30).
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Figure 30: NMR analysis of BN Monomer after recrystallization.

The TIPS-protected PZn Monomer was subjected to additional size exclusion
chromatography followed by silica gel chromatography before deprotection. NMR of

the deprotected product confirmed conversion to the diethynyl derivative with no major

impurities (Figure 31).
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Figure 31: NMR analysis of PZn Monomer. Peaks are integrated for porphyrin-
ring and aromatic protons, ethyne protons, and methyl end-group of Peg chains.
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The solvent solution for polymerization was also investigated. In the
polymerization reaction, the ionic BN Monomer and the nonionic PZn Monomer need
to be equally soluble and available to add to the growing polymer chains. The polymer
must also stay solubilized during the reaction and not precipitate out of solution. The
synthesized S-PBN-PZn polymer (Mn» = 10 kDa), BN Monomer, and PZn Monomer were
each dissolved in a series of solutions with different solvent ratios (DMF:H:O: TEA:THF
= 6:4:4:6, 5:5:4:6, and 6.5:4:3.5:6) and the ease of dissolution was qualitatively observed.
This exploration revealed that 6:4:4:6 DMF:H:O:TEA:THF was most suitable for
dissolving all three components. It should also be noted that the solvents are combined
and degassed via purging argon over at least four hours. A slow argon purge is
necessary to minimize evaporation of the most volatile solvents (especially THF) over
the extensive degassing time which can significantly impact the solvent ratio and
solubility of the monomeric compounds.

After each optimization, a new batch of polymer was synthesized and
characterized (Table 2). The extensive purification of both monomers and optimization
of the solvent ratio lead to a slight increase in molecular weight to 12 kDa (Batch 3, Table

2).
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Table 2: Conditions used for the synthesis of S-PBN-PZn.

Batch | Catalyst Solvent Ratio Other Changes Result
1 Pd(PPhs)s 6:4:5:7 Butadiyne Defects
/Cul DMF:H:O:TEA:THF Mhn =10 kDa
9 Pd(PPhs)s 6:4:5:7 Recrystallized BN Butadiyne Defects
/Cul DMF:H:O:TEA:THF | Monomer Mhn =9 kDa
3 Pd(PPhs)s 6:4:4:6 PZn Monomer purified; | Butadiyne Defects
/Cul DMF:H:O:TEA:THF | Solvent ratio optimized | Mn =12 kDa
Pd(PPhs)s 6:4:4:6 . Butadiyne Defects
4 /cul | DMEH.OTEATHE | Controlled Culaddition 1y, 'y py
5 Pd2dbas/ 6:4:4:6 g;zn&idngar:;to DIPA; No polymer
AsPhs DMF:H:O:DIPA:THF . obtained
degassed with solvent
;| Pdedbas 6:4:4:6 E:;:r:-ef:ee
AsPhs DMF:H:O:DIPA:THF M. = 12 KDa

The absorption spectra of the polymers looked very similar; however, the 12 kDa

polymer (Batch 3) showed significant Q-band splitting which was unexpected (Figure

32). In order to determine where this splitting was coming from, steady state emission

spectra of the polymers were obtained.
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Figure 32: Electronic absorption spectra of Batches 1-4 of S-PBN-PZn.
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Emission spectra were recorded for each batch of polymer and revealed that all
of the synthesized polymers displayed multiple emission peaks (Figure 33A) at ~640,
680, and 760 nm. For a single polymer, the length separated fractions revealed that as the
polymer became shorter, the 680 nm emission grew with respect to the 640 nm emission
(Figure 33B). The 640 nm emission is typical of a diethynyl zinc porphyrin;™ however,
the 680 and 780 nm emission peaks are unexpected. Combining the split Q-band with
this long wavelength emission, it is likely that the polymer contained butadiynyl defects,
which could arise by copper-catalyzed oxidative coupling of the diethynyl porphyrin
monomers during the polymerization. The emission of a butadiynyl-linked zinc

porphyrin dimer emits near 680 nm.’
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Figure 33: A) Emission spectra of Batches 1-4 of S-PBN-PZn show multiple
emission peaks; B-band (440 nm) excitation. B) Emission spectra of length-separated
fractions of S-PBN-PZn (Batch 4) normalized at 636 nm reveals that shorter fractions
display more enhanced emission at 680 nm. (Frac2 = longest to Frac8 = shortest).

Traditionally, butadiynyl linkages are synthesized by Glaser-Hay coupling,

which involves a copper catalyst under aerobic conditions. Although the polymerization
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reaction was performed air-free, the reaction conditions did utilize copper (Cul). It is
known that any amount of residual oxygen or other species that could act as an oxidant
may catalyze the creation of butadiyny!l links between the ethynyl zinc porphyrins. To
prevent the occurrence of butadiynyl defects, the reaction was performed with copper-
free conditions. In addition, precautions were taken to exclude all oxygen by dissolving
the deprotected diethynyl zinc porphyrin in the solvent mixture and degassing the
solution for four hours (Batch 5, Table 2). This should remove all oxygen that could be
trapped in the Peg chains of the zinc porphyrin film. Unfortunately, no polymer was
obtained from the synthesis. Likely, the diethynyl porphyrin is not stable during the
extensive degassing; therefore, the polymerization was attempted with copper-free

conditions, using the PZn Monomer immediately after deprotection with brief drying

under vacuum.
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Figure 34: A) Electronic absorption spectrum and B) GPC of S-PBN-PZn
synthesized via copper-free Sonogashira cross-coupling.
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The resulting polymer was extensively purified via filtration,
precipitation/redissolution, and size-exclusion chromatography. The absorption profile
more closely resembled a monomeric zinc porphyrin, and no Q-band splitting was
observed (Figure 34A). GPC revealed that the polymer had a molecular weight of 12
kDa corresponding to a DP = 6-7 (Figure 34B), which is still less than previously
reported polymers, but consistent with other batches of the same polymer. Importantly,
a single emission peak was observed for this polymer with no variation in emission

versus polymer length (Figure 35).
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Figure 35: A) Emission spectrum of S-PBN-PZn shows a single, broad peak
(440 nm excitation). B) Emission spectra of various length-separated fractions of S-
PBN-PZn are all overlapping. (Fracl = longest to Frac5 = shortest).

Although the 12 kDa S-PBN-PZn polymer was able to solubilize SWNTs, it was
unknown what was causing the porphyrin-based polymers to have lower molecular
weights compared to previously reported ionic, conjugated polymers. It was

hypothesized that the solvent conditions for the polymerization reaction were not ideal
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for this synthesis; therefore, an additional batch of polymer was synthesized. The
copper-free experimental conditions were kept the same and the solvent ratio was
slightly tuned, substituting acetonitrile for THF and increasing the amount of organic
solvent with respect to water/DMF (Batch 7, Table 3). The reaction yielded no polymer.
To check the reproducibility of the polymerization, the previous copper-free conditions
(Batch 6, Table 2 and 3) were repeated and a new batch of polymer (Batch 8, Table 3) was
synthesized.

Table 3: Additional conditions for the synthesis of S-PBN-PZn. The solvent
ratio of the copper-free synthesis was changed (Batch 7), which resulted in no

polymer. Matching the previous synthetic conditions of Batch 6 yielded defect-free S-
PBN-PZn (Batch 8) highlighting the reproducibility of the polymerization.

Batch Catalyst Solvent Conditions Result
6 | Pd:dbas/AsPhs DMF:H?(:;l::;:IG PATHF Def?\iltn- giezioDlzmer
7 Pd:dbas/AsPhs DMF:Hi:)Z:lI;l;IiA:ACN No polymer
8 | Pdxdbas/AsPhs DMF:H?(:;l::;:IG PATHF Def?\(/:ltnfzriezi(gimer

All figures of merit (i.e. absorption and emission maxima, length, etc.) were
exactly identical. The final piece of evidence that confirmed a defect-free polymer was
gathered through monitoring the polymer emission at 635, 670, and 740 nm (Figure 36).
Importantly, all spectra were overlapping. Therefore, it was concluded that the synthesis
of a defect-free S-PBN-PZn was successful and the polymerization is reproducible but

highly sensitive to changes in solvent conditions.
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Figure 36: Excitation spectra of S-PBN-PZn collected for 635, 670, and 740 nm
emission.

2.3 Conclusion

The synthesis of ionic, conjugated arylene[ethynylene] polymers requires
exquisite attention to detail, since polymerization reactions are highly sensitive to small
procedural changes. For example, the scale-up of PNES synthesis was unsuccessful, but
the polymerization is highly repeatable on small scale. Initially, the new AB polymer,
PNES-PZn, was designed and synthesized such that the ionic PNES monomer was
coupled with a diethynyl zinc porphyrin; however, this polymer suffered from extreme
aggregation and could not yield stable, single-chain wrapped SWNTs. A second-
generation ionic monomer based on binaphthalene was used to kink the linear polymer
chain, resulting in the synthesis of S-PBN-PZn. The polymer was easily dispersed in
aqueous solvent and demonstrated single-chain wrapping of SWNTSs. Unfortunately, the

initial synthetic conditions relying on a Pd(PPhs)s/Cul catalyst system produced
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polymers with butadiynyl defects. This hurdle was overcome by copper-free synthetic

conditions which yielded the desired S-PBN-PZn.

2.4 Experimental
2.4.1 Synthesis of PNES Monomer

2,6-dibromonaphthalene-1,5-diol (2). 1,5-dihydroxynaphthalene (1) (29.994 g, 187
mmol) was added to a roundbottom flask. Glacial acetic acid (800 mL) was added along
with two small beads of I.. The reaction mixture was heated to 85 °C and stirred for 30
min. A solution of Brz (20 mL, 388 mmol) in acetic acid (75 mL) was added dropwise
over 35 min and the reaction was stirred at 85 °C for an additional hour. The reaction
was cooled to rt and cooled in a water bath overnight. The resulting solid was washed
with acetic acid then hexanes x2, recrystallized from nitromethane, and washed with

nitromethane and hexanes to yield a green solid in 66.5% yield.

1,5-bis(benzyloxy)-2,6-dibromonaphthalene (3). 2 (28.469 g, 90 mmol), K-COs (49.502 g,
358 mmol) and molecular sieves were combined and dried under vacuum overnight.
Benzyl bromide (42.5 mL, 358 mmol) was dissolved in DMF (50 mL) and degassed by
purging with argon. Degassed DMF (400 mL, purged with argon) was added to the
reaction flask, which was heated to 50 °C. The benzyl bromide/DMF solution was added
dropwise over 25 min, the temperature was raised to 65 °C, and the reaction was stirred

under argon overnight. Then, the reaction was cooled and filtered. The solid, which
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included the K2CO:z and molecular sieves, was extracted with hot CHCIz. The DMF
filtrate and CHCls hot extraction were worked up separately. The DMF filtrate was
poured into Et-0 in a separatory funnel, washed with water 2x, and brine. The organic
layer was then dried over MgSOs, filtered, and concentrated via rotovap. The MgSOs
was washed with hot CHCIs 3x and the filtrate was combined with the CHCIs hot
extraction solution. The CHCIs combined filtrates were transferred to a separatory
funnel and washed with water 2x, brine, and 0.5 M NaOH. The CHClslayer was
concentrated (no drying with MgSOs). For both the DMF work-up and CHCIs work-up
the resulting “sludge” was combined and dissolved with CHCIs and the product was
precipitated with hexanes. The product was filtered and washed with acetone followed

by small amounts of CHCIs and hexanes to obtain 3 in 43.5% yield.

1,5-bis(benzyloxy)-2,6-diiodonaphthalene (4). 3 (35.286 g, 71 mmol) was dried under
vacuum overnight. Dry THF (350 mL, from Puresolv) was added, and the solution was
cooled to -78 °C. nBuLi (83 mL, 178 mmol; 2.14 M in hexanes, titrated with n-pivaloyl-o-
toluidine) was added dropwise over 15 min, and the reaction was stirred at -78 °C for an
additional 30 min. A solution of 12 (45 g, 177 mol) in 75 mL THF was added dropwise
over 20 min. Then, the solution was warmed to rt and stirred for 2 h. The reaction was
poured into saturated sodium bisulfite. MeOH was added to precipitate the product.

The product was filtered, washed with water x2, and washed with acetone x2. The
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filtrate was rotovapped and the resulting solid was filtered and washed with water x2

and acetone x2. The products were combined to obtain 4 in 79.5% yield.

2,6-diiodonaphthalene-1,5-diol (5). 4 (20.470 g, 34 mmol) was dried under vacuum
overnight. Dry DCM (100 mL, from Puresolv) was added and stirred until dissolved.
Thioanisole (22 mL, 187 mmol) and TFA (80 mL) were added and the reaction was
stirred at rt under argon overnight. The reaction was filtered and washed with AcOH
and hexanes to produce a green solid in 19.2% yield. For further purification, the
phenolic product was dissolved in diethyl ether and extracted with 1 M NaOH. The
aqueous layer was drained and the product was extracted a second time with 1 M
NaOH. The combined aqueous layers were acidified with HCI then filtered to obtain an

off-white solid.

PNES Monomer. 5 (3.215 g, 7.8 mmol) was dried under vacuum for 1 h. A 0.5 M NaOH
solution (39 mL, 20 mmol NaOH) was degassed via purging with argon and then added
to the reaction flask, which was stirred vigorously for 15 min. 1,3-propanesultone (2.405
g, 19.6 mmol) was dissolved in 12 mL dioxane (1.6 M solution) and degassed via
purging with argon. The sultone/dioxane solution was then added dropwise to the
reaction. The reaction was stirred at rt overnight. The following morning, the reaction

was heated to 80 °C and stirred for 10 min. Then, the reaction was cooled to rt followed
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by cooling in an ice bath for 1 h. The reaction was filtered, washed with a minimal

amount of cold water, and dried to obtain a gray solid in 73.9% yield.

Synthesis of [4-iodo-1-(3-propoxy-sulfonicacid)benzene]sodium salt. 4-iodophenol
(5.472 g, 25 mmol) was dried under vacuum. A 0.5 M NaOH solution (70 mL, 35 mmol
NaOH) was prepared and degassed via purging argon for 30 min. The degassed NaOH
was added to the reaction flask and stirred vigorously for 10 min to dissolve the phenol.
1,3-propanesultone (4.327 g, 35 mmol) was dissolved in dioxane (10 mL) and the
resulting 3.5 M solution was degassed via purging argon for 30 min. The
sultone/dioxane was added to the reaction dropwise. The reaction was stirred at rt
under argon overnight. The reaction was cooled in an ice bath for 10 min, filtered, and
washed with a minimal amount of cold water. The resulting solid was dried to obtain

7.525 g of a white solid (83.1% yield).

2.4.2 PNES-PZn Synthesis and Polymer-wrapped SWNTs

Synthesis of PNES-PZn. 6:4:5:7 DMF:H.O: TEA:THF was degassed via purging argon
for 2.5 h. PZn Monomer (deprotected same day) was dried in a 20 mL microwave vial.
PNES Monomer was crushed into a fine powder, added to the vial and the vial was
taken into the glovebox. Pd(PPhs): and Cul were added and the vial was sealed inside
the glovebox. The vial was evacuated and refilled with argon then the solvent was

added via cannula. The reaction was initially stirred at rt under argon 5 min, followed

51



by stirring at 160 °C for 1 h under microwave irradiation, and finally stirred in an oil
bath at 65 °C under argon overnight. Phenylacetylene was added and the reaction was
stirred for an additional 1 h at 65 °C. A previously degassed solution of {[4-iodo-1-(3-
propoxy-sulfonicacid)benzene]sodium salt} in DMSO was added and the reaction was
stirred for an additional 1 h at 65 °C under argon. The reaction was cooled to rt and
precipitated into 150:40:10 EtzO:ACN:MeOH, filtered, and the solid was redissolved in
1:1 MeOH:H:0O. The filtrate was concentrated by rotovap and precipitated an additional
two times. The final filtrate was dried completely then redissolved in 1:1 MeOH:H-0
with 0.1 TBS buffer (5 mM tris, 15 mM NaCl). The solution would not filter well through
a 0.2 pm membrane, so pyridine was added and the solution was refiltered through the
membrane. The polymer was purified by a 100-S sephacry!l size exclusion column and a
dark green band was collected. The band was concentrated and redissolved by first
adding a few drops of 4-tert-butyl pyridine, followed by a buffered solution of 3:7
MeOH:H:0 (0.1 TBS). GPC analysis gave an estimated molecular weight (Mn) of 42.5

kDa, DP = 23-25.

PNES-PZn/[SWNT]; Preparation at Room Temperature. Five drops of 4-tert-butyl
pyridine were added to 5.46 mg of PNES-PZn followed by 5 mL of 1:1 MeOH:H20. The
solution was bath sonicated for 2 h then filtered through a 0.2 pum membrane. 3 mL of

purified (6,5) SWNTSs were added to a new vial and the PNES-PZn solution was added
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dropwise. The solution was stirred at rt overnight then dialyzed in 30% MeOH in H-0,
changing the buffer solution 20 times. The resulting solution was filtered through a 0.1
pm filter and washed with 3:7 MeOH:H:O (0.1 TBS). The SWNTSs precipitated out onto
the membrane, so the membrane was rinsed with the buffered solution and bath
sonicated. Leaving the solution standing overnight resulted in precipitation of the

SWNTSs and bath sonication no longer produced a SWNT suspension.

PNES-PZn/[SWNT]; Preparation with Heating. Five drops of pyridine were added to
4.01 mg of PNES-PZn followed by 2.5 mL MeOH and 2.5 mL H20. The solution was
bath sonicated for 1.5 h, allowed to stand overnight, and sonicated for an additional 1 h.
The solution was filtered through a 0.2 pm membrane, then transferred to a vial and
heated to 65 °C. 3 mL of a 2% SC suspension of CoOMoCAT SWNTSs were added and the
vial was capped and stirred at 65 °C overnight. The suspension was cooled to rt, filtered
onto a 0.2 um filter, and washed with a buffered solution of 3:7 MeOH:H:0. The
precipitate was rinsed into a vial with the same buffered solution and sonicated to

dissolve. The suspension was stable for one week.

PNES-PZn/[SWNT]; Preparation with Heating and pH Adjustment. 5.3 mg of PNES-
PZn was dissolved in 5 mL of 1:1 MeOH:H:0, bath sonicated for 1 h and the pH was

adjusted to 11.5 with 100 pL of 1 M NaOH. The solution was left overnight, bath
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sonicated 30 min, and an additional 50 pL 1 M NaOH was added to a final pH of 11.2.
The solution was filtered through a 0.2 um membrane. 4 mL of COMoCAT SWNTs were
added, and the solution was capped and heated to 70 °C overnight. The solution was
transferred to a buffered solution of 3:7 MeOH:H:O (0.1 TBS) by washing on a 0.2 pm
membrane. The pH of the solution was adjusted to > 10 with 1 M NaOH, the suspension
was sonicated for 1 h, and then centrifuged at 50 krpm for 15 min. The supernatant was

collected and subjected to GPC to remove excess polymer.

2.4.3 S-PBN-PZn Synthesis and Polymer-wrapped SWNTs

Representative Synthesis of S-PBN-PZn. The binaphthalene-based ionic conjugated
polymer was synthesized via a Sonogashira polycondensation reaction following a
modified literature procedure.s® ™ (5,15-diethynyl-10,20-bis[3,5-bis(9-methoxy-1,4,7-
trioxanonyl)phenyl]porphinato)zinc(il) (1 eq), {[6,6’-dibromo-2,2’-bis(3-
propoxysulfonicacid)-1,1’-binaphthalene] sodiumsalt} (1.1-1.2 eq), Pd(PPhs)s (5 mol %),
and Cul (5 mol %) were added to a 25 mL microwave vial. The solids were dissolved in
an agqueous solvent mixture of DMF, H20, THF, and TEA that was previously degassed
via argon purging for at least 4 h. The reaction mixture was stirred at 160 °C for 1 h
under microwave irradiation. The reaction mixture was then stirred in an oil bath at 65
°C under argon overnight. Phenylacetylene (0.25 eq) was added and stirred at 65 °C for 1
h followed by a degassed DMSO solution of {[4-iodo-1-(3-propoxy-

sulfonicacid)benzene]sodium salt} (0.25 eq), which was stirred for an additional 1 h at 65
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°C. The reaction mixture was cooled to room temperature, and the crude product was
precipitated by pouring it into 150:40:10 EtzO:ACN:MeOH. The precipitate was
collected, washed with THF, dissolved in 1:1 MeOH:H:0O, and filtered through a glass
frit. The filtrate was collected, concentrated to ~20 mL, and precipitated two additional
times and concentrated. The resulting solid was dissolved in ~20 mL of a buffered
aqueous solvent mixture and then passed through a size exclusion column packed with
an S-100 sephacryl-based separatory medium using the same buffered aqueous solvent
mixture as eluent. The front running polymeric band on the sephacryl column was

collected in fractions and analyzed by absorption, emission, and GPC.

S-PBN-PZn/[SWNT]. 5.47 mg of S-PBN-PZn was dissolved in 5 mL of 1:1 H.O:MeOH. 4
mL of COMoCAT SWNTs were added dropwise. The solution was heated to 70 °C and
stirred overnight. The suspension was cooled to rt and filtered onto a 0.2 pm membrane,
washing with 1:1 MeOH:H:O to remove excess polymer. Note that washing on a
membrane does not remove all excess polymer; complete removal of excess polymer is

only achieved through GPC.

Synthesis of Defect-free S-PBN-PZn. The binaphthalene-based ionic conjugated
polymer was synthesized via a copper-free Sonogashira polycondensation reaction

following a modified literature procedure.® 7 (5,15-diethynyl-10,20-bis[3,5-bis(9-
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methoxy-1,4,7-trioxanonyl)phenyl]porphinato)zinc(ll) (311 mg, 0.25 mmol), {[6,6’-
dibromo-2,2’-bis(3-propoxysulfonicacid)-1,1’-binaphthalene] sodiumsalt} (205 mg, 0.28
mmol), Pd=dbas (23 mg, 0.025 mmol), and AsPhs (79 mg, 0.26 mmol) were brought
together in a 25 mL microwave tube and dissolved in an aqueous solvent mixture of
DMF (6 mL), H20 (4 mL), THF (6 mL), and diisopropylamine (4 mL) that was previously
degassed via argon purging for 4 h. The reaction mixture was stirred at 160 °C for 1 h
under microwave irradiation. The reaction mixture was then stirred in an oil bath at 65
°C for 16.5 h under argon. Phenylacetylene (7 mg, 0.07 mmol) was added and stirred at
65 °C for 1 h followed by a degassed DMSO solution (2 mL) of {[4-iodo-1-(3-propoxy-
sulfonicacid)benzene]sodium salt} (23 mg, 0.06 mmol) which was stirred for an
additional 1.5 h at 65 °C. The reaction mixture was cooled to room temperature, and the
crude product was precipitated by pouring the reaction mixture into 380 mL of 15:4
Et2O:ACN. The precipitate was collected and washed with THF, discarding the THF
filtrate. The remaining solid was dissolved in 1:1 MeOH:H:0 and filtered through a
glass frit to remove insoluble black metallic and organic impurities. The filtrate was
collected, concentrated to ~20 mL, and precipitated again by pouring it into 200 mL of
15:4:1 EtO:ACN:MeOH. The precipitate was collected, washed with THF, dissolved in
1:1 MeOH:H-0, and filtered through a glass frit. The filtrate was collected, concentrated
to ~20 mL, and precipitated a third time by pouring it into 200 mL of 15:4:1

EtzO:ACN:MeOH. The precipitate was collected, dissolved in 1:1 MeOH:H:O, filtered
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through a glass frit, and dried on a rotary evaporator. The resulting solid was dissolved
in ~20 mL of a buffered aqueous solvent mixture (3:7 MeOH:H20; 5 mM carbonate, 15
mM NacCl), and then passed through a size exclusion column (3.8 x 32 cm) packed with a
sephacryl-based separatory medium S-100 (Sigma Aldrich, MW fractionation range
globular proteins 1 x 103 - 1x 10°) using the same buffered aqueous solvent mixture as
eluent. The size exclusion chromatography enabled separation of the polymeric
products from the starting materials; the front running polymeric band was collected in
fractions and analyzed by GPC. Fractions with an estimated Mn > 10 kDa were combined
and desalted via centrifuging through a Millipore Microcon centrifugal filter YM-100
while washing (5 x 5 mL) with H20. The concentrated polymer solution was collected
and dried to obtain 25 mg of the desired polymeric product as a glassy film. GPC of the
resulting polymer demonstrated a Mn = 12 kDa. Extinction Coefficient=9.2 + 0.2 x 10* M-

lemtat 432 nm.
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3. Demonstration of Photoinduced Charge Transfer in
Well-defined Polymer-wrapped Single-walled Carbon
Nanotubes Containing Zinc Porphyrin

Further advances in carbon nanotube-based optoelectronic materials depend
critically upon understanding the fundamental photophysical nature of the
photoinduced charge transfer processes and efficiencies in nanocomposite materials.
This chapter describes a zinc porphyrin-containing conjugated, ionic polymer, that
helically wraps (6,5) chirality-enriched single-walled carbon nanotubes (SWNTSs) to
create a well-defined suspension for photogenerated mechanistic studies. These
polymer-wrapped constructs result in significant quenching of the porphyrin-based
fluorescence. Time-resolved spectroscopy reveals a simultaneous rise and decay of the
porphyrin radical cation and SWNT electron polaron spectroscopic signatures indicative

of photoinduced electron transfer.

3.1 Introduction

Porphyrin/SWNT-based nanohybrids have been the focus of numerous reports
towards next generation optoelectronic devices and applications, such as solar energy
conversion, photocatalysis, and sensors.””-* Monomeric porphyrin units interact strongly
with the large aromatic surface area of SWNTSs,* & put fail to produce stable SWNT
suspensions.*’-8t Covalently linking porphyrin units to the SWNT surface can produce
stable suspensions,®-% but covalent functionalization destroys the desirable electronic

properties of the SWNT. More elaborate techniques to noncovalently associate
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porphyrins with SWNTs® have utilized supramolecular approaches,®” micelles,?8-8°
functionalization of the porphyrin macrocycle,* % and porphyrin-containing
polymers.®%% Although intriguing, the porphyrin/SWNT assemblies studied to date
have suffered from SWNT electronic heterogeneity and incompletely exfoliated SWNTSs,
as well as the presence of both complexed and uncomplexed porphyrin leading to a
mixture of spectroscopic signals. Notably, the interrogation of such porphyrin/SWNT
materials demonstrates efficient quenching of the porphyrin fluorescence, which has
been ascribed to both energy transfer®.% and electron transfer.* 8 Porphyrin/SWNT
hybrid materials are still gaining attention for many applications including light-
harvesting® and sensors,%-7 but their utility depends critically on fully understanding
the fundamental photophysical behavior of these assemblies. The ionic, conjugated
polymer S-PBN-PZn, which incorporates a zinc porphyrin in the polymer backbone, is
an ideal structure for the photophysical investigation of porphyrin/SWNT hybrids
because it maintains the SWNT electronic properties due to noncovalent wrapping,
assembles the chromophores within van der Waals contact of the SWNT, and allows for

the removal of all excess chromophores from solution.

3.2 Results and Discussion

The detailed synthesis and characterization of S-PBN-PZn is described in detail
in Chapter Two. Briefly, S-PBN-PZn was synthesized from an ionic 1,1'-bi-2-naphthol

and a diethynyl zinc porphyrin through copper-free microwave-assisted Sonogashira

59



cross coupling (Figure 37A). The crude polymer was extensively purified to yield S-
PBN-PZn with a Mn = 12 kDa, as determined by GPC. The electronic absorption
spectrum of the polymer is dominated by the typical features of a monomeric porphyrin
as evidenced by a strong Soret (B) band at 433 nm and less intense Q-band absorptions
at 566 nm and 633 nm (Figure 37B). The polymer also demonstrates strong fluorescence

at 665 nm following 433 nm B-band excitation (Figure 37C).
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Figure 37: A) Synthesis of porphyrin-containing polymer, S-PBN-PZn. B)
Electronic absorption spectrum and C) emission spectrum (433 nm excitation) of S-
PBN-PZn.
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SWNTs enriched in (6,5) chirality via density gradient ultracentrifugation, as
previously reported,’” were wrapped with S-PBN-PZn and purified to produce a
suspension of individualized SWNTSs (S-PBN-PZn/[(6,5) SWNT]). Importantly, all free,

unbound polymer was completely removed by GPC (Figure 38).
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Figure 38: GPC profile demonstrating the purification of S-PBN-PZn/[(6,5)
SWNT]. The blue and red traces show detection of polymer at 500 nm and Ez

transition of [(6,5) SWNT] at 580 nm. The boxed region indicates the collected
fractions of polymer-wrapped SWNTs (fractions 15-19, retention time of 23-28 min).

The absorption profile of S-PBN-PZn/[(6,5) SWNT] reveals slight broadening and
red-shifting of the dominant B-band absorption of the polymer and significant red-
shifting of the SWNT-derived Eu and Ez: transitions (Figure 39). These red shifts have
previously been observed for similar chromophore-containing polymers due to a strong
excitonic interaction between the chromophore and SWNT within van der Waals

contact.®
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Figure 39: Electronic absorption spectrum of S-PBN-PZn/[(6,5) SWNT] in 3:7
ACN:D20 (red). A suspension of (6,5) SWNTs in 1 % sodium cholate surfactant in
D20 (SC/[(6,5) SWNT]) (green) and a solution of S-PBN-PZn in 3:7 ACN:D:0 are also
shown for reference.

Extensive AFM analysis reveals that this polymer adopts the expected single-
chain helical wrapping structure typical of such ionic conjugated arylene[ethynylene]
polymers with a pitch length of 7.5 £ 1 nm, with TEM imaging also confirming this
wrapped superstructure. As expected from literature precedent,* 899 the strong
porphyrin-based steady-state fluorescence of S-PBN-PZn is substantially quenched

upon wrapping the SWNT (Figure 40).
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Figure 40: Steady-state emission spectra recorded for S-PBN-PZn (blue) and S-
PBN-PZn/[(6,5) SWNT] (red) in 3:7 ACN:D:0 following photoexcitation of the

polymer B-band (433 and 437 nm for polymer and wrapped SWNTS, respectively).
The absorbance at Aex = 433 or 437 nm was controlled to be 0.129 for each sample.

In order to elucidate the mechanism for the steady-state emission quenching,
femtosecond pump-probe spectroscopy was utilized for both S-PBN-PZn/[(6,5) SWNT]
and S-PBN(b)-Phs/[(6,5) SWNT], which has previously been established as a control
superstructure for such investigation.%.7* S-PBN(b)-Phs helically wraps the SWNT
surface and acts as a solubilization scaffold that does not perturb the optical or electronic

properties of the underlying SWNT.
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Structure of control polymer S-PBN(b)-Phs.
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Figure 41: Femtosecond transient absorption spectra obtained for A) S-PBN-
PZn/[(6,5) SWNTs], B) S-PBN-PZn, and C) the control superstructure S-PBN(b)-
Phs/[(6,5) SWNT] at the time delays noted. Experimental conditions: Aex = 430 nm;
pulse energy = 120 nJ/pulse; temperature = 20 °C; magic angle polarization. D)

Transient absorption spectra for S-PBN-PZn/[(6,5) SWNT] excited at 430 nm

display typical ground-state bleaching signals of the SWNT-derived Eu and Ez

transitions at 1011 and 582 nm, respectively, along with the ground state bleach of the

porphyrin-derived Soret band ~430 nm (Figure 41A). A significant excited state

absorption manifests at 1100 nm which corresponds to the SWNT exciton to biexciton

transition. Notably, two excited state transitions concomitantly rise and decay in this
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spectrum at 490 and 1160 nm, which we have assigned to the porphyrin radical cation
and SWNT electron polaron, respectively. More detailed views of these signals are
shown in Figure 42. Both signals are distinctly absent in the transient spectra of S-
PBN(b)-Phs/[(6,5) SWNT] excited at 430 nm (Figure 41C). In this control study, the
arylene[ethynylene] polymer is excited along with non-resonant excitation of the SWNT
which results in a small amount of energy transfer from the polymer to the SWNT, but
no charged species are observed. Additionally, 430 nm excitation of a solution of S-PBN-

PZn also fails to produce signals at 490 and 1160 nm (Figure 41B).
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Figure 42: Representative transient absorption spectra obtained for S-PBN-
PZn/[(6,5) SWNTSs] exhibit the rise and decay of A) the porphyrin radical cation at 490
nm and B) the SWNT electron polaron at 1160 nm.

To further corroborate these assignments, chemical titrations were performed of
the individual polymer and nanotube components along with the polymer-wrapped
superstructure. Chemical reduction of S-PBN-Phs/[(6,5) SWNTSs] yields a new
absorption at 1160 nm, which matches the observed transient signal assigned to the

SWNT electron polaron (measured by Dr. Jean-Hubert Olivier). Furthermore, chemical
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oxidation of S-PBN-PZn displays the same new spectral feature to the red of the B-band
(Figure 43), which has been assigned to the porphyrin radical cation, and is consistent

with previous chemical and spectroscopic investigation of oxidized monomeric

porphyrins.®
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Figure 43: UV-vis-NIR steady-state absorption spectra that chronicle the

oxidative titration of S-PBN-PZn with KzIrCls (1.7 mM) in 3:7 ACN:D20. Arrow
highlights the new transition assigned to the porphyrin radical cation.

With the assignment of the spectral signatures confirmed, global fitting of the
femtosecond transient absorption spectra revealed a charge separation time of 0.5 ps
followed by biphasic charge recombination with time constants of 22 and 307 ps. This
biphasic charge recombination was previously seen in a study that examined charge

separation in PDI-wrapped SWNTSs,” where it was assigned to rapid recombination
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among intimately associated electron/hole pairs followed by a slower recombination of
charges that have migrated along the SWNT.

To solidify the assignment of charge transfer, the electrochemical redox
potentials of S-PBN-PZn and the corresponding polymer-wrapped superstructure were
probed. Square wave voltammetry was utilized to determine the oxidation and
reduction peaks of the polymer in solution. One reduction peak was observed along
with two overlapping oxidation peaks which were deconvoluted by Gaussian fitting in
order to resolve the first oxidation potential; reduction and oxidation potentials were
determined at current maxima (Figure 44A). The calculated one electron oxidation and
reduction potentials correlate well with solution-phase measurements of diethynyl
porphyrin derivatives.” Cyclic voltammetry was employed to measure the redox
potentials of the polymer-wrapped SWNTs (Figure 44B). For cyclic voltammetric
studies, the onset potentials for reduction and oxidation were determined using
established electrochemical characterization methods for conjugated semiconducting

polymers.®
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Figure 44: A) Representative square wave voltammetric responses of S-PBN-
PZn (red) in CH:ClI2 using a frequency of 25 Hz, a step potential of 4 mV, and a square
wave amplitude of 35 mV. Inset: Deconvolution of the first and second oxidation
potentials of S-PBN-PZn using Gaussian fitting of the peaks. B) Representative cyclic
voltammetric responses of S-PBN-PZn/[(6,5) SWNT] (red) in CH2Cl2 (100 mV/s)
showing the first anodic and cathodic redox processes (marked with arrows). Note
that the anodic potential has been scaled by a factor of 0.1 and ferrocene/ferrocenium
(gray) has been offset by 35 pA for clarity. The ferrocene/ferrocenium redox couple
(gray) was used as an internal potentiometric standard and redox potential values
were converted to SCE (Fc/Fct+ = 0.48 V, 0.1 M TBAPFs in CH:Cl>) for both A and B.
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The control polymer and wrapped SWNTs have been previously investigated;sé
the S-PBN(b)-Phs/[(6,5) SWNT] polymer-wrapped SWNTs provide a means to directly
probe the [(6,5) SWNT] redox potentials as the S-PBN(b)-Phs oxidation and reduction
potentials are far removed from the nanotube redox potentials. Figure 45 compares the
electrochemical redox potentials of both the control and porphyrin-containing polymers
and their corresponding polymer-wrapped SWNTSs. The excited state reduction
potentials calculated from the ground state absorption are also displayed to better
represent a photogenerated electron transfer event occurring from the excited state. The
excited state reduction potential of S-PBN-PZn lies 240 mV above the conduction band
of [(6,5) SWNTSs], providing enough driving force for the photoinduced electron transfer
to occur. Interestingly, electrochemical investigation also reveals that both the valence
and conduction band of the [(6,5) SWNTSs] may be stabilized by ~100 mV when wrapped
by S-PBN-PZn; such perturbations in the valence and conduction bands of polymer-
wrapped SWNTs have previously been observed in other chromophore-containing

polymers.58
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Figure 45: Electrochemical redox potentials of the control superstructure S-
PBN(b)-Phs (orange), porphyrin-containing polymer S-PBN-PZn (red) and their
corresponding polymer-wrapped [(6,5) SWNTSs] (green and purple, respectively).

From the electrochemical data, it is clear that the oxidation potential of S-PBN-
PZn is very close to the oxidation potential of the [(6,5) SWNT]. In fact, this is further
confirmed by oxidative titration of S-PBN-PZn/[(6,5) SWNT]. As the oxidant is added,
the PZn radical cation and SWNT hole polaron spectroscopic signatures simultaneously

rise as both the PZn B-band and SWNT Eu are diminshed (Figure 46).
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Figure 46: UV-vis-NIR steady-state absorption spectra that chronicle the
oxidative titration of S-PBN-PZn/[(6,5) SWNT] with KzlrCls (1.7 mM) in 3:7 ACN:D:0.
Arrows highlight the appearance of transitions assigned to both the PZn radical
cation (~520 nm) and [(6,5) SWNT] hole polaron (~1155 nm).

For S-PBN-PZn, the above data clearly indicates that B-band photoexcitation
results in rapid electron transfer to the underlying SWNT; however, there is more to the
story that has not been fully understood. Additional steady-state emission spectra were
collected, monitoring the SWNT-based NIR fluorescence. Emission from the SWNTSs is
guenched by ~95% in the wrapped superstructures (Figure 47A). By taking a closer look
at the small amount of residual SWNT emission, the spectrum was collected following
direct SWNT excitation at 580 nm (Ez22) as well as polymer (B-band) excitation at 437 nm
(Figure 47B). A slight enhancement in the SWNT fluorescence is observed following
polymer excitation which suggests that a small amount of energy transfer occurs from
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the polymer to the SWNT. The excitation spectrum for the SWNT fluorescence at 1009

nm also shows contribution from both the SWNT and polymer (Figure 47C). As

described above, the main process following polymer excitation is electron transfer, for

which there is sufficient driving force; however there may also exist a less favorable

energy transfer pathway.

A
4.0
3.5

g 3.0

52.5

§ 20

$ 1.5

E 1.0
0.5
0.0

950 1050 1150 1250 1350 1450
Wavelength / nm

Relative Intensity

——(6,5)-SWNT_570ex

. —S-PBN-PZn/[(6,5) SWNT]
_580ex

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

950 1050 1150 1250 1350 1450
Wavelength / nm

350 400 450 500 550 600 650 700 750
Wavelength / nm

Figure 47: A) Emission profile following SWNT E2: excitation (570/580 nm) for
surfactant-dispersed SWNTSs (green) and polymer-wrapped SWNTs (red). B) SWNT
emission of S-PBN-PZn/[(6,5) SWNT] following polymer (437 nm) and SWNT (580
nm) excitation. C) Excitation spectrum of the emission peak (1009 nm) shows
contribution from both polymer and SWNT.
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The origin of the substantially quenched SWNT fluorescence was explored by
pump-probe spectroscopy (Figure 48A). In contrast to previous studies, SWNT Eu
excitation at 1000 nm was used to interrogate S-PBN-PZn/[(6,5) SWNT]. Surprisingly,
the spectrum reveals the appearance of a new absorption at ~1150 nm, which suggests
the formation of a charged SWNT (Figure 48C), yet the appearance of this SWNT
polaron state is not correlated with the appearance of a PZn radical cation signature; the

400-600 nm region is void of any new spectroscopic features (Figure 48B).
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Figure 48: A) Femtosecond transient absorption spectra of S-PBN-PZn/[(6,5)
SWNT] following SWNT Eu excitation at 1000 nm. B and C) More detailed views of
the visible and NIR regions from panel A.
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Without clear evidence for a second charged species that directly correlates with
the observed SWNT spectroscopic feature, we have not assigned any specific process or
mechanism to the deactivation of the SWNT excited state in S-PBN-PZn/[(6,5) SWNT],

and it remains open for further investigation.

3.3 Conclusion

We have demonstrated photoinduced electron transfer from the zinc porphyrin-
containing polymer S-PBN-PZn to (6,5) chirality-enriched SWNTs by monitoring and
assigning the rise and decay of both the porphyrin radical cation and SWNT electron
polaron spectral signatures. These transient signals match those observed through
chemical oxidation and reduction of S-PBN-PZn and (6,5)-SWNTSs, respectively.
Measured electrochemical potentials for both the polymer and underlying (6,5)-SWNT
reveal a substantial driving force for photoinduced electron transfer when the polymer
is selectively excited. Further investigation remains to assign the dynamics of these

polymer-wrapped SWNTs following SWNT excitation.

3.4 Experimental

S-PBN-PZn/[(6,5) SWNT]. A slightly modified literature procedure was employed to
prepare polymer-wrapped SWNT suspensions.” An aqueous suspension of chirality
enriched (6,5)-SWNTs (8 mL) was added over a course of 4 h to a 10 mL solution of S-
PBN-PZn (4:6 ACN:H:20, 0.59 mg/mL). The mixture was stirred overnight and was
exchanged into an aqueous buffered solution (3:7 ACN:H20; 5 mM carbonate, 15 mM
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NaCl) using a Millipore Microcon centrifugal filter YM- 100 (6 x 5 mL). Free, unbound
polymer was removed via GPC: a 2 mL polymer/SWNT solution was injected into a
series of two preparative columns loaded with sephacryl-based separatory medium
connected in the order of S-500 (Sigma Aldrich; MW fractionation range 40-20000 kDa
(dextran)) and S-200 (Sigma Aldrich; MW fractionation range 1-80 kDa (dextran)), and
eluted with the same aqueous buffered solution at a flow rate of 1 mL/min; three-
wavelength detection (SWNTSs were detected at 580 nm; polymer was detected at 480
and 500 nm) was used to identify fractions that did not contain SWNTSs. The fractions
were collected as 1 mL aliquots; the polymer/SWNT fractions eluted at an earlier time
(~23-28 min range) followed by the free, unbound polymer (~33-46 min range; see Figure
38). Polymer/SWNT containing fractions (eluting over a ~23-28 min range) were
collected together and desalted via centrifuging through a Millipore Microcon
centrifugal filter YM-100 while washing (6 x 5 mL) with aqueous solvent mixture (3:7
ACN:D:20) containing no salt. The resulting concentrated SWNT solution was
centrifuged at 25 krpm for 25 min and the top ~90% of the supernatant was collected
then centrifuged for 30 min at 28 krpm. The top 90% of the supernatant was collected

and utilized for all experiments.

Steady-state Fluorescence. Emission spectra were recorded in 5 mm quartz optical cells

over the noted spectral range using 1 nm steps and an integration time of 0.5s. An 8 nm

75



slit width was used for both the excitation and emission beams. The excitation beam was
passed through an appropriate long-pass filter to remove second order scattering light
from the lamp and grating, and a second long-pass filter was used on the emission side
to eliminate scattered excitation light. The final emission spectra were corrected for
variations in detector response as a function of wavelength using the instrument

correction files.

Cyclic Voltammetric and Square-Wave Voltammetric Studies of S-PBN-PZn and S-
PBN-PZn/[(6,5) SWNT] Samples. Cyclic voltammetric measurements were carried out
with a Bioanalytical Systems (BAS) Epsilon potentiostat and a single-compartment
electrochemical cell. The electrochemical cell used for these experiments utilized a
standard three-electrode configuration: a glassy carbon working electrode, a platinum
wire counter electrode, and a Ag/AgCl (3 M KCI) reference electrode. The reference
electrode was separated from the bulk solution by a junction bridge filled with the
corresponding solvent/electrolyte solution. The ferrocene/ferrocenium redox couple was
utilized as an internal potentiometric standard. Electrochemical measurements were
performed using tetrabutylammoniumhexafluorophosphate (TBAPFs; 0.1 M) as the
supporting electrolyte in anhydrous CH:Cl. solvent under argon. Solutions of polymer
were prepared by dissolving a small amount (< 1 mg) of S-PBN-PZn in ~1 mL of MeOH.

5 ul of 15-crown-5 and 30 pL of ACN were added and the solution was bath sonicated
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for 20 min. The MeOH solution was drop cast (7 gL x 3) on the glassy carbon electrode,
evaporated under a stream of N2 gas, and dried under vacuum. For polymer-wrapped
SWNTSs, 70 pl of 15-crown-5 was added to ~1 mL of S-PBN-PZn/[(6,5) SWNT] (3:7
ACN:D:0), bath sonicated for 20 min, and dried via rotovap. To this dried sample was
added ~1 mL MeOH and the solution was bath sonicated for 20 min. The MeOH
solution was drop cast (7 pL) on the glassy carbon electrode, evaporated under a stream
of N2 gas, and dried under vacuum. For each polymer and polymer wrapped SWNT
sample, cathodic and anodic half cycles were scanned separately; each scan was

repeated a minimum of two times.
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4. Investigating How Chromophore Modification Impacts
the Photophysical Dynamics of Polymer-wrapped
Single-walled Carbon Nanotubes Containing Zinc
Porphyrin

In order to change the photophysical behavior of a polymer-wrapped single-
walled carbon nanotube (SWNT), either the polymer or the SWNT can be modified.
Here, the polymer was redesigned to incorporate a meso-ethyne linked zinc porphyrin
trimer, creating S-PBN(b)-Ph2PZns. The modification to the porphyrin-based
chromophore impacted both the absorption profile and electrochemical redox potentials
of the polymer without affecting its ability to helically wrap (6,5)-SWNTSs. Unlike the
previous S-PBN-PZn, transient absorption studies of S-PBN(b)-Ph2PZns did not display
any spectral features associated with electron transfer. This highlights that tuning the
electronics of the polymer wrapping can significantly impact the photophysical behavior

of the polymer-wrapped superstructure.

4.1 Introduction

As described in Chapter Three, porphyrin/SWNT complexes have been the focus
of numerous reports with the potential to create materials for next-generation
electronics.**® The large aromatic surface area of porphyrins along with their tunable
absorption and emission properties make them ideal candidates to interact with SWNTSs.
Unfortunately, many monomeric porphyrins cannot produce stable suspensions of

SWNTs, especially when excess porphyrin is removed from solution.*-8 To overcome
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this challenge, porphyrins can be strung together to form oligomers; the increased
surface area of the oligomers allows for a stronger association with the sidewalls of the
SWNT, producing stable suspensions even when excess porphyrin is removed from
solution. For example, Anderson and coworkers created a series of butadiyne-linked
porphyrins including monomer, dimer, tetramer, and hexamer. Only the tetramer and
hexamer provided stable SWNT suspensions.*” In this way, porphyrin oligomers*7; 100-101
as well as polymers® have been investigated as SWNT-solubilizing agents and the
photophysical behavior of such oligomeric porphyrin/SWNT assemblies have been
addressed. Unfortunately, incomplete removal of excess oligomers/polymers along with
SWNT heterogeneity have remained challenges for clearly resolving the spectroscopic

data acquired from such complexes.

4.2 Results and Discussion

Expanding upon the previously synthesized polymer S-PBN-PZn, which
contained a monomeric zinc porphyrin in the polymer backbone, a meso-ethyne-linked
porphyrin trimer was synthesized (Figure 49). As before, each porphyrin unit was
functionalized with aryl groups bearing polyethylene glycol (PEG) chains, necessary for

solubility in the highly polar polymerization solvent mixture.
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Figure 49: Synthesis of the meso-ethyne linked zinc porphyrin trimer
(ETIPS):PZna.

The ionic monomer chosen for this polymer was a bridged binaphthalene. This
bridged binaphthalene unit provides complete control over the handedness of the
wrapped polymer, but more importantly for this work, demonstrates stronger binding
and stronger excitonic interaction between the SWNT and chromophore in the polymer
backbone.®® With the two monomers synthesized, the trimer-containing polymer S-
PBN(b)-Ph2PZns was synthesized via the previously described microwave-assisted
copper-free Sonogashira cross-coupling (Figure 50). Due to the increased “organic”
nature of both monomers, the solvent ratio was tuned to increase the amount of
acetonitrile; a solvent mixture of 2.5:2.5:2.5:13 DMF:H20:DIPA:ACN was used for the

polymerization.
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Figure 50: Synthesis of the porphyrin trimer-containing polymer S-PBN(b)-
Ph2PZna.

The crude polymer was purified through a series of precipitation/redissolution
cycles followed by size exclusion chromatography to produce S-PBN(b)-Ph2PZns. The
absorption spectrum of this polymer is dominated by the porphyrin trimer (Figure 51A).
In extending the conjugation from the porphyrin monomer to the trimer, the B-band is
split and broadened and the Q-derived absorption is significantly red-shifted and
increased in intensity with respect to the B-band.” The molecular weight (Mn) of S-
PBN(b)-Ph2PZns was determined to be 12 kDa by GPC (Figure 51B). Due to the large
molecular weight of the monomeric units, a Mn = 12 kDa corresponds to a degree of

polymerization (DP) of just 2.5, yielding a polymer with an average of 15 aromatic units.

81



>
os)

3.0 1000 -
L 900
5 2.5 2
<20} g 800 1
q’ ~
o o 700
£ 1.5 e
.g S 600
@ 1.0 - o
g § 500
05 400 -
0.0 1 1 1 1 1 1 1 300 1 1 1 1 1 1 )
250 350 450 550 650 750 850 9501050 0 5 10 15 20 25 30 35
Wavelength / nm Time / min

Figure 51: A) Electronic absorption spectrum and B) GPC of S-PBN(b)-Ph2PZns.

Recalling that the synthesis of S-PBN-PZn was difficult due to the formation of
butadiyne defects, it was crucial to ensure that this was not occurring in S-PBN(b)-
Ph2PZns. The steady state emission profile of S-PBN(b)-Ph2PZns showed one broad peak
centered at ~830 nm (Figure 52A). The excitation spectra of the peak maximum, shorter
wavelength shoulder, and longer wavelength tail all overlapped, demonstrating that no

butadiyne defects were present (Figure 52B).
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Figure 52: A) Emission spectrum of S-PBN(b)-Ph2PZns, excitation wavelength
494 nm. B) Excitation spectra of the emission profile in panel A probing the emission
peak (827 nm), shorter wavelength shoulder (770 nm), and longer wavelength tail (875

nm).

Chirality-enriched (6,5)-SWNTSs were wrapped with S-PBN(b)-Ph2PZns, and all

excess polymer was removed from solution via GPC, providing a stable suspension of

polymer-wrapped SWNTs in 4:6 ACN:D20. Upon wrapping the SWNTSs, a significant

red-shift of both the polymer porphyrin-derived Q-band and the SWNT Eu were

observed (Figure 53). In fact, the red-shift of the Eu of 399 cm-! is the largest to date for a

SWNT wrapped by an ionic, conjugated polymer.
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Figure 53: Electronic absorption spectrum of S-PBN(b)-Ph2PZns/[(6,5) SWNT]
(red). Surfactant-dispersed SC/[(6,5) SWNT] (green) and a solution of S-PBN(b)-
Ph2PZns (blue) are shown for comparison.

Steady state emission spectra of S-PBN(b)-Ph2PZns and S-PBN(b)-Ph2PZns/[(6,5)
SWNT] show that the polymer emission is quenched by ~95% upon wrapping the
SWNT (Figure 54A). Furthermore, the SWNT emission is also quenched by ~85% in the
polymer-wrapped SWNTs (Figure 54B). When monitoring the SWNT emission,
excitation of the polymer does not enhance the SWNT emission, suggesting that there is
no significant energy transfer (Figure 54C); however, the excitation spectrum of the
emission peak seems to show contribution from both the polymer and SWNT (Figure

54D).
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Figure 54: A) Emission spectra of S-PBN(b)-Ph2PZns and S-PBN(b)-
Ph2PZns/[(6,5) SWNT] following 500 nm excitation. B) Emission spectra of S-PBN(b)-
Ph2PZns/[(6,5) SWNT] and surfactant-dispersed SWNTs (SC/[(6,5) SWNT]) following
SWNT Ez: excitation (580 nm and 570 nm, respectively). C) SWNT Emission
monitored with both polymer (502 nm) excitation and SWNT (580 nm, E22) excitation.
D) Excitation spectrum of the SWNT emission at 1027 nm.

Pump-probe spectroscopy was again utilized to attempt to unravel the
mechanisms behind the significant emission quenching observed in the polymer-
wrapped SWNTs. Transient absorption of S-PBN(b)-Ph2PZns alone gives rise to a large
NIR excited state absorption that shifts by ~70 nm as it undergoes conformational

relaxation (Figure 55A). S-PBN(b)-Ph2PZns/[(6,5) SWNT] displays the expected SWNT
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and polymer ground-state bleaching signals in the transient data and also shows a large
NIR absorption band that is overlapped by a SWNT-derived bleaching band. No
oxidized or reduced SWNT signals are observed. Since no charged SWNT species are
produced, photoinduced electron transfer can be eliminated as a reason for the

significant emission quenching.
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Figure 55: A) Transient absorption of S-PBN(b)-Ph2PZns and B) S-PBN(b)-
Ph2PZns/[(6,5) SWNT]. Experimental conditions: pump =490 nm.

Cyclic voltammetry was used to determine the potentiometric band gap of S-
PBN(b)-Ph2PZns. Two distinct reduction peaks and one resolved oxidation peak were
observed (Figure 56). As before, the onset of the potential was taken as the oxidation or

reduction value, as is customary for semiconducting polymers.®
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Figure 56: Cyclic voltammogram of S-PBN(b)-Ph2PZns. Oxidation (blue) and
reduction (orange) were scanned separately. Ferrocene/ferrocenium (gray) was used as
an internal standard.

Comparing the measured oxidation and reduction potentials of S-PBN(b)-
Ph2PZns to the known (6,5)-SWNT electrochemical potentials confirms that there is no
driving force for electron transfer between the porphyrin trimer-containing polymer and
(6,5)-SWNTs. The oxidation potential of S-PBN(b)-Ph2PZns lies close to the oxidation
potential of (6,5)-SWNTs and the reduction potential of S-PBN(b)-Ph2PZns lies near the

excited state reduction potential of (6,5)-SWNTs (Figure 57).
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Figure 57: Electrochemical redox potentials of S-PBN(b)-Ph2PZns (red) and
(6,5)-SWNTs (green).

4.3 Conclusion

An ionic, conjugated polymer bearing a zinc porphyrin trimer in the polymer
backbone was successfully synthesized. In changing from a monomeric porphyrin
chromophore as in S-PBN-PZn to the trimer in the newly synthesized S-PBN(b)-
Ph2PZns, the photophysical nature of the polymer and polymer-wrapped (6,5)-SWNTSs
were drastically changed. S-PBN(b)-Ph2PZns had the same molecular weight (M») and
was able to helically wrap (6,5)-SWNTs like S-PBN-PZn, but the absorption profile and
redox potentials of the polymers were significantly different. Because of these
differences, there was no evidence of electron transfer in S-PBN(b)-Ph2PZns/[(6,5)
SWNT]; however, the emission of both the polymer and SWNTSs in the wrapped

superstructure were dramatically quenched. The studies to date have not been able to
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assign a new process for the excited state emission quenching, therefore further
investigation is necessary to elucidate this information. This underscores the
complicated photophysical nature of SWNTs and highlights the importance of a well-
defined system. Even in this polymer-wrapped superstructure where a single

chromophore/SWNT interaction exists, the results are difficult to describe.

4.4 Experimental

Materials. (5,15-Diethynyl-10,20-bis[3,5-bis(9-methoxy-1,4,7-
trioxanonyl)phenyl]porphinato)zinc (I1) was synthesized according to published
procedures.” (5-bromo-15-triisopropylsilylethynyl-10,20-bis[3",5’-bis(9-methoxy-1,4,7-
trioxanonyl)phenyl]porphinato)zinc(ll) was synthesized following established
procedures for the synthesis of asymmetric porphyrin derivatives.'? The bridged, ionic
binaphthalene monomer (S-BN(b)-Ph2) was synthesized according to published

procedures.™

Synthesis of (5,15-bis[(15’-triisopropylsilylethynyl-10",20’-bis[3’”,5"""-bis(9"""’-
methoxy-1"""",4""" 7"’ -trioxanonyl)phenyl]porphinato)zinc(ll)ethyn-5’-y1]-10,20-
bis[3’,5’-bis(9”’-methoxy-1"" 4", 7”’-trioxanonyl)phenyl]porphinato)zinc(l1)
((ETIPS)2PZns). A 250 mL roundbottom flask equipped with a stirbar was charged with
(5-bromo-15-triisopropylsilylethynyl-10,20-bis[3’,5’-bis(9-methoxy-1,4,7-

trioxanonyl)phenyl]porphinato)zinc(ll) (393 mg, 0.27 mmol) and dried under vacuum.

89



Pd:(dba)s (57 mg, 0.06 mmol) and AsPhs (165 mg, 0.54 mmol) were added in the
glovebox and the flask was sealed with a septum. To these solids was added
approximately 75 mL of a deoxygenated 9:1 mixture of THF:TEA via cannula. In a
separate flask, vacuum dried (5,15-diethynyl-10,20-bis[3,5-bis(9-methoxy-1,4,7-
trioxanonyl)phenyl]porphinato)zinc (1) was dissolved in approximately 75 mL of the
same deoxygenated solvent mixture and this solution was cannulated into the reaction
flask. The reaction was heated at 50 °C for 18 h. The reaction was then cooled, poured
into H20, and extracted with DCM two times. The organic layers were combined,
washed with brine, dried over magnesium sulfate, and filtered. The filtrate was
evaporated to dryness via rotovap. The crude material was chromatographed on silica
gel using 2.5-5% MeOH in DCM as the eluent. The desired fractions were collected,
dried via rotovap, then dissolved in THF and further purified by size-exclusion
chromatography. The product band was isolated, rotovapped, and chromatographed
one more time on silica using 2.5-5% MeOH in DCM. The desired band was collected
and dried in vacuo to yield 418 mg (ETIPS)PZns (57%). *H NMR (400 MHz, CDCls): d
10.44 (d, 8H, J = 4.3 Hz), 9.68 (d, 4H, J = 4.5 Hz), 9.25 (d, 4H, J= 4.3 Hz), 9.21 (d, 4H, ] =
4.3 Hz), 8.96 (d, 4H, ] = 4.5 Hz), 7.53 (4H), 7.46 (8H), 6.72 (4H), 6.64 (2H), 4.15 (m, 16H),
4.01 (m, 8H), 3.69 (m, 16H), 3.49 (m, 24H), 3.35 (t, 16H), 3.29 (m, 8H), 3.14 (m, 8H), 3.03

(m, 16H), 2.92 (m, 8H), 2.83 (M, 16H), 2.78 (m, 8H), 2.67 (s, 24H), 2.64 (s, 12H), 1.44 (m,
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42H). MALDI-TOF: m/z = 3925.5830 (calculated for C 206 H 264 N 12 O 48 Si 2 Zn 3; MW

= 3928.72 g/mol; m/z = 3925.60)

Synthesis of S-PBN(b)-Ph2PZns. The binaphthalene-based ionic conjugated polymer
was synthesized via a Sonogashira polycondensation reaction following a modified
literature procedure®.7 125 mg (ETIPS).PZns was dried under vacuum 30 min then
approximately 40 mL of dry THF was added via cannula and stirred to dissolve.
Tetrabutylammoniumfluoride (0.12 mL, 1 M in THF) was added dropwise via syringe
and the solution was stirred at rt under argon for 45 min. The reaction was poured into
water and extracted three times with CH:Cl.. The combined organic layers were washed
with brine, dried over magnesium sulfate, filtered, and the solvent was removed by
rotovap. The crude compound was purified by silica gel chromatography using 5%
MeOH in CH:Cl: as eluent. The dark brown product (E2PZns) band was isolated,
confirmed by NMR, and immediately carried on to the next reaction without further
purification/analysis. E2PZns (94 mg, 0.026 mmol), S-BN(b)-Ph2 (46 mg, 0.028 mmol),
Pdzdbas (3 mg, 0.003 mmol), and AsPh3 (10 mg, 0.03 mmol) were brought together in a
25 mL microwave tube and dissolved in an aqueous solvent mixture of DMF (2.5 mL),
H20 (2.5 mL), ACN (13 mL) and diisopropylamine (2.5 mL) that was previously
degassed via argon purging for 4.5 h. The reaction mixture was stirred at 160 °C for 1 h

under microwave irradiation. The reaction mixture was then stirred in an oil bath at 60
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°C for 16.5 h under argon. A degassed DMSO solution (2 mL) of {[4-iodo-1-(3-propoxy-
sulfonicacid)benzene]sodium salt}'® (2.8 mg, 0.008 mmol) was added and stirred at 60
°C for 2 h followed by phenylacetylene (4.6 mg, 0.04 mmol) and stirred for an additional
1 hat 60 °C. The reaction mixture was cooled to room temperature, and the crude
product was precipitated by pouring the reaction mixture into 500 mL of 7:2:1 diethyl
ether:acetone:ACN. The precipitate was collected and dissolved in 5.5:3.5:1
H20O:ACN:THF and filtered through a glass frit to remove insoluble black metallic and
organic impurities. The filtrate was collected, concentrated to ~20 mL, and precipitated
again by pouring into 500 mL of 3.5:1:5 diethyl ether:acetone:ACN. The precipitate was
collected, dissolved in 5.5:3.5:1 H:O:ACN:THF, and filtered through a 200 nm
membrane. The filtrate was collected and concentrated buffer solution was added before
passing through a size exclusion column (3.8 x 32 cm) packed with a sephacryl-based
separatory medium S-100 (Sigma Aldrich, MW fractionation range globular proteins 1 x
102 - 1x 10°) using a buffered aqueous solvent mixture (5.5:3.5:1 H.O:ACN:THF; 5 mM
carbonate, 15 mM NacCl) as eluent. The size exclusion chromatography enabled
separation of the polymeric products from the starting materials; the front running
polymeric band was collected in fractions and analyzed by GPC. Fractions with an
estimated Mn > 10 kDa were combined and desalted via centrifuging through a Millipore
Microcon centrifugal filter YM-100 while washing (5 x 5 mL) with H20. The

concentrated polymer solution was collected and dried to obtain 74 mg of the desired
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polymeric product as a glassy film. GPC of the resulting polymer demonstrated a Mn =

12 kDa.

Cyclic Voltammetric Studies of S-PBN(b)-Ph2PZns. Cyclic voltammetric measurements
were carried out with a Bioanalytical Systems (BAS) Epsilon potentiostat and a single-
compartment electrochemical cell. The electrochemical cell used for these experiments
utilized a standard three-electrode configuration: a glassy carbon working electrode, a
platinum wire counter electrode, and a Ag/AgCl (3 M KCI) reference electrode. The
reference electrode was separated from the bulk solution by a junction bridge filled with
the corresponding solvent/electrolyte solution. The ferrocene/ferrocenium redox couple
was utilized as an internal potentiometric standard. Electrochemical measurements were
performed using tetrabutylammoniumhexafluorophosphate (TBAPFs; 0.1 M) as the
supporting electrolyte in anhydrous CH:Cl: solvent under argon atmosphere. Solutions
of polymer were prepared by dissolving a small amount (< 1 mg) of S-PBN(b)-Phz2PZn3
in ~1 mL of MeOH. 5 pl of 15-crown-5 and 30 pL of ACN were added and the solution
was bath sonicated for 20 min. The MeOH solution was drop cast (7 pL x 2) on the
glassy carbon electrode, evaporated under a stream of N2 gas, and dried under vacuum.
Cathodic and anodic half cycles were scanned separately and potentials were

determined relative to ferrocene/ferrocenium.
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Appendix A: TEM Investigation of S-triPeg/[SWNT]

TEM images were taken at the Duke University Shared Materials and Instrumentation
Facility (SMIF). Samples from Dr. Pravas Deria of S-triPeg polymer-wrapped SWNTs
were imaged as a part of preliminary investigations to determine the handedness of the

polymer wrapping around the SWNTSs.

| —L L1

Figure 58: Selected TEM images of S-triPeg/[SWNT]. Structure of polymer is
shown for reference.
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Appendix B: Collaborative Research on Polymer-

wrapped Single-walled Carbon Nanotubes

Three collaborative efforts were pursued to investigate polymer-wrapped single-
walled carbon nanotubes (SWNTSs) beyond the capabilities of the Therien lab: (i)
combined AFM and Raman microscopy with the Dr. Vincent Rodriguez group at the
University of Bordeaux; (ii) femtosecond hyper-Rayleigh scattering with the Dr. Koen
Clays group at the University of Leuven; and (iii) femtosecond Raman spectroscopy

with the Dr. John Papanikolas group at the University of North Carolina at Chapel Hill.

B.1 Combined AFM and Raman Spectroscopy of Polymer-
wrapped Single-walled Carbon Nanotubes

B.1.1 Overview of Collaboration

In collaboration with researchers at the University of Bordeaux, surfactant-
dispersed (SC) SWNTs and PNES-wrapped SWNTs were examined by combined AFM
and Raman spectroscopy. The entire study is published in the Journal of Physical
Chemistry C.** The samples were prepared in the Therien lab and photoluminescence
mapping of the SWNTSs was obtained. All other work was performed in the lab of Dr.

Vincent Rodriguez, led by Dr. Sébastien Bonhommeau.

B.1.2 Results

Figure 59 highlights the spectroscopic data acquired in the Therien lab. A prominent

[(6,5) SWNT] emission (Aem = 1009 nm) is evident with PNES excitation (~430 nm) and marked
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with an arrow (Figure 59A), indicating polymer-to-[(6,5) SWNT] energy transfer. In Figure 59B,

the labeled spectral peaks [PNES (arrow), ES,, and E3,] in the excitation and scaled absorption

spectrum (right y-axis) of the PNES-[(6,5) SWNT] sample (dashed line) indicate polymer- and
nanotube-localized excitations that give rise to 1009 nm emission in the panel A excitation-

emission map.
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Figure 59: A) Excitation-emission mapping of a PNES-[(6,5) SWNT] sample in
D0 solvent. B) An excitation spectrum (left y-axis, Aem = 1009 nm; see dashed line in
the panel A data) of a PNES-[(6,5) SWNT] sample (black line) in D20 solvent. A
normalized excitation spectrum of a SC-[(6,5) SWNT] sample (red spectrum, Aem = 982
nm) in aqueous solvent is shown for reference.

B.1.3 Experimental

In order to prepare the SC-[(6,5) SWNTs]/H20 sample, a DGU-separated (6,5)
SWNT solution (2 mL) was passed through a short desalting column (Zeba™, molecular
weight cut-off = 3000; pre-saturated with 1% SC in H20) using 1% SC in H20 as eluent.
The purple colored SC-[(6,5) SWNTs]/H20 suspension was collected in a clean vial; the
resulting suspension had an optical density (OD) of 1.23 at 982 nm in a 2 mm-thick

cuvette, which corresponded to a SWNT concentration of ~85 pg/mL. Likewise, the SC-
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[(6,5) SWNTSs]/D20 sample was obtained by using 1% SC in D20 instead of H20 solvent,
and the resulting suspension (OD = 2.02 at 982 nm in a 2 mm-thick cuvette) was diluted
with 1% SC in D20 to an OD of 0.74 at 982 nm for spectroscopic studies.

In order to prepare the PNES-[(6,5) SWNTs]/H20 sample, an aqueous solution of
PNES was mixed with 2 mL of DGU-separated, surfactant (mixed sodium dodecyl
sulfate (SDS) and SC) coated (6,5)-SWNT solution. This mixture was stirred overnight
and subsequently dialyzed against deionized water using a 10000 MWCO membrane.
After extracting surfactant and iodixanol (used as the DG medium during the (6,5)
chirality enrichment process), the PNES-wrapped (6,5)-SWNT suspension was filtered
through a 100 nm pore cellulose membrane to remove excess/free polymer. The
concentrated PNES-[(6,5) SWNT] suspension was washed with H:20 several times until
the filtrate became void of free polymer. The concentrated solution was then centrifuged
at 26000g for 25 min. The upper 80% of the supernatant was carefully harvested, and
centrifuged again at 33000g for 25 min. The upper 60% of the supernatant was carefully
collected and transferred to a clean vial. The pH of the solution was adjusted to 7.5 with
NaOH. The resulting suspension had an OD of 0.44 at 1002 nm in a 2 mme-thick cuvette,
which corresponds to a SWNT concentration of ~35 pg/mL. Likewise, the corresponding
PNES-[(6,5) SWNT]/D20 sample was prepared by filtering and washing a PNES-
wrapped (6,5)-SWNT suspension in H20 through a 100 nm pore cellulose membrane

with D20 (5 x 3 mL). The concentrated solution in D20 solvent was then centrifuged at
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26000g for 30 min. The upper 80% of the supernatant was carefully harvested and
centrifuged again at 33000g for 30 min. The upper 60% of the supernatant was carefully
collected and transferred to a clean vial. The pH of the solution was adjusted to 9.3. The
resulting suspension (OD =0.87 at 1002 nm in a 2 mm-thick cuvette) was diluted with
D20 to an OD of 0.58 at 1002 nm for spectroscopic studies.

SC-[(6,5) SWNT] and PNES-[(6,5) SWNT] emission and excitation spectra were
recorded on an Edinburgh FLSP920 steady state luminescence instrument that utilizes a
Xe lamp for excitation and a Hamamatsu H10330-75 (900-1700 nm) PMT detector.
Emission spectra were recorded over a 940-1300 nm spectral range (1 nm steps;
integration time = 0.5 s) by exciting the E‘Z‘z transition (~580 nm) of the [(6,5) SWNT]
samples. A 5 nm slit width was used for both the excitation and emission beams; the
excitation beam was passed through a 550 nm long-pass filter to remove second order
scattering light from the lamp and grating, and an 830 nm long-pass filter was used on
the emission side to eliminate scattered light. The final emission spectra were obtained
by averaging data collected over 5 scans and correcting for variations in detector
response as a function of wavelength using correction files supplied by the National
Bureau of Standards. Excitation spectra for [(6,5) SWNT] samples, probed at Aem = 982
and 1009 nm, were recorded over the 300-700 nm spectral domain in two segments: the
300-550 nm segment was collected without any filter for the excitation light beam, while

the 480-700 nm segment utilized a 455 nm long-pass filter for the excitation beam. These
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two spectral segments, for each sample, were appended at 515 nm, averaged over 5
scans, and then corrected for variations in photomultiplier response as a function of
wavelength using correction files generated from the spectral output of a calibrated light
source supplied by the National Bureau of Standards. For excitation-emission spectral
maps, the excitation wavelength was varied from 300 to 700 nm at 5 nm increments over
the spectral segments noted above; emission spectra were compiled over the 950 to 1300
nm spectral domain (1 nm steps; integration time = 0.5 s). These two sets of excitation-
emission data (300-520 nm, 500-700 nm) were corrected and merged using Origin 7.5
software to construct excitation-emission spectral maps. All spectroscopic measurements

were carried outat 23+ 1 °C in a5 x5 mm cuvette.

B.2 Hyper-Rayleigh Scattering of Polymer-wrapped Single-
walled Carbon Nanotubes

A second collaborative effort studied the second-order nonlinear optical
(multiphoton-free femtosecond hyper-Rayleigh) scattering of a number of chromophore-
containing polymers synthesized in the Therien lab. For this study, complete control
over the wrapping structure of the polymer, including handedness of wrapping, was
critical, so S-PBN(b)-Ph2PZns was chosen for investigation. The polymer alone in
solution gave rise to a second-order nonlinear optical response which was red-shifted

when the polymer was helically wrapped around SWNTSs.105
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B.3 Femtosecond Raman Spectroscopy of Single-walled Carbon
Nanotubes

The final collaborative effort sought to evaluate the response of SWNTs and
polymer-wrapped SWNTs with time-resolved femtosecond Raman spectroscopy.
Surfactant-dispersed (SC) (6,5)-SWNTSs were prepared and steady-state absorption and
femtosecond transient absorption spectra were obtained (Figure 60). From this data, the

pump/probe wavelengths for FSRS were chosen.
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Figure 60: Electronic absorption spectrum (left) and femtosecond transient
absorption spectrum (right) of SC/[(6,5) SWNT].

FSRS spectra of SC/[(6,5) SWNT] were collected at the delay times specified in
Figure 61. The observed peak shape arises from the “bleach” of the ground state
spectrum as can be seen by comparing FSRS spectra to the ground state stimulated

Raman spectrum. Slight delay dependent red shifting at early times is likely due to
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relaxation of the initially formed excited state. No other significant features are

observed.
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Figure 61: Time-resolved FSRS of SC/[(6,5) SWNT]. The ground state spectrum
(GS) is displayed for reference.

Kinetic analysis for both the fs-TA and FSRS revealed that the decay of the TA
and the exciton decay back to the ground state in the FSRS matched well (Figure 62),

which also explains the lack of interesting features in the FSRS.
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Figure 62: TA and FSRS Kinetic fitting results.
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Appendix C: PhD Comics Publication

A PhD comic was conceived and sketched by Mary G. Glesner (Figure 63) and

subsequently published online by Jorge Cham on July 22, 2015 (Figure 64).

Figure 63: Original sketch of a PhD comic idea by Mary G. Glesner and
pitched to Jorge Cham.
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