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ABSTRACT

Conjugated

alternating

copolymers

containing

cross-linkable

9,10-

bis(hexyloxy)anthracene moieties were synthesized via Suzuki cross-coupling
polymerization. Uncross-linked polymers fluoresced due to conjugation in the
backbone from 9,10-dihexocyanthracene and comonomers of thiophene or fluorene.
The anthracene-based homopolymers had a UV-vis absorbance at 320 nm and
emission at 500 nm. Copolymers with thiphene shifted the absorbance to 255 nm,
and the anthracene-fluorene copolymers had an absorbance of 360 nm.

Upon

irradiation, cross-linking in solution and in solid films was achieved through the [4+4]
cycloaddition between anthracene units resulting in a loss of fluorescence for all
samples due to the deconjugation of the backbone during cross-linking.

An investigation regarding the effect of water upon the MW of polyfuluorenes
synthesized via Suzuki polycondensation was initiated. Polymers of high MW and
low polydispersity were synthesized without the addition of water.

Molecular

weights in the range of 100,000 g/mol were easily obtained, and we postulate that
the reason for this achievement is that removing the bulk aqueous phase from the
reaction mixture leads to greater Mn polymers because CPs are inherently insoluble
in water and the addition of water to the reaction mixtures in standard conditions
could be a factor limiting their ability to achieve higher molecular weights.
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CHAPTER 1: INTRODUCTION

Polymers are often solely associated with insulating materials.

Since the

discovery that polyacetylene can exhibit metallic-like conductivity, our understanding
of the scope and utility of polymers in technology has undergone a great
expansion.1 Research has shown us that not only can polymers play the wellversed role of an insulator, but also potential functions can be added to their
repertoire including ionic and electronic conductors, semiconductors, and
electroluminescent materials.

In recent years considerable interest has been

placed in the development of organic materials, specifically conjugated polymers, as
a means to replace current inorganic materials utilized in today’s mainstream
technology such as digital screens, efficient lighting, and electronics.2 Polymers are
uniquely suited to take part in the field of modern electronic applications for a
number of reasons, including ease of processing, ability to be tuned to specific
applications, and their potential low cost compared to traditional inorganic electronic
components. Additionally, incorporating polymers into electronic device components
is a major route towards increased elasticity in electronic display and flexible sensor
technology.
Specific applications of conjugated polymers have included organic thin film
transistors (OTFTs), organic light-emitting diodes (OLEDs), and flexible contacts.
Thin film transistors (TFTs) are ubiquitous in modern display technologies as the
component that drives the individual pixels of LCD or LED displays. Typically, TFTs
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rely on a rigid, inorganic support such as silicon or glass. In contrast to these rigid
transistors, organic thin film transistors (OTFTs) are poised to be the foundation
upon which flexible electronic circuits are built. Alternatively, OLEDs are complex
light-emitting diodes that utilized organic molecules to emit light as they are excited
by an electric current.
Semiconducting conjugated polymers are successful in these applications due
to their ability to facilitate electron transport- a property resulting from molecular
conjugation and electron delocalization.

Given the importance of this structure-

property relationship, advances in semiconducting polymer materials focus on
synthetic

methodologies

to

extend

molecular

conjugation

and

electron

delocalization.

Figure 3: Polymerization using the step-growth approach.
AA and BB monomers react forming small MW units
before eventually forming high MW polymers.
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Synthetic routes for conjugated polymers have traditionally employed a
transition metal catalyzed step-growth approach. Step-growth polymerizations are
characterized by the reaction of two AA/ BB monomers to form small molecular
weight groups such as dimers and trimers, which continue to react and eventually
form larger oligomers and polymers after achieving a high extent of reaction. The
synthesis of conjugated polymers typically relies on cross-coupling polymerizations,
including Suzuki polycondensation, Kumada polycondensation, Stille cross-coupling

Figure 4: Polymerization using the chain-growth
approach. Monomers react with an initiator and then
continually add to the growing end of the polymer chain.

polymerization, as well as other palladium or nickel catalyzed reactions.3-4 Despite
being the most popular routes to CPs, there are several drawbacks to these
polymerization methods. These reactions often suffer from difficulty in controlling
the molecular weight, polydispersity, and end groups of the resulting polymers. This
may lead to undesirable material properties that render the polymers unsuitable for
organic electronic applications. It has been demonstrated that step-growth
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polymerizations can be effectively be converted to chain-growth polymerizations by
varying specific reaction conditions, such as the type of monomer or the catalyst
employed.5-6 Chain growth polymerizations are characterized by the sequential
addition of multifunctional (AB) monomers to the activated end of a polymer chain.
Advantages of the chain-growth polymerization method include having greater
control over the molecular weight of the resultant polymers, narrow polydispersity
indices, and the ability to graft polymers from substrates and other nanoparticles.7
The purpose of this thesis is two-fold. First, cross-linkable semiconducting
polymers

based on anthracene that deconjugate upon cross-linking are

demonstrated.

In their uncross-linked form, these polymers may be useful in

applications where conjugated or fluorescent polymers are needed- such as organic
light-emitting diodes or light-emitting electrochemical cells. Alternatively, organic p
and

n-type

semiconductors

based

upon

anthracene

groups

have

been

demonstrated in the past by alternating the groups in conjugation with anthracene to
more electron-donating or electron-withdrawing groups, a task that would be
uniquely suited to copolymers synthesized via cross-coupling polymerization.8 The
cross-linking of the polymers via [4+4] cycloaddition is unique in that it renders
these polymers non-conjugated. The ability to transition from a semiconducting
material to a dielectric material via UV irradiation could have interesting implications
in organic electronic devices.

Synthesizing anthracene-based polymers via a

Surface initiated catalyst-transfer method could allow for the synthesis of dielectric
polymers via this method if the surface-bound polymers are cross-linked post
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polymerization.

This would be a novel achievement because surface-initiated

catalyst-transfer methods are predominantly useful for conjugated systems.
Second, the foundation for further explorations of non-aqueous Suzuki
coupling were laid. This work expands upon the surprisingly limited progress that
has gone into optimization in the field of Suzuki polycondensation. As one of the
foremost routes to synthesize conjugated polymers, it is important to look beyond
what the standard reaction conditions are in order to improve the effectiveness,
control, and efficiency of the reaction method. This work seeks to overcome one of
the difficulties associated with SPC- the difficulty in achieving high MW conjugated
polymers.
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CHAPTER 2: LITERATURE REVIEW

2.1

SUZUKI POLYCONDENSATION
The Suzuki–Miyaura reaction, or simply Suzuki coupling, has been one of the

most important synthetic tools used to access conjugated polymers. The reaction is
typified by the use of a palladium(0) catalyst to couple a halide with an activated
organoboron species. The mechanism (Figure 3) of the Suzuki reaction is best
understood by looking at it from the perspective of the palladium catalyst and is
described by a catalytic sequence of (i) oxidative addition, (ii) transmetallation, and
(iii) reductive elimination.
LnPd(0)

Br

oxidative
addition

reductive
elimination
B(R)2

M+(-OR)

+

Br

LnPd(II)

Ln Pd(II)
OR
B(R)2

transmetallation
M+(-OR)
OR
RO BH(R)2

OR

LnPd(II)

metathesis
M+(X-)

Figure 5: The catalytic cycle for Suzuki cross-coupling.
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The oxidative addition (OA) step in the cross coupling of aryl halides is
defined by the heterolytic (or homolytic) cleavage of the C-X bond, which increases
both the oxidation number and the coordination number of the metal catalyst by two.
Therefore, the characteristics of the metal and the ligands will have a significant

Figure 6: Two common palladium- phosphine ligandstetrakis(triphenylphosphine)palladium(0) (L)
and
bis(tri-tertbutylphosphine)palladium(0) (R)

impact on the reaction.

Group 10 and 12 transition metals, which are easily

oxidized, are often utilized in cross couplings. Most often, electron-donating ligands
such as phosphines or carbenes are utilized in Suzuki coupling. One of the most
common catalysts used in Suzuki polycondensation (SPC) is Pd(PPh3)4,
tetrakis(triphenylphosphine)palladium(0). Despite its commonality, it is interesting
to note that oxidative addition will occur faster to a 2n complex containing bulkier,
more

electron

rich

ligands

such

as

Pd(tBu3P)2,

bis(tri-tert-

butylphosphine)palladium(0), Figure 4. The reason for this phenomenon is that
oxidative addition occurs to the coordinate-unsaturated Pd(0) complex- in the case
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of Pd(PPh3)4 the active species is deficient two triphenylphosphine ligands whereas
in the case of Pd(tBu3P)2, the active species is deficient one ligand. The steric
hinderance of the tri-tert-butylphosphine ligand (with a cone angle of >180°) favors
this ligand dissociation causing a larger concentration of the catalytically active
species and thus a faster oxidative addition. This has implications about the type of
polymerization that is taking place - catalysts that have a rapid initial OA have the

Figure 7: Examples of polymers synthesized via Suzuki polycondensation. (1) is a
poly(phenylene), (2) is a poly(fluorene), and (3) is a copolymer of fluorene and benzothiadiazole.

potential to undergo chain growth polymerization when utilizing conjugated
monomers that allow for intramolecular oxidative addition.
The step of transmetallation in Suzuki cross coupling is defined by the
swapping of the halide (or pseudohalide) left on the metal complex from OA with the
organic group from the organoboron species. The result of transmetallation is a
Pd(II) (or M(II)) species with two organic groups on it, which can then undergo
reductive elimination (the reverse reaction of OA) to generate the C-C bond.
Suzuki polycondensation has been a popular method to develop unique
materials

including

poly(phenylenes),

poly(fluorenes),

as

well

as

various
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copolymers.9-11 It is typically a step-growth polymerization that utilizes either two
AA/ BB monomers, or a single bifunctional AB monomer. Because the reaction
proceeds in a step-growth fashion, it is governed by the Carothers equation, which
explains why even a slight imbalance in the stoichiometry of the reacting functional
groups results in a dramatic decrease in the achievable molecular weight of the
resultant polymer.12
!

𝑋! = !!!

where

𝑝=

!! !!
!!

The use of the AA/BB approach is therefore a challenge due to the need to
rigorously purify and exactly weigh out the monomers in order to ensure accurate
stoichiometric balance of AA to BB functionalities.

The use of AB monomers

supersedes these requirements because they inherently possess stoichiometric
balance, but they are used less often in reported literature because they are far
more difficult to synthesize and purify than the alternatives.
The use of an organoboron reagent, of which several examples are shown in
Figure 6, as a partner in the cross-coupling reaction is advantageous for a number
of reasons. Organoboron compounds such as boronic acids, boronate esters, and
trifluoroborate salts are far less toxic to the environment and to the chemist than are
reagents such as organostannanes and organozinc reagents, which are used in
Stille and Negishi coupling, respectively. Additionally, they are stable in and around
moisture - a feature that other reactions, particularly Kumada coupling which utilizes
a Grignard reagent, cannot claim.

The functional group compatibility of
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organoboranes also allows for a wider variety of products to be synthesizedincluding substrates with electrophilic components.
In terms of reactivity, boranes are more reactive than boronic acids, which
are in turn more reactive than boronate esters.3 Despite the higher reactivity, the

Figure 8: Boron-containing species frequently used in Suzuki coupling. The
Boronate Ester is the most common reagent in SPC.

use of boranes is less common than that of boronate acids and esters because they
are less air-stable than the alternatives. Boronic acids are widely commercially
available and are easily accessed synthetically via an organolithium or
organomagnesium reagent followed by addition of a trialkyl borate (such as
triisopropyl borate) and an acidic workup.
Though less reactive than the boronic acid, boronate esters are the most
important reagent used in macromolecule synthesis. This is due to the boronic
acids tendency towards side reactions - specifically protodeboronation which often
occurs under acidic or basic conditions. The addition of bulky groups like pinacol or
propanediol onto the boronic acid induces steric hindrance that can significantly
reduce these side reactions.13 The side reaction is of little consequence in terms of
small molecule synthesis via Suzuki coupling, but the step-growth synthesis of

10

	
  

polymers requires an exact 1:1 stoichiometric ratio of di-halide to di-boron species
in order to achieve polymers over oligomers and small molecules, so even small
stoichiometric imbalances caused by protodeboronation can lead to drastic effects
in terms of molecular weight. The boronic ester is also easily purified via column
chromatography and is achievable through facile synthetic routes including
lithiation/boronation

as

well

as

Miyaura

borylation

of

aryl

halides

with

bispinacolatodiboron in the presence of KOAc using catalytic PdCl2(dppf).
On their own, organoboranes are not reactive enough to undergo
transmetallation. This necessitates the use of an activating agent, such as a base,
to increase the nucleophilicity of the reagents. Most often, aqueous inorganic bases
such as alkali carbonates or hydroxides are added to the reaction mixture. Organic
fluoride sources can also be used to promote transmetallation, as is common in
organosilicon couplings. The addition of the hard base is said to work by generating
a four coordinate organoborate anion that is adequately nucleophilic to undergo
transmetallation. The interactions of the base in the reaction mixture are complex
considering that in addition to binding with the boron-containing species to promote

Figure 9: The proposed way in which boron-containing species is activated by base. Without
activation, the species is not nucleophilic enough to undergo transmetallation.
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transmetallation, the anionic base can interact with the catalyst as a ligand. It can
also interact with the boron species and promote protodeboronation. The identity of
the counterion on the base also has a significant impact on the effectiveness of the
Suzuki coupling reaction. The counterion largely impacts the solubility of the bases
-which is complicated further depending on whether the reaction is run under single
phase or bi-phase conditions. The majority of SPC reactions are carried out under
biphase conditions that utilize ethereal solvents such as tetrohydrofuran, dioxane, or
other organic solvents such as toluene or dichloromethane. Very little research has
been conducted on Suzuki polycondensation reactions that utilize single-phase
conditions.
A significant advancement in the utility of the Suzuki polymerization came in
2007 when Yokozawa, et al. demonstrated the first chain-growth polymerization of

Figure 10: Demonstration of the dependence of inter vs. intramolecular oxidative addition based on catalyst. (Dong)
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AB-type fluorene monomers.14 This work was based on the findings of Dong, who
determined that the choice of palladium catalyst would ultimately determine whether
oxidative addition of a regenerated Pd(0) catalyst would happen inter vs. intramolecularly.15 Their results suggested that palladium(0) with a bulky, electron rich
ligands such as tri-tert-butylphosphine preferentially undergo intramoleuclar
oxidative addition after the initial reductive elimination from a given aryl di-halide.
The explanation for this observation is as follows: the palladium cross coupling
catalytic cycle initially starts with a series of ligand exchange events where the
active species is coordinate unsaturated with one bound phosphine ligand, which is
possible to the immense steric bulk of the tri-tert-butylphosphine ligand.16 This gives
the complex a total of 12 valence electrons, making it extremely electron deficient
and thus nucleophilic. This allows for a rapid oxidative addition to the aryl halide, as
it increases both the ligand count and the number of valence electrons (now 14).
Transmetallation with the activated organoboron species is followed by reductive
elimination of the cross-coupled product, where the Pd(0) complex is transferred
intramoleuclarly to the C-X bond at the end of the molecule, where oxidative
addition occurs, regenerating the cycle.14 The active catalyst, therefore, is a tricoordinate Pd(II) species, where the additional ‘ligands’ are actually the oxidative
addition adduct of the aryl halide.16
It has been proposed that the catalyst ‘ring walks’ up the conjugated
backbone of the monomer to the C-X bond and thus never fully dissociates from the
polymer chain during reductive elimination.17 It still remains unclear, however, if the

13

	
  

catalyst is moving exclusively in the direction of the growing chain (in the direction of
the C-X bond) or if it is moving in both directions until a C-X bond is found.17 This
mechanism is applicable to a variety of cross-coupling polymerizations, including Nicatalyzed regioregular polymerizations of poly(3-alkylthiophenes) with Ni(dppp)Cl2.
Schlüter reported the first instance of Suzuki coupling for the synthesis of a
polymer in 1989.18 Poly(para-2,5-di-n-hexylphenylene) (PPP) was synthesized via
an AB bromide/ boronic acid monomer in a biphasic mixture of benzene and 2M
Na2CO3 with 0.5-1.5 equivalents of Pd(PPh3)4 as the catalyst.
degrees of polymerization of up to 28.

They reported

Interestingly, synthetic pathways to

conjugated polymers using this approach have not varied much in terms of the
synthesis and work up that was originally reported in this manuscript 25 years ago.
In fact, very little research has been reported on the optimization of conditions for
SPC to result in polymers with higher MN values. The effect of the catalyst has
been studied to an extent, yet other important parameters such as solvent systems,

Figure 11: The first reported use of Suzuki coupling to synthesize a
polymer utilized the reaction parameters outlined above. An AB
monomer was used with tetrakis(triphenylphosphine) palladium (0)
as the catalyst and sodium carbonate as the base. Reaction
conditions have not evolved greatly since this first attempt in 1989.
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base additives, and heating environments (such as thermal vs. microwave) have
been explored to a lesser degree.

2.1.1 SINGLE PHASE SUZUKI POLYCONDENSATION
As mentioned previously, very little research has been conducted on Suzuki
polycondensation reactions utilizing single-phase conditions. The investigation of
single-phase systems could provide useful insight into achieving high-molar-mass
polymers. Schlüter and Sakamoto have noted that the heterogeneous mixture of
two different solvents convolutes our understanding of the reaction’s progresssuggesting that interfacial effects as well as the conversion-dependent partitions of
the reactants between the two phases make it difficult to glean pertinent
information.19 For example, kinetic studies have not been established, nor has the
relationship between solvent heterogeneity and molar mass of resultant polymers.
Thus, the single-phase study is a worthwhile endeavor. The one example of an
optimized single-phase system was performed by Reynolds, et al. and was used for
the base-free synthesis of ester-functionalized polyfluorenes that could be
hydrolyzed to carboxylic acids.20 With their limited optimization study, researchers
found that using an excess of fluoride in place of base, polymers with MW of up to
22,000 g/mol could be achieved. Interestingly, when four equivalents of CsF were
used in a DME/water mixture, the maximum MW achieved was 12,600 g/mol while
four equivalents of CsF in singular DME achieved 22,000 g/mol. This result

15

	
  

suggests that the factor limiting the MW of the polymer was the addition of water- a
result that should be further investigated, as water is a common additive in SPC.
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2.2 ANTHRACENE-CONTAINING POLYMERS
An interesting example of a conjugated molecule with potential applications
in organic electronic applications is anthracene. Anthracene and anthracene
derivatives have been studied in both polymers and small molecules.21-26
Anthracene

and

its

derivatives

are

fully

conjugated

polycyclic

aromatic

Figure 12: Photodimerization reaction of monomeric anthracene.

hydrocarbons that, under the exposure of UV light, can undergo a [4+4]
photodimerization, which results in the disruption of the conjugated system to orthodisubstituted benzene derivatives. The photochemical reaction is initiated by light,
usually ≥ 365 nm, and is thermally or photochemically reversible.25 The fluorescent
nature, aromatic stability, and ability to act as semiconductors are among some of
the most highly exploited features of anthracene-containing systems.

Synthetic

examples of small molecule anthracene derivatives that have been investigated
include light emitting diodes (LEDs) and organic semiconductors for TFTs.8, 26 From
a materials standpoint, one of the most attractive reactions of anthracene is the
photochemically induced [4+4] cycloaddition that occurs between two anthracene
molecules in the presence of UV radiation at wavelengths at or greater than 365
nm. Photodimerization of anthracene small molecules been exploited for optically
triggered molecular switches as well as light mediated redox processes such as

17

	
  

artificial photosynthesis.27-28
In order to synthesize polymers that take advantage of the exceptional
properties of anthracene, special attention must be paid to the solubility of resultant
polymers due to the inherently low solubility of anthracene. As such, the majority of
literature examples of anthracene-containing polymers are based upon nonconjugated polymers bearing anthracene on pendant chains. Examples of recent
anthracene-containing polymers include photo-patternable fluorescent polymers
synthesized by Friedel Crafts alkylation, and polymerization by anthracene
dimerization on pendant side-chains.25,

29

However, few examples of fully

conjugated polymers containing anthracene have been reported in the literature.30

Figure 13: UV-Vis of anthracene showing the disappearance of
peaks in the 300-500 nm region upon exposure to UV light.
The disappearance of these peaks is attributed to the
photodimerization of anthracene, which destroys the
conjugation of the anthracene molecules.
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CHAPTER 3: PHOTOCHEMICALLY INDUCED CROSS-LINKING OF
ANTHRACENE-BASED POLYMERS

In this chapter, the synthesis of fully conjugated polymers synthesized via
Suzuki polycondensation that contain the 9,10-bis(hexyloxy)anthracene repeat unit
is described. The synthetic route to the constituent monomers is shown in Figure
and Figure 13.

The homopolymer (PHOAn), as well as alternating copolymers

bearing the 2,5-thiophene repeat unit

(PHOAn-Th) or the 2,7- (9,9-dihexyl-9H-

fluorene) repeat unit (PHOAn-Fl), were synthesized as shown in Figure 14. The
polymers were then cross-linked through a [4+4] photochemical cycloaddition of the
anthracene moieties, which renders the polymers non-conjugated. Although our
proposed method of cross-linking polymers based on the [4+4] photo-induced

Figure 12: Synthetic route to anthracene based monomers. Sandmeyer reaction
to arrive at the dibromoanthriquinone (top) followed by reduction and
functionalization (bottom).
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Figure13: Miyaura boralation reaction to arrive at di-boronate ester monomer utilized in
SPC.

cyclization is unknown, dimerization of anthracene substituents on polymers has
been demonstrated as a method to photo-pattern (anthracene is a blue emitting
material).25
The anthracene monomer shown in Figure 12 was synthesized from 2,6diaminoanthriquinone under Sandmeyer reaction conditions to convert it to the
dibromoanthriquinone, followed by reduction with sodium dithionite then addition
using n-bromohexane. Miyaura borylation with bis(pinacolato)diboron yielded the
diboronate ester, as shown in Figure 13. Polymerization conditions to yield high
molecular weight materials, depicted in Figure 14, were systematically explored. It
was found that solvent has a large impact on the efficiency of the reaction; the
anthracene homopolymer PHOAn is insoluble in THF, which was found to be a
good solvent for PHOAn-Th and PHOAn-Fl. Toluene with a catalytic amount of
Aliquat 336 was adequate for PHOAn.
UV-vis

absorption of the anthracene-based cross-linkable monomer

presented shown in Figure 15 (left) a set of four distinctive peaks in the 350-440 nm
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region, which is typical of anthracene and anthracene-based systems. UV-vis of the
polymers revealed the same characteristic peaks, albeit broadened and with a
bathochromic shift of approximately 40 nm (shown in Figures 15 (right) and 16),
which is anticipated with the increased conjugation of the polymeric system.
As is evident by Figure 17, the polymers in solution were fluorescent under
UV irradiation, with emission ranging from blue-green for the homopolymer, green
for the thiophenes copolymer, and blue for the fluorene copolymer.
The homopolymer’s (PHOAn) blue-green emission is expected because

Figure 14: Synthetic routes to the conjugated anthracene-containing polymers: PHOAn (top),
PHOAn=Th (middle, and PHOAn-Fl (bottom).
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Figure 15: UV-Vis of Anthracene monomer and Anth-Fl polymer as they are exposed to 365 nm
light. The monomer takes up to 15 minutes for all anthracene groups to photodimerize, while
the polymer sees complete disappearance of anthracene units in under 3 minutes.

monomeric anthracene is a well-known blue emitting material. The incorporation of
additional monomers induces conjugation with the anthracene moiety thus shifting
the absorption of the polymer to longer wavelengths. In the case of the homo-

Figure 16: UV-Vis absorption spectra of PHOAn-Fl polymer as it is exposed to 365 nm light in the
absence of (L) and in the presence of (R) oxygen. Differences in the spectra suggest that they
polymers can react with oxygen when they are exposed to radiation.
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Figure 17: Polymers PHOAn, PHOAn-Th and PHOAn-Fl fluoresce under UV light when they are
dissolved in a chloroform solution. After irradiation with 365 nm light the polymers cross link,
which interrupts the conjugation of the system and inhibits their ability to fluoresce when
exposed to UV light.

anthracene polymer, the λmax of the anthracene monomer is 240 nm and the
polymer is 320 nm. The resulting emission of the anthracene polymer (Figure 18) is
500 nm compared to 460 nm for the monomer, resulting in blue-green emission.
	
  

Figure 18: PHOAn polymer absorption (black) and emission (green).
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Figure 19: PHOAn-Th polymer absorption (black) and emission (green).

Figure 20: PHOAn-Fl absorption (black) and emission (green).

The thiophene comonomer has a λmax of 255 nm, which is similar to that of the
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anthracene monomer. For the PHOAn-Th sample, the λmax of the copolymer is 370
nm, and the emission is 520 nm (Figure 19), and thus fluoresces green, verging on
yellow. With the fluorene co-monomer (λmax of 300 nm), the λmax of the PHOAn-Fl
copolymer shifts to 360 nm, with emission at 480 nm (Figure 20). This is emission
is close to that of the anthracene monomer (emission at 460 nm), which can be
explained by the deformation of the polymer chain. When the large, bulky fluorene
co-monomer is added, the planarity of the chain is distorted by a torsional dihedral
angle of 15.7 degrees, which is typical of biphenyl linkages31 as modeled by dMol3

Figure 21: UV-Vis absorption of individual anthracene and fluorene monomers and the
corresponding absorption of the PHOAn-Fl polymer. Emission spectra of individual
anthracene and fluorene monomers and the corresponding PHOAn-Fl polymer.
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within the Material Studio package.32-33 This distortion is not present in the case of
the thiophene copolymer. Figure 21 shows the side by side the absorption and
emission spectra of the individual anthracene and fluorene monomers in addition to
the PHOAn-Fl polymer.

Figure 22: At/A0 vs. time of PHOAn-Fl for the absorption peak at 448 nm.

The cross-linking of the polymers by means of [4+4] cycloaddition of the
anthracene units was demonstrated by exposing the polymers to 365 nm radiation
in both solution and as a cast film which was compared to the photodimerization of
the monomers in solution. The cross-linking is exemplified by the significant loss of
fluorescence of the system, as shown in Figure 17.
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The [4+4] cycloaddition is sensitive to the presence of oxygen, presumably due
to anthracene’s propensity to form oxygen adducts in the presence of singlet
oxygen.24 The sensitivity to the presence of oxygen is shown in Figures 16 and 22.
Figure 16 shows a side-by-side comparison of PHOAn-Fl as it is exposed to UV
light both in the presence and in the absence of oxygen. It is evident that when
oxygen is present in the solution, the peaks attributed to the anthracene groups
disappear rapidly (in less than one minute of exposure), while the anthracene
groups take longer to react in the oxygen deficient system. When plots of At/A0
(figure 22) of a certain absorbance peak (in this case, 448 nm which is strongly
associated with anthracene) versus time of the polymers both with and without
oxygen were compared,34 the rapid disappearance of the peaks attributed to
anthracene indicated a fast reaction with oxygen, followed by cross-linking with
remaining anthracene moieties when all of the oxygen in the system was
exhausted. As such, all cross-linking experiments were performed under anaerobic
conditions.
When the monomer solution (0.05 mM in CHCl3) was exposed to UV light, the
peaks between 350 and 440 nm gradually decreased in intensity, eventually
flattening out altogether after approximately 15 min of exposure (see Figure 15, left).
On the other hand, when the polymer was cross-linked under the same conditions,
the cross-linking was very rapid, reaching completion within three minutes of
exposure, as indicated by UV-Vis in Figure 15 (right).

This drastic increase in

cross-linking rate may be explained by a proximity effect; when one portion of the
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polymer

cross-links

with

another

polymer,

the

reaction

transitions

from

intermolecular to intramolecular which speeds up subsequent cross-linking steps.
This behavior in cast films is in contrast to the case of the monomers in
solution, where the formation of photodimers is completely intermolecular. The rate
of the photodimerization reaction was, in general, found to be dependent on the
concentration of monomers in solution, but it has been found that when a chain links
two monomers, the reaction becomes independent of concentration.21

This

previous work seems to correspond well to the observations in this work where
anthracene is part of the backbone of a conjugated system.
The cross-linking of polymers as a film was also observed, however crosslinking was so rapid that it was difficult to gain meaningful information as to
oxygen’s impact on the reaction. The solid films of all three anthracene polymers

Figure 23: UV-Vis of the Solid (film) of PHOAn-Fl as it is crosslinked under 365 nm radiation.
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were yellow upon deposition onto glass slides. Upon UV irradiation, the coloration
disappeared and the films became rigid and difficult to scratch.

No significant

bathochromic shift was observed between the polymers in solution vs. in the solid
state, which indicates that the polymers deposit as amorphous films. See Figure 23
for cross-linking of PHOAn-Fl in the solid state, and compare to Figure 16 for its
solution counterpart.
Cross-linking of the polymers was stable to both extensive heating and
prolonged exposure to short wave radiation (254 nm), despite the fact that
anthracene photodimers are known to be both thermally and photochemically
reversible.

By decreasing the amount of anthracene comonomer in the polymer

systems, it might be possible reverse the cross-linking by one of these methods.
In conclusion, a series of soluble, high molecular weight fluorescent polymers
were demonstrated that could be easily deconjugated through the [4+4]
cycloaddition cross-linking of anthracene in solution or in thin films. Alternating
incorporation of 9,10-bis(hexyloxy)anthracene with pendant hexyloxy side chains
imparted good solubility to the polymers and the absorption/emission characteristics
of the samples were tuned by cross-coupling with thiophenes and fluorene
comonomers. Deconjugation was demonstrated in solution or as thin films. In the
solid state, cross-linking was accelerated due to the proximity of the anthracene
units.
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CHAPTER 4: SINGLE PHASE SUZUKI POLYCONDENSATION

Cross-coupling polymerizations have been employed as a popular route
towards conjugated polymers, which are promising candidates as the active
component in devices including organic field-effect transistors, organic light emitting
diodes, and organic solar cells.

Polymerization methods including Kumada

coupling, Negeshi coupling, Stille coupling, and Suzuki coupling are among the
most prevalent methods to synthesize CPs. In particular, Suzuki coupling enjoys
immense popularity due to the low toxicity, air stability, and high functional-group
compatibility of boronic acids and esters.

Additionally, these reactions are not

typically sensitive to the presence of water, which greatly simplifies the setup and
execution of the reactions.

Figure 24: Optimization of the synthesis of an ester-functionalized fluorene
17
polymer utilizing base-free SPC conditions performed by Reynolds et al.
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Traditionally, Suzuki cross-coupling reactions are run under biphasic
conditions, where an organic phase contains the monomers and catalyst, and an
aqueous phase holds the base, which is required to activate the boronic acid or
ester for transmetallation. There has been one instance of optimized base-free
conditions for a step-growth Suzuki polymerization (Figure 24) that uses cesium
fluoride or tetrabutylammonium fluoride (TBAF) instead of base, and as such a few
examples

of

demonstrated.20

polymerizations

run

under

base-free

conditions

have

been

Typically, these reactions are needed to protect base-sensitive

groups and are executed as single-phase reactions. Optimizing water-free Suzuki
polycondensation is of interest because it will broaden the potential for synthesizing
polymers with a variety of interesting functional groups, including conjugated
polymer electrolytes or conjugated polymers containing biologically active side
chains such as peptides. Additionally, we postulate that removing the bulk aqueous
phase from the reaction mixture has the potential to lead to greater Mn polymers
because CPs are inherently insoluble in water, and the addition of water to the
reaction mixture could be a factor limiting their ability to achieve higher molecular
weights. Finally, improving the synthetic strategy of SPC will broaden the scope of
these polymerizations, which will in turn broaden the commercial impact of these
polymers.
Optimization studies for high molecular weight polymers via Suzuki
polycondensation have been demonstrated in the past, which show the impact on
the various parameters of the reaction, including solvent system, catalyst (oxidation
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state, loading, ligand choice, ligand-metal ratio, etc.) base, temperature, reaction
time, and other experimental factors. The addition of a phase transfer catalyst such
as Aliquat 336 (a quaternary ammonium salt) to the bi-phase reaction was a major
development in achieving high MW polymers, indicating the significance of the
accessibility of the base to the organic phase.35 The use of organic bases such as
tetrabutylammonium fluoride or tetrabutylammonium hydroxide supersedes the
necessity to use such an additive because they typically dissolve in organic solvents
used for Suzuki polymerizations, such as toluene, THF, and dioxane.
In this work, synthesis of poly(9,9-di-n-hexylfluorenyl-2,7-diyl) (PFO) using
single-phase conditions (i.e. no additional water was added to the reaction medium)
was explored. PFO was chosen because it is a well-studied light-emitting polymer
whose synthesis has been optimized on several occasions [ref], particularly using
SPC. Optimization studies were performed using 9,9-dihexyl-2,7-dibromofluorene
and 9,9-dihexylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester as monomers
to synthesize PFO under varying single phase conditions.

Microwave-assisted

polymerization techniques have given the highest literature values for molecular
weights (MW) of the PFO polymer, which were between 33,300 and 37,200 g/mol,
still less than half of what was obtained via single-phase Suzuki polycondensations
performed in this work, as shown in Table 1.36-37
The major variable to consider when removing the aqueous component of
the reaction mixture is the base. Solubility of typical inorganic bases in organic
solvents is generally low. Therefore, choosing bases with moderate solubility in the
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absence of additional water is a crucial consideration. Bases including CsOH and
the organic tetrabutylammonium hydroxide (TBAOH) are excellent options for use in
polymerizations without water. Alternatively, using fluoride sources over bases is
another option to study using single-phase SPC conditions for similar reasons.
Tetrabutylammonium fluoride (TBAF) and CsF are both reagents whose ability to
promote transmetallation has been demonstrated in the synthesis of conjugated
polymers with base-sensitive groups.20 However, optimizations using these fluoride
sources have yielded polymers with Mns no higher than 22,000 g/mol, so their utility
is somewhat questionable compared to traditional inorganic bases.

A series of

reactions, whose conditions are depicted in Table 1, were performed in which
Table 1: Single phase reaction conditions used for the synthesis of poly(9,9di-n-hexylfluorenyl-2,7-diyl) along with results for Mn, MW, and PDI.
“Base”
(equiv)

Solvent

Catalyst
(1 mol%)

Rxn
time

Mn

Mw

PDI

Xn

(days)

CsF (4)

THF

PdCl2(dppf)

2

16,700

44,500

2.8

50

CsF (4)

toluene

PdCl2(dppf)

2

2,500

4,000

1.6

7

TBAF (4)

THF

PdCl2(dppf)

2

100,300

132,700

1.3

300

TBAF (4)

THF

Pd(PPh3)4

6

104,700

131,100

1.3

312

TBAF (4)

THF

PdCl2(dppf)

6

110,300

140,100

1.3

313

TBAF (4)

toluene

PdCl2(dppf)

2

107,800

139,800

1.2

322

CsOHH2O (4)

THF

PdCl2(dppf)

2

131,900

159,800

1.2

394

CsOHH2O (4)

toluene

PdCl2(dppf)

2

8,200

19,900

2.4

25

TBAOH (4)

THF

PdCl2(dppf)

2

35,200

57,800

1.6

105

TBAOH (4)

toluene

PdCl2(dppf)

2

57,000

86,100

1.5

17
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additional water was excluded from the reaction mixture. Reactions were performed
in THF or toluene, solvents whose use has been documented in the synthesis of
poly(fluorenes) in the past.20, 38
The synthesis of high MW, low polydispersity polymers via single-phase
conditions was demonstrated. TBAF and CsOH seem to give consistently high
molecular weights, and TBAOH yields high MW polymers compared to what is
presently reported for this polymer in literature. It is possible that removing the bulk
aqueous phase from the reaction causes an increase of the MW of resultant
polymers because (1) all of the reactants are in a single phase and (2) adding water
may inherently limit the achievable MW because of how insoluble the polymers are
in water. This is conceivable because oftentimes during polymer synthesis, polymer
will precipitate out of the reaction mixture and layer itself on the insides of the
reaction vessel, which was not often observed under single-phase conditions. In
the future, optimization of catalyst-transfer polycondensation in single-phase
reaction conditions will lead way to facile surface-initiated Suzuki polycondensation.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 ANTHRACENE POLYMER SYSTEMS

The use of anthracene as a means to cross-link polymers has been
demonstrated and is a system which should be expanded upon for cross-linking
different types of polymers. One of the most attractive aspects of the anthracene
system is that it presents a way of cross-linking conjugated polymers and even
unconjugated systems without creating by-products and without needing to add
additional reagents, both of which are scenarios that can cause impurities in the
system. Anthracene as a cross-linking motif that would serve as an interesting
scaffold for cross-linking any polymer in which the purity of the final product was of
particular importance. This is of particular importance when dealing with polymers
that are going to be used in organic electronic applications or perhaps in ionconducting polymers. In the future, adding small amounts of anthracene to various
conjugated polymers or ion-containing polymers to explore its effectiveness as a
cross-linking agent in different functional polymers would be of interest.
As mentioned in Chapter 3, the ability to reverse the cross-linking of the
anthracene groups would yield a dynamic system. However, we believe that due to
the quantity of anthracene in our polymers we were unable to reverse the crosslinks by either thermal or photochemical means.

In the future, adding smaller

amounts of anthracene to the polymer might allow for a reversible cross-link.
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Therefore it would be interesting to explore variations in the amount of anthracene
repeat unit present in the polymer, and how that effects (1) its rate of cross-linking,
and (2) whether the reaction becomes reversible at lower concentrations of the
repeat unit.

5.2 SINGLE PHASE SUZUKI POLYCONDENSATION

Conditions for synthesizing high MW conjugated polymers by using a
process with does not include the addition of water have been explored. Though
this has been a preliminary exploration, preliminary results for achieving
consistently high MW polymers have been promising. Additional variations on the
non-aqueous motif should be expanded upon- including increasing the variety of
bases tested, and changing the concentrations of reagents, type of catalysts,
reaction timing, heating (thermal vs. microwave) and variation of the polymers
synthesized. It would also be interesting to do a systematic exploration to determine
at which point water becomes detrimental to building higher molecular weight
macromolecules. This goal can be achieved by adding water in varying equivalents
to see the effect different amounts of water have on the results of the polymerization
and resulting molecular weights of the polymers.
An interesting direction to take for single-phase SPC will be to use optimized
conditions to develop reaction conditions that will work for surface intitated (SI)
Suzuki polycondensation.

To date, there are no reported SI-polymerizations of
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conjugated polymers from electrode materials such as ITO-the probable reason for
this being the complication of the biphase system. When a glass-type substrate
with a layer of metal oxide is introduced into the biphase reaction mixture, it is
necessary to keep the substrate isolated from the aqueous layer as much as
possible. However, it is also necessary to stir the reaction mixture sufficiently to
allow the base to diffuse and react within the organic layer. This agitation causes
water to adsorb onto the glass substrates, which inhibits polymer growth from the
organic phase.

One possible solution to this is to use optimized single-phase

conditions - the foundation for which has been outlined in Chapter 4.
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CHAPTER 6: EXPERIMEMTAL PROCEDURES AND CHARACTERIZATION

Materials and general synthetic methods. All reactions were carried out under an
argon atmosphere.

Air and moisture sensitive reactions were performed using

standard Schlenk line procedures. All reagents were purchased from Sigma Aldrich
or Alfa Aesar and were used without further purification. Dry THF was purchased
from Acros Organics, and all other solvents were purchased from VWR. UV-vis
spectroscopy was carried out on a Shimadzu UV-2600 spectrophotometer using
chloroform as the solvent in concentrations of approximately 0.05 mM, adjusting if
necessary to obtain absorbance values between 1.2 and 2. Gel permeation
chromatography (GPC) was performed using a Waters 1515 isocratic HPLC pump,
2414 refractive index detector, and Styragel column using polystyrene standards.
The 1H NMR spectra were recorded using Bruker AV-360 spectrometer operating at
360 MHz using CDCl3 with reference to residual solvent peaks. Cross-linking was
performed in one-minute intervals using a UVP CL-1000 ultraviolet cross-linker with
356 nm bulbs. Emission of polymers was measured using a fluorescence
spectrofluorometer from Photon Technology International. Computational modeling
was modeled by dMol3 within the Materials Studio package.32-33

Monomer synthesis
2,6-dibromoanthraquinone was synthesized according to literature procedures.39
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2,6-dibromo-9,10-bis(hexyloxy)anthracene (1) 2,6-dibromoanthriquinone (1.0 g, 2.7
mmol) and tetrabutylammonium bromide (793 mg, 2.5 mmol) were added to a 100
mL argon flushed flask. The flask was evacuated and refilled with argon 3 times
and 30 mL of DCM was added and the suspension was degassed.

Sodium

dithionite (1.4 g, 8.2 mmol) was degassed in 7.6 mL of water and was added.
When the solution turned dark green, NaOH (546 mg, 13.7 mmol) in 5 mL of water
was degassed and added and the solution transitioned to magenta. The reaction
was refluxed and stirred overnight, cooled to room temperature and extracted with
CHCl3.

The product was purified with column chromatography using 1:5 DCM:

hexanes mobile phase and the yellow solid recrystallized in EtOAc. 1H NMR (360
MHz, CDCl3) δ 8.40 (s, 2H), 8.12 (d, 2H, J=9.2), 7.52 (dd, 2H, J=9.2, 1.8), 4.11(t,
4H, J=6.7), 2.02 (m, 4H), 1.66(m, 4H), 1.44(m, 8H), 0.96 (m, 6H)

2,2'-(9,10-bis(hexyloxy)anthracene-2,6-diyl)bis(4,4,5,5-tetramethyl-1,3,2dioxaborolane) (2) 2,6-dibromo-9,10-bis(hexyloxy)anthracene (350 mg, 0.65 mmol),
bis(pinacolato)diboron (663 mg, 2.6 mmol) and PdCl2(dppf)⋅CH2Cl2 (26.7 mg, 0.033
mmol) were added to a flame dried 25 mL flask. Dry dioxane (6.5 mL) was added,
the reaction was covered with aluminum foil, and heated to 60 °C overnight. Ice
water was added and the product was extracted with DCM and purified via column
chromatography using 1:9 EtOAc: hexanes as the eluent. Recrystallization using
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MeOH, EtOAC, and DCM yielded product as fluorescent yellow crystals.

1

H NMR

(360 MHz, CDCl3) δ 8.84(s, 2H), 8.25(d, 2H, J=8.9), 7.78(dd, 2H, J=8.7, 0.2), 4.18(t,
4H, J=6.6), 2.05(m, 4H), 1.71(m, 4H), 1.44(m, 4H), 1.40(s, 24H), 0.96(m, 6H).

Polymerizations
PHOAn-Fl (Figure 14) THF (2 mL) was added to an argon-flushed flask and was
degassed. (1) (85.4 mg, 0.16 mmol), 9,9-dihexylfluorene-2,7-diboronic acid bis(1,3propanediol) ester (80 mg, 0.16 mmol) and Pd(dppf)Cl2⋅CH2Cl2 (2.2 mg, 2.7×10-3
mmol) were added and the resulting solution was subsequently degassed. A 2M
solution of Na2CO3 (0.96 mL, 1.92 mmol) was degassed and then added to the
reaction vessel via syringe. The reaction was covered with aluminum foil, heated to
50 °C, stirred for 24 hours, then cooled to room temperature. Methanol was added
and the resulting solid was filtered, washed with methanol and water, dried in a
vacuum oven, then purified via Soxhlet extraction using hexanes, methanol, and
acetone. 1H NMR (360 MHz, CDCl3) δ 8.61 (s, 2H), 8.45(s, 2H), 7.91-7.83(m, 8H),
4.31(t, 4H), 2.13(m, 6H), 1.75(m, 4H), 1.47(m, 10H), 1.12(m, 12H), 0.99(m, 6H),
0.78(m, 12H).

PHOAn (Figure 14) (200 mg, 0.37 mmol), (2) (187 mg, 0.37 mmol), and
PdCl2(dppf)⋅CH2Cl2 (5.2 mg, 0.0063 mmol) were added to an argon-flushed flask.
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Dry toluene (4.7 mL) was added, followed by 2.24 mL of 2M Na2CO3. The reaction
was covered with aluminum foil, heated to 50 °C, stirred for 24 hours, then cooled to
room temperature.

Methanol was added and the resulting solid was filtered,

washed with methanol and water, dried in a vacuum oven, then purified via Soxhlet
extraction using hexanes, methanol, and acetone. 1H NMR (360 MHz, CDCl3) δ
8.77 (s, 1H), 8.49 (d, 1H), 8.07(broad, dd, 1H), 4.35(t, 2H), 2.18(m, 2H), 1.811.58(m, 4H), 1.00-0.90(m, 4H)

PHOAn-Th (Figure 14) (80 mg, 0.13 mmol), 2,5-dibromothiophene (14.3 uL, 0.13
mmol) and PdCl2(dppf)⋅CH2Cl2 (1.8 mg, 0.0022 mmol) were added to an argonflushed flask. Degassed THF (1.5 mL) was added, followed by 0.76 mL of 2M
Na2CO3. The reaction was covered with aluminum foil, heated to 50 °C, stirred for
24 hours, then cooled to room temperature. Methanol was added and the resulting
solid was filtered, washed with methanol and water, dried in a vacuum oven, then
purified via Soxhlet extraction using hexanes, methanol, and acetone.
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