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1. INTRODUCTION TO CONJUGATED POLYMERS

1.1 History of Conjugated Polymers

The first synthesis of a conjugated polymer dates back to the early 1830s
with Friedlieb Runge’s work on the oxidative polymerization of aniline (Figure
1a).! Later in 1862, Henry Letheby described the first electrochemical
polymerization of aniline, where he found that oxidizing sulfuric acid solutions of
aniline via a Pt electrode gave a deeply colored material (Figure 1a) which was
only soluble in concentrated sulfuric acid.! Reducing the material with ammonia
caused it to take on a brilliant blue color (Figure 1b), though it remained
insoluble.! At the time, the chemical nature of the resulting material was not well
understood, though it was noted for its vibrant colors and insolubility. These
observations would foreshadow the things to come with the birth of the field of

conjugated polymers over a hundred years later.

aniline emeraldine salt (green)

l[red]
O =®= aVanWay:

emeraldine base (blue)

Figure 1. The structure of aniline and the first conjugated polymer ([ox] =
oxidize, [red] = reduce).

In 1971, the first free-standing semiconducting polyacetylene film was

synthesized by Shirakawa and lkeda.? Six years later in 1977, Shirakawa et al.



showed that by doping these films with iodine vapor their conductivity could be
increased by up to seven orders of magnitude (Figure 2).2 In 2000, the Nobel
Prize in chemistry was awarded to Heeger, MacDiarmid, and Shirakawa “for the

discovery and development of conductive polymers.”

\JConjugated Polymers

Insulators Semiconductors

108 10 10 /104 ‘10B
Emdoped doped] |coppen’silver

polyacetylene

Conductivity 106
(S/m)

Figure 2. The conductivities achievable by conjugated polymers, with other
materials listed for reference.

1.2 Properties of Conjugated Polymers

1.2.1 Background

Conjugated polymers are organic materials with unique electronic and
optical properties. All conjugated polymers possess a sp? hybridized backbone
with a continuous 1r-system, which is responsible for their ability to conduct
charge as well as their unique optical properties. The utility of conjugated
polymers arises from their ability to switch reversibly between oxidized and
reduced (redox) states (Figure 3). This redox switching can be accompanied by a
change in color, conductivity, solubility, volume, and reactivity. These properties

make conjugated polymers attractive materials for applications such as



electrochromic devices, flexible photovoltaics, flexible OLED displays,

biochemical sensors, energy storage, and actuators to name a few.*

o == [t

Neutral Polymer Oxidized Polymer Oxidized Polymer
(polaron) (bipolaron)

Figure 3. Reversible reduction and oxidation (redox) switching of polythiophene
between neutral, radical cation, and dicationic states.

1.2.2 Conductivity

Materials become conductive when sufficient energy is input to promote
electrons in the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). In many atom systems (e.g. polymers,
crystals), discrete molecular orbitals converge into valence (HOMO) and
conduction (LUMO) bands. Most organic materials are insulators, meaning there
is a substantial energy gap (Eg) between the HOMO and LUMO. For
semiconductors, this energy gap is small, and in metals, is absent entirely. In
conjugated systems band gap decreases with increasing conjugation (Figure 4),
meaning less energy is required to promote an electron in the HOMO to the
LUMO. This is because as conjugation increases, charges can be delocalized
over a physically larger space. This effect is responsible for the semiconducting

behavior exhibited by many conjugated polymers.
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Figure 4. Decreasing energy gap (Eg < Es < E2 < E1) with increasing
conjugated length (X = NH, O, S, Se, Te).

1.2.3 Charge Transport Properties

The majority of conjugated polymers researched are p-type
semiconductors, meaning positive charges (holes) are the dominant carriers.?
Conjugated polymers exhibit highly anisotropic electronic structure, with the
greatest conductivity in the direction of the conjugated backbone.#1%12 This is
because 1T-1T Overlap is largest among neighboring monomers along a chain.
Whereas traditional semiconductors are three-dimensional rigid structures,
conjugated polymers are essentially one-dimensional and thus much more
susceptible to structural distortion upon electronic excitation or charge transport,
meaning electronic excitations and charge transport are intrinsically coupled to
chain distortions.'22 In other words, removing (or adding) an electron from the
conjugated backbone induces a topological ‘kink’ in the polymer chain. These
topological defects give rise to the unique conduction mechanisms found in
conjugated polymers.

Conjugated polymers can be broadly categorized into two types, those

with a degenerate ground-state, and those without. In the scope of this work, we



will concern ourselves with only the latter, to which the vast majority of
conjugated polymers belong. Examples include polythiophene and poly(p-
phenylene), shown in Figure 5. The ground-state resonance structures of these
two polymers are energetically nonequivalent (nondegenerate). In the case of
polythiophene and poly(p-phenylene), the quinoid form has higher energy than
the aromatic form such that the aromatic form is favored.'>'4 Besides the
different locations of double and single bonds, these two resonance structures

also have slightly differing C-C bond lengths along the conjugated backbone.®®

polythiophene - W - M -

Aromatic Quinoid

Figure 5. Nondegenerate (polythiophene and polyphenylene) ground-states.

When an electron is removed from the conjugated backbone, the resulting
positive charge is delocalized over several adjacent rings. This delocalization
results in a small, charged segment of polymer with quinoidal geometry. The
slight differences in the bond lengths of the conjugated backbone between these
qguinoidal and aromatic regions creates the topological ‘kink’ that accompanies
charge transport.'®> Conjugated polymers with this property exhibit polarons
(radical cation, electron/hole pair) and bipolarons (dication, hole/hole pair) as the

dominant charge carriers (Figure 6).




Neutral Polymer

Oxidized Polymer S S o S

(polaron) \ / \S_,_ 3 = Ng \ /
+e'1 L—e'
Oxidized Polymer S \_ S _/ S
(bipolaron) \ / s? == = g \ /
I +

Figure 6. The structures of aromatic (neutral), polaronic (radical cation), and
bipolaronic (dication) polythiophene.

1.2.4 Hierarchical Structures

Without the aid of added solubilizing or stabilizing substituents, almost all
conjugated polymers suffer from some common issues. Their rigid structure
makes them highly insoluble and thus difficult to characterize and process.
Additionally, most suffer from sensitivities to oxygen and moisture, thereby
limiting their practical application. The design of functional conjugated polymers
requires consideration of their primary (repeat unit), secondary (conformational),
and tertiary (morphological) hierarchical structures (Figure 7), as they can greatly

impact their thermal, optical, and electronic properties.16



Semicrystalline

Crystalline Amorphous

oo
_— Lamellar Fibrillar

Ordered Disordered

Rigid Rod
Spherulite
Primary Structure: Secondary Structure: Tertiary Structure:
Repeat Unit Conformation Morphology

Figure 7. The hierarchical structures of conjugated polymers and some
examples of each.

The hierarchical structures of conjugated polymers are altered by the
choice of monomer, polymerization conditions, and processing conditions.*®
Optimization of each of these factors is key to the large-scale commercial
application of conjugated polymers. In this work, we will focus primarily on how
different polymerization conditions affect the secondary structures of some

conjugated polythiophenes.

1.3 Polyheterocycles

Polyheterocycles (Figure 8) are of much interest as they provide a highly
tunable scaffold to construct conjugated polymers with tailored electronic and
optical properties. Modifying the heteroatom and adding functional groups allows
the solubility, stability, band gap (Eg), and oxidation potential of the polymers to
be tuned.!® The methods developed by Sugimoto et al. in the mid-1980s remain
a staple in synthesis of polyheterocycles, including but not limited to polypyrrole
(X = NH), polyfuran (X = O), polythiophene (X = S), polyselenophene (X = Se),
and polytellurophene (X = Te).1~1% Much of the early research on conjugated

polyheterocycles was dedicated to those containing the lighter main group



elements (N, O, S). However, recently there has been considerable interest in
exploring the chemistries of those containing the heavier chalcogens (Se and
Te)_20—23
X
\ ///n X=NR, 0O,S8,Se,Te
R'

Figure 8. General structure of substituted polyheterocycles. R’ = alkyl, alkoxy.
R = alkyl, H.

1.4 Polythiophenes

1.4.1 Soluble Polythiophenes

Polythiophenes are one of the most widely researched conducting
polymers, owing to their remarkable stability towards oxygen and moisture.?42526
Because unfunctionalized polythiophene is an insoluble material, an early goal of
polythiophene research was the development of soluble derivatives that could be
characterized in greater detail. It was quickly discovered that polymerization of
alkyl-substituted thiophenes with alkyl chains longer than three carbons (butyl
and greater) rendered poly(alkylthiophene)s (PATSs) (Figure 9a) that were soluble
in organic solvents and melt processable.'®27:28 Long-chain alkoxy groups
(Figure 9b) were found to have several advantages over alkyl substituents, such
as increased solubility and a significant reduction in polymer band gap.?° To date,
PATSs are one of the most extensively researched classes of polythiophenes, of

which poly(3-hexylthiophene) (P3HT) is the most notable example (Figure 9c).



a) b) c)

S S S
R OR CeHu3
poly(3-alkylthiophene)  poly(3-alkoxythiophene)  poly(3-hexylthiophene)
(P3AT) (P3AOT) (P3HT)

R = Can+1, n>3

Figure 9. Structures of soluble polythiophene derivatives.

1.4.2 Poly(3,4-alkylenedioxythiophene)s

The development of 3,4-alkylenedioxythiophenes 3,4-
ethylenedioxythiophene (EDOT) and 3,4-propylenedioxythiophene (ProDOT)
(Figure 10), by BAYER AG in the late 1980s presented a new platform for highly
conductive and stable polythiophenes.33! Similar to polythiophene,
unfunctionalized poly(3,4-ethyledioxythiophene) (PEDOT) is an insoluble
material, which necessitated the development of soluble alkyl®?-3* and alkoxy3+-36
substituted derivatives. The general structures of functionalized EDOTs and

ProDOTs are shown in Figure 10.

s s S S
o) 0 O O :c o) 0 Owo

R R” "R R R” "R
R=H(EDOT) R=R' =H (ProDOT) R=H (PEDOT) R=R'=H (PProDOT)

Figure 10. General monomer and polymer structures of 3,4-
ethylenedioxythiophene (EDOT) and 3,4-propylenedioxythiophene (ProDOT)
and their functionalized derivatives.



3,4-Alkylenedioxythiophenes present many advantages over 3-
hexylthiophene. Namely, the electron-donating ether substituents decrease the
polymer’s oxidation potential and increase its stability in the doped state.3137
Additionally, unlike 3-hexylthiophene, EDOT and ProDOT benefit from
substitution at both the 3 and 4 positions, thereby eliminating the possibility of 8-
couplings (Figure 11) during polymerization which lead to poorly defined,

insoluble materials.3!

Figure 11. Alpha and beta couplings.

3,4-Alkylenedioxythiophene monomers such as EDOT and ProDOT have
proven to be highly versatile platforms for functional conductive polymers.33:38-42
To date, 3,4-alkylenedioxythiophenes and their derivatives have received much
attention and have been extensively researched for numerous

applications.”9:31.32:43

10



1.5 Regioregularity — Heads and Tails

1.5.1 Background

Once soluble polythiophenes such as P3HT were characterized in greater
detail, it became obvious that the methods and conditions employed to prepare
such polymers had a large impact on the polymer’s secondary structure, which in
turn affected its electronic properties. For asymmetric monomers like 3-
alkykthiophenes, monomers can couple in three different ways, in either a 2,2’-,
2,5'-, or 5,5-fashion (Figure 12). The relative number of different couplings
present in a polymer is referred to as its regioregularity, which is a measure of its

structural homogeneity.

S
Tail (T) Head (H)
i\ /Z

R
R / l R\\ R
s I\ s ]\ s [\
\ |/ S \ / S \ J/ S
R R R
2,2' coupling 2,56' coupling 5,5' coupling
(HH) (HT) (TT)

Figure 12. Different couplings in asymmetric monomers like 3-alkylthiophene
(where R=alkyl).

Combining two of these couplings yields four spectroscopically distinct
triads (Figure 13). In 3-substituted thiophenes, the 2 position is often referred to

as the “head” and the 5 position the “tail’. Head-to-tail (HT) couplings are the
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most desirable as they inflict the smallest steric demand on the polymer’s
conjugated backbone, allowing for maximal orbital overlap and effective

conjugation length.444%

R R R R
I N\ s N U N s I\
s\ /J s s\ J s
R R

HT-HT HH-TT
R R R R
/\ s A\ /A s I\
S \ / S S \ / S
R R
HT-HH TT-HT

Figure 13. The four possible triads formed by two consecutive monomer
couplings (R # H).

Erroneous head-to-head (HH) couplings induce twisting of the conjugated
backbone (Figure 14) due to steric interactions of the side groups, thereby
reducing the effective conjugation length. A torsion angle of >30° between 1T
orbitals has a significant impact on the polymer band gap and conductivity.*® As a
result, much research has gone into developing synthetic methodologies which
maximize HT couplings in order to produce structurally homogenous
polythiophenes with improved properties over regiorandom ones.*’-%? The
twisting effect is prominent in 3,4-disubstituted polythiophenes, which
demonstrate remarkable solubility and stability albeit poorer conductivity, higher
band gaps, and lower molecular weights.>35* EDOT and ProDOT derivatives,

however, do not suffer from these issues as their fused ring structure effectively
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“pins back” side groups in such a way that steric interactions between

neighboring substituents are reduced.?831

Regioregular Polymer
HT Couplings

Regioirregular Polymer| — —\_ ... yd
HH and TT Couplings N

......

Figure 14. Twisting of the conjugated backbone due to steric interactions of
side groups in regioirregular polymers containing HH and TT couplings.

1.5.2 Determination of Regioregularity

Methods for determining the regioregularity of P3HT using 'H NMR
spectroscopy are well-described. The relative areas of the peaks at 2.80 ppm
and 2.56 ppm are proportional to the relative amounts of HT and HH couplings,

respectively.> These resonances correspond to the methylene protons a to the

thiophene ring (Figure 15).5°
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HT Coupling: 2.80 ppm
wH | a-methylene

H protons

HH Coupling: 2.56 ppm

Figure 15. Chemical shifts of alpha-methylene protons in HT and HH
couplings.

Methods for determining the regioregularity of PEDOT polymers are much
less established. Side groups on EDOT-based polymers are significantly further
away from the main chain, and thus their chemical shifts are affected by the
polymer’s regiochemistry to a much lower degree.®* Because of this increased
distance from the main chain, it is unclear whether or not regioirregularity due to

side-groups in EDOT based polymers significantly impacts polymer properties.

1.6 Molecular Weight

1.6.1 Background

When polymers are synthesized, rarely does every polymer chain contain
the same number of monomer units. Instead, a polymer sample typically contains
a distribution of varying chain lengths. This is in contrast with small molecules
and biopolymers, which have well-defined structures and molecular weights (e.g.
benzene, CsHs, 78.11 g/mol). The molecular weight of a polymer is typically
described through statistical averaging of the molecular weight distribution of a
polymer sample. There are four quantities used to describe the molecular weight

of a polymer sample: number-average molecular weight (Mn), weight-average
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molecular weight (Mw), z-average molecular weight (Mz), and viscosity-average
molecular weight (Mv). In the context of this work (linear homopolymers), we will
focus primarily on Mnand Mw.

Number-average molecular weight Mn is the arithmetic mean of the
molecular weight of each polymer chain, and is equal to the sum of the molecular
weight of each polymer chain divided by the total number of polymer chains®®
(Ni):

total weight of sample Y M;N;

n

~ humber of molecules N; 3 N; Equation 1

Mn is a measure of average molecular weight where every molecule is
considered equally regardless of its weight or size. Mn is most influenced by the
number of molecules present and thus is most relevant to properties that depend
on the number of particles present (i.e. colligative properties: freezing-point
depression, boiling-point elevation).%®

Weight-average molecular weight Mw is equal to the weighted arithmetic
mean, and is described mathematically as:

M _IM’N;
Yo Y M;N;

Equation 2

Mw accounts for the fact that polymer molecules with higher molecular weight are
physically larger, and thus represent a greater portion of bulk sample. Mw iS most

influenced by the number of larger molecules present and for this reason is
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relevant to properties which depend on molecule size such as viscosity and
toughness.%®

The method by which the molecular weight distribution of a polymer
sample is measured ultimately determines which quantity, Mn or My, is found.
Methods which measure the number of molecules in a sample, such as
ebulliometry, cryometry, osmometry, and end-group analysis allow for the
determination of Mn.5¢ On the other hand, experiments where molecules
contribute to the measured results relative to their size, such as light-scattering
photometry, allow for the determination of Mw.56:57

The polydispersity index, denoted as D (or PDI in older literature), is equal
to the ratio of the weight-average molecular weight to the number-average
molecular weight:

M,,
b= — E ion
M. quation 3

The polydispersity index is a measure of the width of the molecular weight
distribution of a polymer sample. Higher polydispersity values indicate of a wider
distribution, signifying there is a larger breadth of polymer chain lengths in the
sample. A polydispersity index of 1 (Mw=Mn) would indicate a sample is
monodisperse, meaning all polymer chains are of uniform length.

If the molecular weights of polymers with different primary structure
(monomer structures) are to be compared, it is useful to describe the molecular
weight in terms of degree of polymerization. The weight-average degree of

polymerization Xw is calculated by the equation:
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My

Xy = —

Equation 4

Where Mw is the weight-average molecular weight and Mo is the molecular weight
of the repeating unit. Xw is a unitless quantity that describes the number of
monomer repeat units in a polymer. Consider for example poly(3-
methylthiophene) (Mo 96.147 g/mol) and poly(3-dodecylthiophene) (Mo 250.444
g/mol). The molecular weight of the repeat unit of the latter is over two times
higher, meaning that at the same polymer molecular weight Mw, poly(3-
dodecylthiophene) contains less than half the repeat units of the poly(3-

methylthiophene) (Figure 16).

a) b)
S 104 Repeat Units 40 Repeat Units S
\ / Polymer M,,: \ /
_—— —
X,, = 104 10,000 g/mol X, = 40
CH3 Ci2Has
poly(3-methylthiophene) poly(3-dodecylthiophene)
Mg: 96.147 g/mol Mg: 250.444 g/mol

Figure 16. Example of how polymer molecular weight (Mw) alone is insufficient
for comparing the polymerization of two different monomers.

1.6.2 Impact on Polythiophene Properties
The optoelectronic properties of polythiophenes are greatly impacted by
their molecular weight (Table 1). As molecular weight increases, average

conjugation length increases, and bandgap decreases. This is evidenced by a
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bathochromic shift (shift to lower energy) of Amax in solution and solid-state optical

absorption spectra of polythiophenes with increasing molecular weight.58-0

Table 1. Effects of molecular weight on the properties of polythiophenes.

Effective Charge

Molecular : . : . Grain Bulk
: Conjugation  Carrier  Crystallinity .
Weight Length Mobility Boundaries Morphology
: , Less Isotropic
High Longer Higher Lower Defined Nodular
Low Shorter Lower Higher Well-defined Rod-sha_ped
Crystallites

Charge carrier mobility is a measure of how quickly charge carriers
(electrons, holes, polarons, bipolarons) move through a conductor or
semiconductor in the presence of an electric field. In conjugated polymer thin
films, molecular weight has a significant impact on charge carrier mobility. For
P3HT, mobility increases with molecular weight. 5%-62

Perhaps the most important factor influencing the mobility of P3HT films is
the nature of the polymer chain packing and crystallinity.6%-62 Molecular weight
affects chain packing in P3HT thin films to such a degree that it can vary charge
carrier mobility by at least four orders of magnitude.®? Atomic force microscopy
(AFM) studies reveal that as molecular weight increases, the morphology (tertiary
structure) of P3HT films shifts from regularly stacked rod-shaped crystallites to
an isotropic nodular structure (Figure 17).5%62 X-ray diffraction (XRD)
experiments also show for high molecular weight films that although they exhibit

lower overall crystallinity, a much larger fraction of the bulk resides within semi-
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ordered domains.®® The general structure of high molecular weight P3HT films

thus consists of long polymer chains connecting small, ordered domains.1%:59:62,63

Low M,, (=10k g/mol) High M, (=50k g/mol)
Rod-shaped Crystallites Isotropic Nodular Structure

Figure 17. Comparison of high and low Mw P3HT film morphology. Ordered
regions highlighted in red. Adapted from ref.64

For P3HT it is hypothesized that mobility is limited by trapping at
crystalline boundaries.>¢? The less well-defined grain boundaries in high
molecular weight films are likely responsible for their enhanced mobility
compared to low molecular weight films.59.69.62 Additionally, because longer chain
lengths allow charge carriers to travel farther before having to possibly hop to an
adjacent chain, it is plausible that a net decrease in hopping events is also partly
responsible for the increase in mobility observed with increasing molecular
weight.®? Studies on very high molecular weight (up to 828,000 g/mol) P3HT films
show that as molecular weight increases, the orientation of P3HT chains relative
to the substrate gradually shifts from ‘edge-on’ to ‘face-on’ (Figure 18).5?
Because polythiophenes have highly anisotropic charge transport*!1, tuning the

molecular weight of the polymer allows the axis of 1r-stacking to be changed from
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parallel to the substrate to perpendicular to the substrate. This is important
because the organization of polymer chains at the substrate interface critically

impacts charge transport at those interfaces.5®

R R R R
S 7\ S 7\ S 7\ s 7\
\ /) S \ /) S \ / S \ / S
R R R R R R R R
'Edge-on’ orientation se N s N s TN _s_
\_/ S \ /) S \ / S \ / S
R R R R R R R R
S I\ s I\ s 7\ S 7\
\ ] ST\ T\ T\ s
R R R R

MS.R

}_,,_{xi,M_,x—x_?

'Face-on' orientation

Substrate

Figure 18. 'Edge-on' and ‘face-on' orientations of P3HT in thin films. R = CsHas.

1.7 Gel Permeation Chromatography

Gel permeation chromatography (GPC) is a chromatographic technique
that separates the components of a sample based on their physical size. A
generic box diagram for a typical GPC instrument setup is shown in Figure 19.
The injected sample is pumped through a column containing a porous cross-
linked gel stationary phase with specific pore sizes. As the sample travels
through the column, analytes are separated by their ability to fit into the pores in

the stationary phase. Analytes that are too large to fit into the pores are not
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retained by the column and elute first, while smaller analytes get trapped in the
pores and elute later (Figure 20). Because a constant flow rate is used, elution

volume is directly proportional to time.

Solvent Injection
Reservoir Port

! '

Degasser—>|Pump—>{Column|——>Detector—>|Computer

'

Waste

Figure 19. Generic box diagram for GPC.

° ® Large Polymer (High M,,)

N .. ® 0} Polymer Sample e Medium Polymer (Med M,,)

@ o0 Small Polymer (Low M,,)

Sample Injection ﬂ ¢ L Porous Column Packing

GPC Column <

Detector { ..... o000

Elution Volume

Figure 20. Depiction of the operating principle of GPC separation. High Mw
polymers (red spheres) are too large to fit into the pores of the column packing,
and thus pass through the column first. Medium and low Mw polymers (blue
and green spheres, respectively) are small enough to fit into the pores and get
trapped, increasing the volume of solvent needed to elute them from the
column. The smaller the polymer is, more time it spends within the pores,
thereby requiring a greater volume to be eluted from the column.
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A calibration curve can be built by measuring the volume of eluent
required to elute different polymer samples of known molecular weight. Ideally,
plotting elution volume versus the logarithm of the molecular weight of the
samples produces a straight line. A simple linear regression of this plot produces
the calibration curve. The elution volume of an unknown sample is related to the
logarithm of its (weight average) molecular weight by the relation:56

logio My, =mx+b Equation 5
Where x is the sample’s elution volume, and m and b are the slope and intercept
of the calibration curve, respectively. Polystyrene is typically the calibration
standard of choice for the molecular weight characterization of polythiophenes
and other conjugated polymers.%” However, because the structure of polystyrene
differs significantly from most conjugated polymers, their behavior in solution is
significantly different. The relatively rigid structure of conjugated polymers
hinders them from adopting the same coiled conformation as polystyrene in
solution. This means that for a given molecular weight, conjugated polymers tend
to occupy a larger hydrodynamic volume than polystyrene, and thus their
molecular weight is typically overestimated.®®-"! Molecular weights determined
this way are not absolute; instead they are described relative to the polymer used

for calibration (in this case, polystyrene).

1.8 Polymerization of Thiophenes

1.8.1 Chemical Oxidative Polymerization
To date, numerous synthetic approaches to polythiophenes have been

described including electrochemical,* chemical oxidative,'® and transition metal-
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mediated polymerization.’?-7# Despite this abundance of possibilities, chemical
oxidative polymerization remains a valuable tool for the synthesis of
polythiophenes since it was initially described by Sugimoto et al. in the mid-
1980s.1° Compared to electrochemical and organometallic approaches, the
method is convenient, low cost, and can be performed on large scales.” The
reaction is well-described for P3HT but remains to be optimized for ether-

substituted monomers like PEDOT derivatives.

1.8.1.1 Background

Chemical oxidative polymerization (COP) is the earliest known method to
produce conjugated polymers. The general methodology has not changed much
since Fritzsche described the oxidation of aniline salts with potassium chlorate in
1843.1 The modern method, applied to polyheterocycles including
polythiophenes was developed in the mid-1980s by Sugimoto et al.1819 In its
most general form, COP simply requires treating a monomer with an oxidant. For
polythiophenes, the oxidant of choice is typically FeCls or another Fe®* salt.’® The
reaction is most commonly performed in solution, though it can also be
performed in the solid or gas’® phase. The equation for the COP with FeCls is
generally given as (Scheme 1):77-"°

(n)monomer + (2n)FeCl; ——®  (monomer), + (2n)FeCl, + (2n)HCI

Scheme 1. Chemical oxidative polymerization equation.

However it is commonly observed that high yields and molecular weights are

obtained only if a 2.3:1 molar ratio or greater (Scheme 2) of oxidant to monomer
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is employed, with 4 equivalents being used frequently in the literature.19:5577.78.80-
82 This is thought to be partly due to consumption of the FeCls oxidant to FeCla-

by the generated HCI.””

2+
S >2.3 eq. Fe(lll) oxidant S NoH,4 S
-\ /Z - Tﬁ = \|/ n
) R R

R Solvent (CGH5C|, CHC|3

Scheme 2. Chemical oxidative polymerization.

Poly(3-hexylthiophene) (P3HT) was one of the first polymers reported to
be synthesized by the modern chemical oxidative polymerization method, and
since has become one of the most extensively researched polythiophenes.
Chemical oxidative polymerization methodologies for P3HT are well-established,
and in such context, it may be classified as a model system. For example, in the
case of the chemical oxidative method, high molecular weight (Xw 2420, Mw
=>70,000 g/mol) P3HT with regioregularity of 70-90% is readily obtainable in good
yields.2841,55.80.83.84 However, outside of 3-hexylthiophene and other closely
related alkylthiophenes, polymerization conditions often require significant
optimization to achieve similar yields and molecular weights. Given the wide
scope of conjugated polymer applications, P3HT alone is insufficient in meeting
the needs of every application.

A survey of the literature reveals that chemical oxidatively polymerized
ether-substituted polythiophenes (3,4-alkylenedioxy and 3,4-dialkoxy derivatives)
rarely achieve the degree of polymerization reported for P3HT and related 3-

alkylthiophenes (Table 2).8586 Methods to improve these polymers’ molecular
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weights and regioregularities are of interest because polymers with higher
molecular weight and regioregularity exhibit improved thermal properties, 54

optical properties,>® and carrier mobilities.®?

Table 2. Previously reported molecular weights of relevant polythiophene
derivatives. Polymerizations were performed under reverse addition conditions
(monomer added to oxidant) in CHCIs. The structure and abbreviation of each
polymer is given, along with weight-average molecular weight Mw, polydispersity
index B, weight-average degree of polymerization Xw.

Equivalents
Structure Abbreviation Entry Mw b Xw  ref
FEC|3
1 2 140,000 35 842 4
S
W P3HT 2 4 110,700 2.7 666 5
CeH1z
3 4 411,000 3.5 2472 80
S
\/ " P30T 7 4 181,440 4.8 933 87
CgH47
)
\ /A P3DT 9 4 303,050 5.5 1362 ¥
CqoHz4
)
11 2 11,200 2 33 82
\W/AL
Jd % PEDOT-C14
( 12 4 22,500 2.74 67 82
Cq4Hog
S
\ / ‘n
PDPOT 13 4 11,528 1.83 34 88
? 9
CsHqq CsHyy
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Table 2. Continued

S
/A

? 9
CgHq7 CgHy7

PDOOT 14 4 9,743 1.8 38 8

It is important to note that there is a considerable variability?® in the
molecular weights reported for polymers prepared under similar conditions, for
example P3HT synthesized in chloroform with 4 equivalents of FeCls (entries 2
and 3 in Table 2). Some of this variability is due to discrepancies between the
amounts of solvent used and whether the solvent contains a radical inhibitor (for
example ethanol in chloroform).

Though COP remains an attractive method for the quick preparation of
conjugated polymers, the harsh (highly oxidizing) reaction conditions make this
method inappropriate for monomers bearing sensitive functional groups.
Polymers prepared by COP are often contaminated with significant amounts of
oxidant, which can make them inappropriate for some sensitive applications
without extensive purification.®® Polymerization of asymmetric monomers like 3-
hexylthiophene produces polymers with poor regioregularity compared to other
polymerization methods. Additionally, monomers with unsubstituted 4-position
are also susceptible to B couplings (Figure 11), leading to poorly defined cross-

linked materials with decreased solubility.
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1.8.1.2 Mechanistic Insights

There have been many mechanisms proposed for the oxidative
polymerization of polythiophenes to date.*1:5%77=° The reaction has been
proposed to proceed through either a radical mechanism?”:?° or radical cation
mechanism.*177-79.91 Work by Barbarella et al. on the oxidative polymerization of
3-(alkylsulfanyl)thiophenes gives interesting insight into the COP reaction
mechanism, as it relates to 3-substituted thiophenes (Figure 21).”° The authors
found that when polymerization conditions which normally produce high
molecular weight poly(3-alkylthiophene)s were applied to 3-
(methylsulfanyl)thiophene and 3-(dodecylsulfanyl)thiophene, only short oligomers
were produced.” The oligomers were separated and characterized individually.
Interestingly, the oligomers displayed consistent regiochemistry; each oligomer
contained 1 HH coupling, the rest being HT.” The authors suggest that first, two
radical cation monomers couple at the 2 position to give a 2,2’ (HH) dication
dimer, as it is known for thiophenes that electron donating substituents (alkyl,
alkoxy, alkylsulfanyl, etc.) at the 3 position make the 2 position more reactive to
oxidative coupling.””"® The dication loses two protons, regaining aromaticity. The
dimer, which has an oxidation potential lower than the monomer, is quickly
oxidized to a radical cation. Further couplings must occur at the 5 or 5’ position,
resulting in a 2,5’ (HT) coupling. These findings support a radical cation
mechanism similar to the one proposed by Niemi et al.””"° It is expected that 3-

alkylthiophenes and other thiophenes follow a similar mechanism.

27



S RS
;@( x RS
@ SR 7 " - 2HX S H
>~ _[ A~ S \ /
2-2' (HH) Coupling H
SR SR X~ SR

R = CH3, C12H25 HH Dimer

Oligomers
(n+m<6)

Figure 21. Oxidative polymerization of 3-alkylsulfanylthiophenes.”

From these findings we can gather that regioregular polymers are formed
predominantly from monomer-oligomer couplings, as these result in HT
linkages.®® Irregularities are increased as oligomers couple, as this introduces TT
linkages.®® To support this, Amou et al. found that by decreasing the monomer
concentration and reaction temperature, the regioregularity of P3HT could be
increased up to 91% HT.% Lowering the reaction temperature suppresses the
amount of active (oxidized) monomer in solution, limiting the amount of HH dimer

produced.®® At dilute concentrations, dimer-dimer (TT) couplings can be
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effectively minimized.% These conditions promote monomer-oligomer HT

couplings, thereby producing a more regular polymer.

Several studies have been conducted to examine the effects of varying

different reaction parameters. Varying the reaction temperature, solvent,

monomer concentration, and monomer/oxidant ratio can affect reaction yields as

well as polymer regioregularity, molecular weight, and polydispersity index

(summarized in Table 3).41.55.77.78.80,83.92.93 | gwer reaction temperatures improves

the polydispersity index at the cost of a slight reduction in yield.”® Polymers

prepared in better solvents tend to have higher molecular weight and improved

regioregularity.”® Reducing the ratio of oxidant to monomer sharply decreases

yields, and at sub-stoichiometric amounts molecular weight is severely

impacted.4!

Table 3. Chemical oxidative polymerization reaction parameters and their effects.

Reaction
Parameter:

Effect:

Mechanism:

Reference:

Reduced
Temperature

Improved Solvent

Reduced
Monomer
Concentration

Decreased
Oxidant/Monomer
Ratio

Improvement of  and
regioregularity with
slight decrease in yield.

Increased molecular
weight and improved
regioregularity.

Increased molecular
weight and improved
regioregularity.

Yields are severely
decreased, molecular
weight sharply
decreases (sub-
stoichiometric ratio).

Suppression of active
(oxidized) monomers in
favor of
dimers/oligomers.

Improved solvation of
polymer.

Suppression of
dimer/oligomer
couplings and improved
solvation of polymer.

Overall reduction in
amount of oxidized
species present.

55,78

78

55

a1
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With this information, we propose the more thorough oxidative
polymerization mechanism shown in Figure 22. The first step involves oxidation
of monomer to give a radical cation. This radical cation can couple with either
neutral monomer or another monomer radical cation (Figure 22 a and b,
respectively). In the case of the former, the resulting radical cation dimer gets
oxidized to give a dicationic dimer; in the case of the latter a dicationic dimer is
formed directly. The dicationic dimer loses two protons and regains
aromaticity.*41.7>78 The dimer is oxidized, then depending on reaction conditions,
grows through monomer-chain, or chain-chain couplings to give an oxidized
polymer of varying regioregularity.>® The oxidized polymer can then be reduced
to yield the neutral polymer. The idealized regiochemistry depicted in the
extended COP mechanism (Figure 22) is based on the calculated coefficients of
the highest occupied molecular orbital (HOMO) of the 2 and 5 position.””:’® The
figure serves to illustrate how the reaction conditions influence the prevalence of
different possible couplings which ultimately affect the polymer’s regioregularity
(secondary structure) though it is not an exhaustive representation of every

possibility.
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Figure 22. Extended COP mechanism illustrating the impact of reaction
conditions on polymer regioregularity. The idealized regiochemistry shown is
based on calculated coefficients of the HOMO at the 2 and 5 positions.
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1.8.1.3 Order of Addition

Among the many studies on the oxidative polymerization reaction, the
order of addition of reagents is rarely considered. The reaction can be performed
under what we term “standard addition” or “reverse addition” conditions (Figure
23). Under standard conditions, the oxidant is added to the monomer. Under
reverse conditions, the opposite occurs. The original publication by Sugimoto et
al.’® describes polymerization of 3-hexylthiophene under reverse addition

conditions, and the bulk of other studies are carried out in this

fashion 26,32,87,88,94,41,55,78-81,83,85

Oxidant Monomer
Monomer XI—> Polymer <«———— Oxidant

Standard Addition Reverse Addition

Figure 23. Differences between standard and reverse addition in chemical
oxidative polymerization.

There are relatively few papers describing the reaction under standard
addition conditions.”>849 This could be due in part to the poor solubility of FeCls
in chloroform, which typically makes it more convenient to add a monomer
solution to a flask containing a catalyst suspension than vice versa. Creating a
oxidant suspension that is suitable for use over an extended period (e.g. slow
addition over several minutes) typically requires extensive sonication.*183 An
alternative is to simply perform the reaction in a good solvent for the oxidant.
However, the polar solvents which FeCls is soluble in are typically poor solvents

for alkyl-substituted polythiophenes, which can lead to significantly decreased
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molecular weights.?6:8 This guided us to explore other approaches that kept the
convenience of working with an oxidant solution without significantly impacting
the solubility and thus the molecular weight of the polymer. The standard addition
approach described herein involves the use of a minimal amount of acetonitrile to
dissolve the FeCls to give a solution which is then added to a solution of

monomer in a good solvent (CHCIs or chlorobenzene).

1.8.2 Grignard Metathesis Polymerization

Transition metal-mediated polymerization methods such as Grignard
Metathesis (GRIM) provide a degree of synthetic control®® and regiochemical
purity4”73 that is not easily attained through electrochemical and chemical
oxidative polymerization methods. These qualities make GRIM an invaluable tool
for the synthesis of conjugated polymers with well-defined structures. In the
context of polythiophene synthesis, GRIM polymerization is a flexible and well-

established method.

1.8.2.1 Background

GRIM polymerization (Scheme 3), also known as Kumada catalyst
transfer polymerization, was first reported in 1999 by Loewe, Khersonsky, and
McCullough.*® The method was developed with the goal of creating a more
industrially relevant alternative to previous Kumada type cross-coupling (Scheme
4) polymerizations of alkylthiophenes like those developed by McCullough and

Lowe.47:48
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Scheme 3. Grighard metathesis (GRIM) polymerization.

t. Ni(ll) or Pd(ll)
R+-MgX Ca\ > (RHR)

“MgXX'

Scheme 4. General Kumada cross-coupling reaction.

The GRIM method is advantageous in that in can be done at ambient
temperatures or at reflux, in contrast to the cryogenic temperatures required by
earlier Grignard-type methods. Generally, GRIM polymerization involves treating
a dihalogenated monomer with 1 equivalent of alkyl or vinyl Grignard reagent
(typically methylmagnesium bromide) at ambient temperature or at reflux. The
resulting monometalated monomer is polymerized by addition of a nickel catalyst,
typically NiClz(dppp) (dppp = 1,3-bis(diphenylphosphino)propane).

With the GRIM method, polymer molecular weight can be controlled by
altering reaction time and catalyst loading.®” The method is scalable to large
scales and, in the case of P3HT, produces polymers with high regioregularity.*®
Because it is a transition metal-mediated reaction, highly purified monomers are
needed to attain high molecular weights as impurities introduce chain-terminating

groups. It is also notable that there is significant mass loss through the reaction
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because the two bromine atoms in the monomer account for a significant portion

of its mass.

1.8.2.2 Mechanism

After the initial formation of a tail-to-tail (TT) dimer, the reaction follows a
classic oxidative addition, transmetalation, reductive elimination catalytic
mechanism (Figure 24). When applied to thiophene monomers or other small
electron-rich heterocycles, the reaction displays “quasi-living” chain-growth
polymerization kinetics.’-%° Chain-growth refers to polymerization that occurs by
consecutive addition of monomers to the end of an active chain, as opposed to
homogenous polymer growth throughout the reaction matrix (step-growth
polymerization). Living polymerizations are those which continue indefinitely as
long as monomer is supplied, or in other words, the polymer chain ends remain

active until the reaction is terminated.
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Figure 24. Grignard metathesis mechanism.

During GRIM polymerization, the growing polymer chains and catalyst

remain closely associated throughout the reaction due to the strongly stabilizing
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effect of the monomer 1 bonds on the Ni® intermediate.'°° Chains terminated with
NiBr(dppp) moieties (Figure 25) are subject to further polymerization if additional
metalated monomer is added.®” Other monomers such as phenylene derivatives
which are unable to facilitate such strong chain-catalyst interactions instead
display step-growth polymerization kinetics due to dissociation of the catalyst

from the growing chain.1®

Ph\
S Intramolecular S .
—Br Php, Oxidative Addition Ni~pZ
\ S/ A > \ // B \LPn
lu....‘:’ .~P Ph
)
R /I'D R
Ph
Ph
Ni°-chain 7 complex Ni"-terminated chain

Figure 25. Living chain terminations.

1.9 Motivation for Research

Polythiophenes and other conjugated polymers are promising materials for
new generations of flexible organic electronic devices. For the applications of
conjugated polymers to be fully realized, we must possess a detailed and broad
understanding of the interconnection between monomer design, polymerization
conditions, and polymer properties. An important endeavor in conjugated
polymer research is to develop synthetic methodologies that produce high
molecular weight polymers, as their properties are often enhanced over shorter
chains and oligomers. Though many methods to produce polythiophenes have

been described, research to expand the scope of their synthetic utility is still of
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much interest. This is particularly pertinent in the context of the large scale and

commercial application of polythiophenes and other conjugated polymers.

1.10 Thesis of This Work

Ether-substituted thiophene monomers were synthesized and polymerized
under various reaction conditions via oxidative and non-oxidative approaches.
For comparison, the prototypical soluble polythiophene poly(3-hexylthiophene)
was also synthesized under various conditions. The polymers were characterized
by gel permeation chromatography in order to determine the impact of the
different synthetic approaches on the polymer’s molecular weight and degree of

polymerization.
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2. MONOMER SYNTHESIS

2.1 Introduction

To explore the effects of various synthetic approaches on the molecular
weight of ether-substituted polythiophenes, monomers 2-dodecyl-2H,3H-
thieno[3,4-b][1,4]dioxine (EDOT-C12), 3,4-bis(hexyloxy)thiophene (3,4-DHOT),
and 5,7-dibromo-2-dodecyl-2H,3H-thieno[3,4-b][1,4]dioxine (Br.EDOT-C12) were
synthesized (Figure 26). As discussed in section 1.4.2, ether-substituted
thiophenes present many advantages over 3-hexylthiophene, a prototypical
thiophene monomer. The dodecyl (EDOT-C12 and Br.EDOT-C12) and hexyl
(3,4-DHOT) alkyl substituents were chosen as they allow the corresponding
polymers to be soluble in common organic solvents. Monomers EDOT-C12 and
3,4-DHOT were prepared for use in chemical oxidative polymerization, and
BrEDOT-C12 was prepared for use in transition metal-mediated Grignard

Metathesis polymerization.
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Figure 26. Structures, names, and abbreviations of the monomers synthesized.

2.2 Experimental

2.2.1 Materials

NBS (99%, Alfa Aesar) was recrystallized from water according to a
literature procedure.'®! p-Toluenesulfonic acid monohydrate (99%) was
purchased from Acros and used as received, provided it was sufficiently dry (the
material is very hygroscopic). In some instances, ‘wet’ p-toluenesulfonic acid was
dried by heating it to its melting point under rotary evaporator vacuum for 30-45
min. Molecular sieves (4 A) were activated by first drying at 200 °C under
vacuum in a vacuum-oven for 24 h, then quickly transferred to a Schlenk flask
and flame-dried under high vacuum several times. The sieves were kept under
high vacuum for 6 h before use. The following chemicals were all used as
received: 1,2-tetradecanediol (90% technical grade), toluene (99.8%,
anhydrous), and 1-hexanol (299%, anhydrous) purchased from Sigma, 3,4-
dimethoxythiophene (97%) purchased from Ark Pharm Inc, acetic acid (99.7%

ACS) purchased from EMD, chloroform (ACS grade) purchased from Avantor.
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2.2.2 Methods

Structural characterization of the monomers was performed using nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry. 'H and 3C
NMR spectra were collected using a Bruker Avance 400 MHz NMR spectrometer
with deuterochloroform as the solvent. *H spectra were collected over 32 scans,
and 3C spectra were collected over 128 scans. Atmospheric-pressure chemical
ionization mass spectra were collected using a Thermo-Scientific Velos Pro mass
spectrometer equipped with a dual linear ion trap operating in positive mode.
Monomer solutions for mass analysis were prepared in 1:1 v/iv
methanol/dichloromethane and diluted with additional 1:1 v/v

methanol/dichloromethane to a concentration of ~20 uM by serial dilution.

2.2.3 Synthesis

2.2.3.1 2-Dodecyl-2H,3H-thieno[3,4-b][1,4]dioxine (EDOT-C12) (Scheme 5)

S HO  OH C
5\ /Z - S—Z
CqioHys  toluene, reflux

4 A molecular sieves
48 h, Ar C12H25

EDOT-C12

Scheme 5. Synthesis of EDOT-C12.

All glassware was dried in an oven overnight prior to use. A 1 L three-
necked round bottom flask was outfitted with magnetic stir bar, Soxhlet extractor
charged with activated 4 A molecular sieves, and high efficiency condenser. 1,2-

Tetradecanediol (17.594 g, 76.37 mmol) and p-toluenesulfonic acid (1.334 g,
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7.01 mmol) were added against a positive pressure of argon. Toluene (400 mL)
was added, and the flask was sealed with a rubber septum. Stirring was initiated,
and the flask was heated to 60 °C. After approximately 15 min when all solids
had dissolved, the septum was removed and 3,4-dimethoxythiophene (9.998 g,
69.27 mmol) (DMT) was added against a positive pressure of argon. The flask
was resealed, and the mixture was refluxed at 120 °C for 48 h under argon. The
colorless reaction mixture slowly darkened to dark brown over several hours after
addition of the DMT. After this period, the mixture was cooled to room
temperature, poured into a 1 L separatory funnel, and washed four times with
deionized water (ca. 200 mL each). The organic fraction was collected, dried
over anhydrous MgSOs, and filtered. The filtrate was concentrated under
reduced pressure to give the crude product as a dark brown oil. The crude
product was purified by filtration through silica gel with hexanes followed by
removing the solvent under reduced pressure. The resultant yellow solid was
recrystallized from diethyl ether at -78 °C to give 6.02 g (28%) product as a
slightly yellow powder. *H NMR (400 MHz, CDCIls) &: 6.30 (s, 2H), 4.14 (dd, J =
2.1 Hz, 1H), 4.10 (m, 1H), 3.86 (dd, J = 7.9 Hz, 1H), 1.27 (m, 22H), 0.89 (t, 3H).

[Lit.: 6.30 (s, 2H), 4.12 (m, 2H), 3.86 (m, 1H), 1.40 (m, 22H), 0.88 (t, 3H)]*
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2.2.3.2 3,4-Bis(hexyloxy)thiophene (3,4-DHOT) (Scheme 6)

—O0 o— toluene, reflux
4 A molecular sieves
36 h, Ar

3,4-DHOT

Scheme 6. Synthesis of 3,4-DHOT.

To a three-necked round bottom flask outfitted with Soxhlet extractor
charged with activated 4 A molecular sieves, high efficiency condenser, and
magnetic stir bar was added toluene (100 mL). p-Toluenesulfonic acid (0.396 g,
20.81 mmol) was added to the flask, and stirring was initiated. The flask was
sealed and heated to 60 °C under argon. After stirring for 5-10 min at that
temperature, n-hexanol (5.78 mL, 46.39 mmol) was added via syringe. After an
additional 5 min, 3,4-dimethoxythiophene (2.998 g, 20.80 mmol) in 5 mL toluene
was added slowly via syringe. The mixture was heated to 130 °C and stirred for
36 h under argon. The mixture was cooled to room temperature and transferred
to a 500 mL separatory funnel. The crude reaction mixture was washed three
times with water (60 mL each), once with saturated aqueous NaHCOs3 (60 mL),
and once again with water (60 mL). The organic layer was dried over anhydrous
MgSOa, filtered, and the solvents removed under reduced pressure to give the
crude product as a brown oil. The crude product was purified by short-path

distillation. Yield 4.51 g (76.2%) as light-yellow oil. *H NMR (400 MHz, CDCIs) &:
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6.16 (s, 2H), 3.98 (t, 2H), 1.81 (p, 2H), 1.44 (p, 2H), 1.33 (sx, 2H), 0.90 (t, 3H).

[Lit.: 6.15 (s, 2H), 3.98 (t, 4H), 1.81 (m, 4H), 1.35 - 1.43 (m, 12H), 0.97 (t, 6H)]°2

2.2.3.3 5,7-Dibromo-2-dodecyl-2H,3H-thieno[3,4-b][1,4]dioxine (Br:EDOT-C12)

(Scheme 7)

S Br S Br
o 0 > o 0
CHCl5:HOAC (1:1)
rt, 1.5 h, Ar
C1oHas C12H2s
EDOT-C12 Br,EDOT-C12

Scheme 7. Synthesis of Br.EDOT-C12.

EDOT-C12 (0.9924 g, 3.2 mmol) was added to a three-necked round
bottom flask containing chloroform (25 mL) and glacial acetic acid (HOAc, 25 mL)
under argon. NBS (1.263 g, 7.1 mmol) was added slowly in portions over 10 min
against a positive pressure of argon. The reaction mixture quickly changed to a
vivid blue color, which deepened in color with further addition of NBS. The
reaction mixture was protected from light and stirred for 1.5 h at room
temperature. The reaction mixture was transferred to a separatory funnel and
washed with portions of saturated aqueous NaHCOs (ca. 50 mL) until neutral,
then with water (ca. 50 mL). The organic fraction was collected, dried over
anhydrous MgSOa, and filtered. The solvent was removed under reduced
pressure to give the crude product as a greenish oil. The crude product was
purified by filtration through a silica gel plug using pentane:toluene (95:5) as the

eluent. The solvent was removed under reduced pressure to give 0.944 g
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(62.5%) product as a colorless oil. *H NMR (400 MHZ, CDCls) &: 4.23 (dd, J =
2.2 Hz, 1H), 4.14 (m, 1H), 3.90 (dd, J = 7.8 Hz, 1H), 1.27 (m, 22H), 0.88 (t, 3H).
13C NMR (400 MHz, CDCIs) &: 139.83, 85.28, 77.16, 74.68, 68.76, 32.07, 30.46,

29.80, 29.75, 29.68, 29.55, 29.51, 29.49, 25.09, 22.84, 14.26.

2.3 Results and Discussion

2.3.1 Transetherification Reaction

Ether-substituted thiophene monomers EDOT-C12 and 3,4-DHOT were
synthesized via an acid-catalyzed transetherification reaction between 3,4-
dimethoxythiophene and the corresponding alcohol (Scheme 8).193-106 A Soxhlet
extractor containing activated 4 A molecular sieves was used to capture the
methanol generated, driving the equilibrium toward formation of products.

O

O

S cat. (I)I S

\ / + 2 R—OH > \ /
toluene, reflux

MeO OMe 4 A molecular sieves R—0O O—R

Scheme 8. General transetherification reaction.

EDOT-C12 was synthesized in 28% yield and was characterized using *H
NMR spectroscopy and mass spectrometry. The proton spectrum for EDOT-C12
is shown in Figure 27 and corroborates previously published data.3® EDOT-C12
contains one chiral center located at the carbon bound to the dodecyl chain. The
chiral center gives rise to the characteristic splitting of the peaks labelled b, c,

and d, that are common to singly-substituted EDOTs. Protons b and c are
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diastereotopic, meaning that substituting either hydrogen was with a different
group not already contained in the molecule would create a pair of diastereomers
(non-mirror image stereoisomers). For this reason, protons b and c are
chemically nonequivalent, which is evidenced by the presence of two separate
resonances in the proton spectrum. The presence of the characteristic peaks b,
c, and d, and the resonance corresponding to thienyl protons a give strong

support that the product was synthesized successfully.
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Figure 27. *H NMR spectrum of EDOT-C12 in CDCls. The peak labelled *
corresponds to cyclohexane.

The mass spectrum for EDOT-C12 is shown in Figure 28. The base peak

at m/z 311.167 corresponds to the protonated molecular ion [M+H]*. The isotopic
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distribution agrees with expected values and gives strong support that the

desired product was synthesized.

3 100% - S [M+H]* —311.167, 100.00%
S 80%| Q\ {
= i o ©
o \—
E 60% _ CioHas
f, 40% | Exact mass: 310.196652 u
2 I
5 o0l —312.167, 20.14%
o : u-f313.167, 7.19%
00/0 M | M | " . | . s
200 250 300 350 400
m/z

Figure 28. Mass spectrum of EDOT-C12.

3,4-DHOT was synthesized in 76% yield and characterized using *H NMR
spectroscopy (Figure 29). The proton spectrum is in agreement with previously
published spectra.'®? Successful synthesis of the desired product is indicated by
the presence of the singlet at 6.16 ppm, corresponding to the thienyl protons
labelled a, and the lack of a peak at 3.86 ppm belonging to the protons in the

methoxy groups in the 3,4-dimethoxythiophene starting material.
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Figure 29. 'H NMR spectrum of 3,4-DHOT in CDCls. The peak labelled **’
corresponds to cyclohexane.

Overall, there is a surprising lack of literature examining the
transetherification reaction in depth. The reaction is presumed to occur through
an equilibrium Sn2 mechanism (Figure 30), with the committing steps being the
loss of methanol and its subsequent removal from the reaction mixture. Reported
yields of this reaction vary widely, though low yields (sub-50%) are commonly
reported.195-10° We suggest this is due partly to toluene being a poor solvent for
polar (cationic) reaction mechanisms of this type, and due to the equilibrium
nature of the reaction. Additionally, a number of undesirable side-reactions are
possible under the conditions employed (acid, heat) which may also contribute

too, for example: etherification of alcohol precursors, dehydration of alcohol
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precursors to alkenes, and acid-catalyzed oligomerization of thiophenes.'° To
support this, it was observed experimentally that the reaction mixture is highly
fluorescent under long-wave UV irradiation, indicating the presence of highly

conjugated species (e.g. thiophene oligomers).
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Figure 30. Proposed transetherification mechanism.
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Beyond the initial patent, there has been little innovation or optimization of
the reaction conditions. Through multiple syntheses of EDOT-C12 and 3,4-
DHOT, we determined two parameters that were key to a successful synthesis.
Firstly, if a Soxhlet extractor with sieves is used to sequester methanol, it is
important to choose a size that is appropriate for the scale of the reaction. We
found that it was more beneficial to yield and purity to use a smaller Soxhlet
extractor that can siphon rapidly (every 10-15 minutes) as opposed to a larger
one that siphons more slowly. This helps to ensure methanol is removed quickly
and prevents the volume of solvent in the reaction flask from becoming too low

such that the solubility of the reagents is significantly affected.

2.3.2 Bromination of EDOT-C12

The doubly brominated derivative of EDOT-C12 was synthesized
according to the procedure described by McCullough et al. (Scheme 9).”® EDOT-
C12 was reacted with a slight excess (2.2 molar equivalents) of N-
bromosuccinimide (NBS) in CHCls/acetic acid (HOAc) (1:1 v/v) at room

temperature under argon.

S 2.2 eq NBS _ Br S Br
Q 1:1 CHCI3/HOAC U
R rt1.5h R

Scheme 9. General bromination reaction.

The bromination reaction is an example of an electrophilic aromatic
substitution (EAS) reaction, where an aromatic ring attacks an electrophile

leading to substitution of a group on the aromatic ring. In the bromination reaction
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employed for this thesis, NBS provides the electrophilic species, and the
thiophene ring is the aromatic substrate. Heterolytic cleavage of the N-Br bond in
NBS gives the resonance stabilized succinimide anion and the electrophilic
bromonium (Br*) ion (Figure 31). The thiophene 1-bonds attack the bromonium
ion, resulting in a thiophenium intermediate. Loss of a proton reestablishes
aromaticity and gives the brominated product. If one equivalent of NBS is used,
the reaction stops here, otherwise if two equivalents are used the same process

repeats on the other side of the thiophene ring.

O 0] S H S
Br
S G & BN 0
O O O O
5 5 \__/ \__/
l -H+
Br S/ Br Br \S/
\
S -
@) @] O (@]
\_/ \/
Figure 31. Reaction mechanism for the NBS bromination of thiophenes.

The dibromo derivative of EDOT-C12, BrzEDOT-C12, was synthesized in
63% yield. The structure was characterized using *H and **C NMR spectroscopy
and mass spectrometry. The proton spectrum for the monomer is shown in
Figure 32. The absence of thienyl proton resonances (6.16 ppm in EDOT-C12)

indicates substitution at those positions was successful.
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Figure 32. H NMR spectrum for Br2EDOT-C12 in CDCls.

The 13C NMR spectrum for Br.EDOT-C12 is shown in Figure 33. The
spectrum resembles that of the precursor compound EDOT-C12,33111 however
the resonances corresponding to the thienyl carbons have shifted upfield slightly.
In the precursor compound, the carbon atoms labelled a adjacent to sulfur atom
resonate at 142 ppm,3311! in BREDOT-C12 these peaks are shifted upfield by 3
ppm to 139 ppm. The resonances corresponding to the peaks labelled b appear
at 99 ppm in the precursor compound and are shifted upfield by 14 ppm to 85
ppm in the spectrum for Br.EDOT-C12. The upfield shift of these resonances is
due to an increase in magnetic shielding at these carbons as a result of spin-orbit

coupling interactions between the carbon and bromine atoms. 112113
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Figure 33. 13C NMR spectrum for Br.EDOT-C12 in CDCls.

The mass spectrum for BrzEDOT-C12 is shown in Figure 34. The peak at
m/z 467.084 corresponds to the protonated molecular ion [M+H]*. The 1:2:1
relationship between the peaks at m/z 467, 469, and 471 are characteristic of a
molecule containing two bromine atoms, giving strong evidence the product was
successfully synthesized. It is unclear if the peak at m/z 403.084 is a singly
brominated impurity or the result of fragmentation of Br.EDOT-C12 inside the

mass spectrometer.
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Figure 34. Mass spectrum for Br.EDOT-C12.

2.4 Attempted Syntheses

2.4.1 Synthesis of a Polyether-substituted ProDOT

In addition to the monomers described above, the synthesis of a
polyether-substituted ProDOT monomer, ProDOT-OG: (Scheme 10) was
attempted. A nucleophilic Sn2 substitution of the bromine atoms in ProDOT-
(CH2Br)2 (Scheme 10) by lithium 2-(2-ethoxyethoxy)ethanolate was attempted,
although unsuccessfully. In all cases, negligible substitution was observed
according to 'H NMR spectroscopy. Failure to synthesize the desired product

was likely due to failure to maintain anhydrous conditions.
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Scheme 10. Attempted synthesis of ProDOT-OGz, a polyether-substituted
thiophene monomer.

2.4.2 Symmetrical a-Diketones as Precursors to Vicinal Diols

Many efforts were made to prepare commercially unavailable symmetrical
vicinal diols for use in the transetherification reaction with the intention of
synthesizing novel di-substituted EDOT monomers. Retrosynthetic analysis of
the desired compounds prompted us to consider a route involving the analogous
a-diketones, which can reduced in one step!* to the corresponding vicinal diol.
Two approaches were attempted, based on the methods described by Babudri et
al.**> and Scheiper et al.''® (Figure 35). The method described by Babudri et al.,
which details the coupling of aliphatic Grignard reagents with oxalyl chloride in
the presence of copper(l) bromide and lithium bromide was attempted first. Our
attempts to prepare 13,14-hexacoseanedione (Figure 35a) via the coupling of
oxalyl chloride and two equivalents of n-dodecylmagnesium bromide using this

method were unsuccessful, possibly due to a failure to sufficiently purify the
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starting materials. A procedure adapted from Scheiper et al. was attempted next.
The mentioned authors’ work describes the coupling of diacyl chlorides with
aliphatic Grignard reagents in the presence of an organometallic iron catalyst,
Fe(acac)s (acac = acetylacetonato). While the authors did not report the use of
oxalyl chloride as a substrate, we attempted to couple oxalyl chloride with two
equivalents of n-hexylmagnesium bromide in the presence of Fe(acac)s (Figure
35b). Synthesis of the desired compound, 7,8-tetradecanedione was
unsuccessful. The reason for the failure of this reaction is unclear, however
oxalyl chloride often exhibits different reactivity than other acyl chlorides which

may make it an unsuitable substrate for this reaction.!’
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Babudri et al. Tetrahedron Lett., 1995, 36, 7305-7308.

N ,°  2[RMgBrCuBr2LiBr]
>\ z THF, -78 °C >
Cl Cl . R R

Scheiper et al. J. Org. Chem., 2004, 69, 3943-3949.
0] O 0] 0]

)LM»U\ 2RMgBr, cat. Fe(acac)g,> M
Cl . Cl THF, -78 °C R 5 R

Attempted Methods:

a o 0 2[RMgBr+CuBr+2LiBr] 0\5 2Or

j z THF, -78 °C >
of Cl ' R R

R = dodecyl
b) 0] 0O O (0]
2RMgBr, cat. Fe(acac);
»
5 I< THF, -78 °C

Cl Cl R R
R = hexyl

Figure 35. Attempted syntheses of a-diketones inspired from previously
published methods.
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3. POLYMERIZATIONS

3.1 Introduction

In this chapter, we examine the chemical oxidative polymerization method
and the impact of order of addition of reagents and other parameters on the
degree of polymerization of ether-substituted polythiophene derivatives PEDOT-
C12 and PDHOT (Figure 36). To compare the utility of the GRIM polymerization
method to that of the chemical oxidative polymerization method for producing
high molecular weight ether-substituted polythiophenes, the dibromo derivative of
EDOT-C12 was polymerized via GRIM. In addition, P3HT was polymerized under
analogous oxidative and non-oxidative methods to serve as a model case. The

molecular weights of the polymers were characterized by GPC.

S S S
\ N/ \ N/ \N/A
o o o o CeHia
CeH1z CeHis
C12H2s
PEDOT-C12 PDHOT P3HT

Figure 36. Structures of the polymers synthesized. All three polymers were
synthesized using chemical oxidative polymerization. PEDOT-C12 and P3HT
were also synthesized using Grignard Metathesis polymerization.

3.2 Experimental

3.2.1 Materials
Glassware was dried in an oven prior to use unless noted otherwise.
Molecular sieves (4 A) were activated by first drying at 200 °C under vacuum in a

vacuum-oven for 24 h, then quickly transferred to a Schlenk flask and flame-dried
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under high vacuum several times. The sieves were kept under high vacuum for 6
h before use. Chloroform (ACS grade) purchased from Avantor and
chlorobenzene (99%) purchased from Alfa Aesar were protected from light and
dried over activated 4 A molecular sieves and used rapidly. Basified chloroform
was prepared by shaking repeatedly with portions of saturated aqueous NaHCO3
solution until the washings were basic to pH paper. The chloroform was dried
over anhydrous MgSOa4 and filtered, then used immediately for GPC sample
preparation. The following chemicals were used as received: anhydrous FeCls
(98%) purchased from Alfa Aesar, anhydrous hydrazine (98%) purchased from
Sigma, methanol (HPLC grade) purchased from JT Baker, acetonitrile (99.9%+)
purchased from Acros, 3-hexylthiophene (>98%) and 2,5-dibromo-3-
hexylthiophene (297%) purchased from TCI, methylmagnesium bromide (3.0 M
in diethyl ether) purchased from Sigma, tetrahydrofuran (anhydrous, 299.9%)
purchased from Millipore, NiClz(dppp) (99%) purchased from Acros, iron(lll)

perchlorate hydrate (reagent grade) purchased from Alfa Aesar.

3.2.2 Methods

GPC Sample Preparation: A small sample of polymer was weighed into a
50 mL scintillation vial and diluted to a concentration between 0.1-0.25 mg/mL
with freshly basified chloroform under argon. Chloroform readily decomposes on
exposure to airt*® and light*'® to form phosgene and HCI. Care must be taken to
eliminate these as they can dope the neutral polymers to the oxidized (quinoidal)
state, reducing their solubility. The sample was left undisturbed for 24 h at room

temperature in the dark (stirring causes much of the polymer to adhere to the
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walls of the vial). After this period, the sample were gently shaken for a few
minutes. Immediately before analysis, a small aliquot (~1 mL) of the sample was
filtered through a 0.2 um PTFE syringe filter into a clean and dry vial. The filtered
aliquot was then used for analysis.

GPC Molecular Weight Characterization: Molecular weight
characterization was performed using a Viscotek gel-permeation
chromatographic system with dual light-scattering detector (Viscotek 270 Dual
Detector). Samples (100 uL) were injected through a VE 1122 solvent delivery
system and separated with a porous styrene divinylbenzene copolymer column
(Viscotek T3000 or LT4000L) using chloroform as an eluent at a flow rate of 1
mL/min. Molecular weights were determined relative to polystyrene standards.
The LT4000L column was calibrated with polystyrene standards with molecular
weight 1,055, 5,200, 13,000, 25,000, 50,000, 65,000, and 235,000 g/mol
(exclusion limit 400,000 g/mol). The molecular weights of the polystyrene
standards used for calibration of the T3000 column were 5,200, 13,000, 25,000,
30,000, 50,000, and 65,000 g/mol (exclusion limit 70,000 g/mol). The
polydispersity of all polymer standards used was 1.06. The calibration curves for

the GPC columns can be found in the appendix.

3.2.3 Polymerizations

3.2.3.1 Chemical Oxidative Polymerization

General Procedure — COP Reverse Addition: A typical reverse addition
polymerization procedure is as follows: anhydrous FeCls (2.3 molar equivalents)

was weighed and quickly transferred to a Schlenk flask. The flask was flushed
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with argon, and 25 mL of dry solvent (CHCIs, chlorobenzene) was added via
syringe. The oxidant suspension was stirred rapidly for 3-5 min under argon.
Monomer (0.7-1.0 mmol) was dissolved in 5 mL of dry solvent and added
dropwise to the stirred oxidant suspension via syringe. The mixture was stirred
for 24 h at room temperature, after which the polymer was precipitated by
dropwise addition of the reaction mixture into an excess (250 mL) of rapidly
stirred methanol. The polymer was collected by vacuum filtration and washed
thoroughly with methanol. The polymer was resuspended in 30 mL solvent under
argon and reduced by the addition of anhydrous hydrazine (1 molar equivalent)
via syringe. The mixture was stirred for 20-24 h at room temperature, after which
the polymer was precipitated into excess methanol and collected by filtration and
washed as above. The polymer was dried under high vacuum and stored under
argon in the dark.

PEDOT-C12 — Reverse Addition, 2.3 eq. FeCls/CsHsCl: A solution of
EDOT-C12 (0.251 g, 0.81 mmol) in chlorobenzene (5 mL) was added dropwise
to a well-stirred suspension of anhydrous FeCls (0.314 g, 1.9 mmol) in
chlorobenzene (25 mL). The reaction mixture quickly turned a dark blue color.
After precipitation and filtration, the polymer was resuspended in chlorobenzene
(25 mL) under argon and reduced by the addition of anhydrous hydrazine (0.03
mL, 0.96 mmol) via syringe. The addition of hydrazine caused a gradual color
change of the solution from blue to violet. The polymer was purified and isolated

as described above. Yield 0.1825 g (73.1%) product as a dark violet powder.
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PEDOT-C12 — Reverse Addition, 2.3 eq. Fe(ClOa4)3/CsHsCI: A solution of
EDOT-C12 (0.308 g, 1.0 mmol) in chlorobenzene (5 mL) was added dropwise to
a well-stirred suspension of Fe(ClO4)3 monohydrate (0.862 g, 2.3 mmol) in
chlorobenzene (25 mL). The reaction mixture gradually turned a dark blue color.
After precipitation and filtration, the polymer was resuspended in chlorobenzene
(25 mL) under argon and reduced by the addition of anhydrous hydrazine (0.03
mL, 0.96 mmol) via syringe. The addition of hydrazine caused a gradual color
change of the solution from blue to violet. The polymer was purified and isolated
as described above. Yield 0.117 g (38.2%) product as a dark violet powder.

PEDOT-C12 — Reverse Addition, 2.3 eq. FeCls/CHCIzs: A solution of
EDOT-C12 (0.252 g, 0.81 mmol) in chloroform (5 mL) was added dropwise to a
well-stirred suspension of anhydrous FeCls (0.326 g, 2 mmol) in chloroform (25
mL). The reaction mixture quickly turned a dark blue color. After precipitation and
filtration, the polymer was resuspended in chloroform (25 mL) under argon and
reduced by the addition of anhydrous hydrazine (0.03 mL, 0.96 mmol) via
syringe. The addition of hydrazine caused a gradual color change of the solution
from blue to violet. The polymer was purified and isolated as described above.
Yield 0.200 g (79.8%) product as a dark violet powder.

P3HT - Reverse Addition, 2.3 eq. FeCls/CsHsClI: A solution of 3-
hexylthiophene (0.25 mL, 1.4 mmol) in chlorobenzene (6 mL) was added
dropwise to a well-stirred suspension of anhydrous FeCls (0.525 g, 3.2 mmol) in

chlorobenzene (30 mL). After addition of the monomer solution, the reaction
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mixture took on a dark green color. The polymer was purified and isolated as
described above. Yield 0.893 g (64.4%) product as a dark red powder.

PDHOT - Reverse Addition, 2.3 eq. FeCls/CsHsCl: A solution of 3,4-
DHOT (0.21989 g, 0.25 mL, 0.77 mmol) in chlorobenzene (6 mL) was added
dropwise to a well-stirred suspension of anhydrous FeCls (0.295 g, 1.8 mmol) in
chlorobenzene (30 mL). After addition of the monomer solution, the reaction
mixture took on a dark greenish/blue color. The polymer was purified and
isolated as described above. Yield 0.0924 g (42.3%) product as a blood red
powder.

General Procedure — COP Standard Addition: A typical standard
addition procedure is as follows: anhydrous FeCls (2.3 molar equivalents) was
quickly weighed into a dry 20 mL scintillation vial and sealed with a septum cap.
The vial was purged with argon and 5 mL ACN was added via syringe to give a
dark red solution. The FeCls:ACN solution was added dropwise to a well-stirred
solution of monomer (0.7-1.0 mmol) dissolved in 30 mL dry solvent (CHCls,
CeHsCl) under argon. The mixture was stirred for 24 h at room temperature. The
polymer was precipitated, reduced, and isolated as described in the reverse
addition procedure.

PEDOT-C12 - Standard Addition, 2.3 eq. FeCls: A solution of anhydrous
FeCls3 (0.31176 g, 1.9 mmol) in acetonitrile (5 mL) was added dropwise to a well-
stirred solution of EDOT-C12 (0.2527 g, 0.81 mmol) in chlorobenzene (30 mL)
under argon. Over the course of the addition, the mixture slowly darkened to a

deep green color. After precipitation and filtration, the polymer was resuspended
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in 24 mL chlorobenzene and anhydrous hydrazine 0.04 mL, 1.3 mmol) was
added, which induced a color change from dark blue to violet. The mixture was
stirred for 24 h and purified and isolated as described above. Yield 0.0647 g
(25.8%) product as dark purple powder.

PEDOT-C12 - Standard Addition, 4 eq. FeCls: A solution of anhydrous
FeCls (0.4345 g, 2.7 mmol) in acetonitrile (5 mL) was added dropwise to a well-
stirred solution of EDOT-C12 (0.2023 g, 0.65 mmol) in chlorobenzene (30 mL)
under argon. Over the course of the addition, the mixture slowly darkened to a
deep green color. After precipitation and filtration, the polymer was resuspended
in 40 mL chlorobenzene and anhydrous hydrazine (0.04 mL) was added, which
induced a color change from dark blue to violet. The mixture was stirred for 24 h
and purified and isolated as described above. Yield 0.1163 g (26.9%) product as
dark purple powder.

P3HT — Standard Addition, 2.3 eq. FeCls: A solution of anhydrous FeCls
(0.521 g, 3.2 mmol) in acetonitrile (5 mL) was added dropwise to a well-stirred
solution of P3HT (0.25 mL, 1.4 mmol) in chlorobenzene (30 mL) under argon.
Over the course of the addition, the mixture slowly darkened to a dark green
color. After precipitation and filtration, the polymer was resuspended in 40 mL
chlorobenzene and anhydrous hydrazine (0.04 mL) was added, which induced a
color change from dark blue to violet. The mixture was stirred for 24 h and
purified and isolated as described above. Yield 0.604 g (43.6%) product as a

dark red powder.
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PDHOT - Standard Addition, 2.3 eq. FeCls: A solution of anhydrous
FeCls (0.32973 g, 2 mmol) in acetonitrile (5 mL) was added dropwise to a well-
stirred solution of 3,4-DHOT (0.251 g, 0.285 mL, 0.88 mmol) in chlorobenzene
(30 mL) under argon. The mixture quickly took on a reddish color which darkened
to violet before ultimately changing to a deep green. After precipitation and
filtration, the polymer was resuspended in 35 mL chlorobenzene and anhydrous
hydrazine (0.03 mL) was added (Note: methanol alone was sufficient to reduce
this polymer as evidenced by the change to a red color during the precipitation
step). The mixture was stirred for 24 h. Attempts to isolate the de-doped polymer
by precipitation directly from the reaction mixture failed. Instead, the polymer was
isolated by removal of all solvents under reduced pressure. Yield 0.1945 g
(78.1%) dark oily product.

PDHOT - Standard Addition, 4 eq. FeCls: A solution of anhydrous FeCls
(0.4666 g, 2.9 mmol) in acetonitrile (5 mL) was added dropwise to a well-stirred
solution of 3,4-DHOT (0.205 g, 0.72 mmol) in chlorobenzene (30 mL) under
argon. The mixture quickly took on a reddish color which darkened to a deep
green color. The polymer was precipitated by dropwise addition of the reaction
mixture into an excess of methanol (250 mL) at -78 °C. After filtration, the
polymer was resuspended in 35 mL chlorobenzene and anhydrous hydrazine
(0.03 mL) was added (Note: methanol alone was sufficient to reduce this polymer
as evidenced by the change to a red color during the precipitation step). The
mixture was stirred for 24 h and purified and isolated as described above. Yield

0.0218 g (10.7%) product as a blood red powder.
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3.2.3.2 Grignard Metathesis Polymerization

PEDOT-C12: Br.EDOT-C12 (0.8059 g, 1.72 mmol) was added to a dry
Schlenk flask. The flask containing the monomer was evacuated under high-
vacuum for approximately 1 h to remove moisture. THF (10 mL, freshly distilled
from Na/benzophenone ketyl) was added via argon-purged syringe. To the
stirred monomer solution was added methylmagnesium bromide (0.58 mL, 3 M in
diethyl ether) dropwise via syringe, and the mixture was stirred at room
temperature for 1.5 h. The metalated monomer solution was transferred dropwise
via canula to a dry flask containing NiClz(dppp) (0.01354 g, 25 umol).
Immediately the solution darkened to a purple color, and polymer began to
precipitate. The mixture was refluxed overnight. The polymer was precipitated
into methanol (100 mL) and collected by filtration in near quantitative yield
(0.58935 g). The metallic purple polymer was dried under high vacuum and
stored under argon in the dark.

P3HT: 2,5-dibromo-3-hexylthiophene (0.75 mL, 3.5 mmol) followed by
THF (10 mL) was transferred to a 250 mL 3-necked round-bottom flask outfitted
with magnetic stir bar, reflux condenser, argon inlet/outlet, and rubber septum via
syringe. To the stirred monomer solution was added methylmagnesium bromide
solution (1.2 mL, 3.0 M in Et20) via argon-purged syringe. The mixture was
refluxed for 1 h. NiCl2(dppp) (0.0189 mg 34.9 umol) was added and the reaction
mixture refluxed for 2 h, during which the reaction mixture took on a red color.
After this period, the reaction mixture was cooled to room temperature and added

dropwise to rapidly stirring methanol (100 mL). The polymer was collected by
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vacuum-filtration and dried in a desiccator under high vacuum. Yield 0.308 g

(53%) polymer as a lustrous dark red solid.

3.3 Results and Discussion

3.3.1 Chemical Oxidative Polymerization

For all monomers tested, order of addition of reagents had a significant
effect on the molecular weight of the resulting polymer (Table 4). The GPC
chromatograms for the ether-substituted polythiophenes PEDOT-C12 and
PDHOT are shown in Figure 37 (chromatograms for entries 4 and 5 can be found
in the appendix). In the case of EDOT-C12 (Figure 37a), polymerization under
reverse addition conditions led to low molecular weight polymers irrespective of
the solvent (chloroform or chlorobenzene) or Fe3* oxidant (FeClz, Fe(ClOa)3)
tested (Table 4, entry 3-5). In the best case (chlorobenzene solvent and FeCls
oxidant), PEDOT-C12 with weight-average molecular weight (Mw) 2,200 g/mol
was obtained, corresponding to a heptamer. Switching from reverse to standard
addition conditions resulted in a sizeable (36-fold) increase in degree of
polymerization Xw to 256 repeat units (Mw to 79,000 g/mol, Table 4, entry 1) and
a broadening of the molecular weight distribution. Using 4 molar equivalents of
FeCls further increased Xw to 476 (Mw 147,000 g/mol, Table 4, entry 2), which is
a 68-fold increase over entry 3, and significantly narrowed the molecular weight

distribution.
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Table 4. Weight-average molecular weight Mw, weight-average degree of
polymerization Xw for polymers synthesized by FeCls-initiated chemical oxidative
polymerization under different conditions. Mw determined from right-angle light
scattering detector peak retention volume. * indicates Fe(ClO4)3 oxidant was
used.

Structure Acronym  Entry Addition Oxidant Solvent Mw Kw

1 Standard 2.3eq. CeHsCl 79,000 256

S 2 Standard 4eqg. CeHsCl 147,000 476
/e PEDOT-
o o c12 3 Reverse 2.3eq. CeHsCl 2,200 7

C1oHys 4 Reverse 2.3eq.* CgHsCl 1,400 4

5 Reverse 2.3 eq. CHCls 1,600 5

S 6 Standard 2.3eq. CeHsCl >70,000 >421
/A P3HT

CeHis 7 Reverse 23eq. CeHsCl 37,000 222

{\Q/} 8 Standard 4eq. CeHsCl 25000 88
PDHOT
(e} (e

1 1 9 Reverse 2.3 eq. CeHsCl 4,500 16
CgHyz CgHqs

The effect of order of addition was less pronounced for 3,4-dialkoxy
monomer 3,4-DHOT (Figure 37b), which increased five-fold to 88 repeat units
(25,000 g/mol) from 16 (4,500 g/mol) only after the amount of FeCls used was
increased to 4 molar equivalents (Table 4, entry 8, 9). When 2.3 molar
equivalents FeCls were used, an oily product was obtained which was highly
soluble in methanol, a nonsolvent for polymers of this type, indicating the product
was of very low molecular weight (oligomer). This oligomer product was not
characterized by GPC. For 3,4-disubstituted monomers, steric interactions

between side-groups are thought to play a role in limiting the molecular
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weight.28:53.5488 \We attribute this effect to the smaller increase in molecular
weight observed for PDHOT compared to PEDOT-C12. GPC characterization
also shows for the polymer prepared via standard addition the appearance of a
peak corresponding to Xw 205 (Mw 58,000 g/mol). This suggests that molecular
weights may be improved further if the reaction time or equivalents of oxidant are

increased.

100% |2 2200~, 79000 PEDOT-C12| 00, |P) 4500+ ,25000 PDHOT
147000

— Std. 2.3
—Std. 4
—Rev. 2.3

50% 50%

Relative Intensity (arb.units)

0% 0%

i 1l

102 10°

10* 10° 108 107 102 10° 104 10° 108 10
Molecular Weight (g/mol) Molecular Weight (g/mol)

Figure 37. GPC chromatograms for ether-substituted polymers synthesized by
FeCls-initiated chemical oxidative polymerization (right-angle light scattering
detector). Red and green traces correspond to polymers synthesized via
standard addition conditions with 2.3 and 4 molar equivalents FeCls,
respectively. Blue traces represent polymers synthesized under reverse
addition conditions. Exclusion limit: 400,000 g/mol.

Examining the GPC chromatograms for P3HT shows that both reverse
addition and standard addition samples contain three common peaks, albeit in
different relative abundance (Figure 38). FeCls-initiated oxidative polymerization
of 3-hexylthiophene under reverse addition conditions predominantly yielded

P3HT with degree of polymerization Xw 222 (Mw 37,000 g/mol), with additional
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peaks at Mw 85,000 g/mol, and Mw 740,000 g/mol, which are both beyond the
exclusion limit of the analytical column used for these samples (70,000 g/mol).
The very high molecular weight polymers (740,000 g/mol) may be crosslinked ([3-
coupled) species, which can form under strongly oxidizing (high relative
Fe3*/monomer ratio) conditions, as this leads to decreased regiochemical
selectivity polymerization.” The GPC trace for the sample prepared under
standard addition conditions shows a narrow band at the exclusion limit (Xw
2420, Mw 270,000 g/mol), with a decrease in intensity of the peak corresponding
to Xw 202 (Mw 35,000 g/mol). Additionally, a decrease in abundance of very high
molecular weight (Mw 740,000 g/mol) polymer was observed, which could

indicate a net-reduction in B-couplings.
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Figure 38. GPC chromatogram for P3HT synthesized by chemical oxidative
polymerization under different conditions (right-angle light scattering detector).
The red and blue traces correspond to entries 6 and 7 in Table 4, respectively.
Exclusion limit: 70,000 g/mol.

A possible explanation for the low molecular weight and degree of
polymerization observed for ether-substituted polythiophenes synthesized by
reverse addition COP compared to P3HT could be due their lower oxidation
potential. When the monomer is added slowly to the oxidant (reverse addition),
the relative ratio of oxidant to monomer is extremely high. For example, ifa 0.2 M
monomer solution is added dropwise (assuming 20 drops/mL) to 4 equivalents of
oxidant, the initial oxidant/monomer ratio is nearly 400:1. Under such strongly
oxidizing conditions, polythiophenes and thiophene oligomers have been
observed to undergo extensive oxidation to polycationic states,?° and also

irreversible overoxidation where electroactivity is destroyed.?! The lower
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oxidation potential of ether-substituted polythiophenes compared to P3HT should
make them more easily oxidized to these heavily oxidized states than P3HT.
Each consecutive oxidation event lowers the solubility of the polymer as it
becomes more cationic. This decrease in solubility could cause the polymers to
precipitate from the reaction mixture before they are able to achieve a high
degree of polymerization.

A comment should also be made about the yield of these reactions. In
most cases, the yields of polymers prepared by COP decreased when order of
addition was changed from reverse to standard, although degree of
polymerization increased (Table 5). When the polymers were precipitated into
methanol after the oxidation step, the filtrates of the polymers prepared under
standard addition conditions were observed to contain a larger fraction of
methanol-soluble oligomers compared to those prepared under reverse addition
conditions. This is one explanation for the decreased isolated yields of the

polymers prepared under standard conditions.

Table 5. Comparison of the yields of polymers synthesized by COP under
various standard and reverse addition conditions. The weight-average degree of
polymerization Xw is also given for each polymer.

Polymer Entry  Addition Oxidant Solvent  Yield Kw

1 Standard 2.3 eg. FeCls CeHsCl  25.8% 256

2 Standard 4 eq. FeCls CeHsCl  26.9% 476
PEDOT-C12 3 Reverse 2.3 eq. FeCls CeHsCl  73.1% 7

4 Reverse 2.3 eq. Fe(ClO4); CeHsCl  38.2% 4

5 Reverse 2.3 eg. FeCl; CHCI; 79.8% 5
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Table 5. Continued

6 Standard 2.3 eq. FeCls CeHsCl  43.6%  >421

P3HT
7 Reverse 2.3 eg. FeCl; CeHsCl  64.4% 222
8 Standard 4 eq. FeCls CsHsCl  10.7% 88
PDHOT
9 Reverse 2.3 eq. FeCls CsHsCl  42.3% 16

3.3.2 Grignard Metathesis

The GPC chromatograms for polymers prepared by GRIM polymerization
are shown in Figure 39. The degree of polymerization (Xw) of P3HT prepared by
GRIM was 210 (35,000 g/mol) which is in good agreement with previously
published data.*®*” PEDOT-C12 synthesized by GRIM achieved a much higher
Xw of 437 (135,000 g/mol), and a significant portion of the sample was over the

exclusion limit of the GPC column (2400,000 g/mol).
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Figure 39. GPC Chromatogram for P3HT and PEDOT-C12 prepared by the
GRIM method (right-angle light scattering detector). Exclusion limit: 70,000
g/mol (P3HT, orange line) 400,000 g/mol (PEDOT-C12, black line).

Contrary to the COP method, ether-substituted PEDOT-C12 was
synthesized with a high degree of polymerization and in high yields with minimal
optimization of the reaction conditions. It is notable to mention that for the GRIM
polymerization to be successful, it is crucial to ensure the monomer is highly
purified and the solvent is exceptionally dry. Polymerization attempts where
these conditions were not met resulted in severely decreased yields and
molecular weights.

As discussed in section 1.8.2.2, the more electron-rich a monomer is, the
more chain-growth polymerization kinetics are favored over step-growth

polymerization kinetics. Compared to P3HT, PEDOT-C12 is more electron-rich
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owed to donation of electron density from the ether oxygens into the thiophene
ring. This should facilitate strong polymer-catalyst interactions thereby increasing
the chain-growth nature of the reaction. This is relevant to the goal of
synthesizing high molecular weight polythiophenes because under chain-growth
kinetics, polymer molecular weight increases rapidly while monomers are
consumed slowly, as opposed to step-growth kinetics where monomers are
consumed rapidly and polymer molecular weight increases slowly until almost all

monomers are consumed.>®

3.3.3 Comparison of Methods

Using PEDOT-C12 as an example to compare the COP and GRIM
methods, we see that both approaches are capable of producing polymers with a
high degree of polymerization (Figure 40). In both GRIM, and the best case of
COP (standard addition with 4 equivalents FeCls in chlorobenzene), PEDOT-C12
with similar molecular weights were produced, both polymers containing over 400
repeat units. Comparing the GPC traces for each polymer shows that the
molecular weight distribution of PEDOT-C12 prepared by COP is much narrower
compared to the polymer prepared by GRIM. In addition, in the COP prepared
polymer there is a substantially smaller fraction of sample with molecular weight
above the exclusion limit of the GPC column (400,000 g/mol). The greater
fraction of high molecular weight PEDOT-C12 in the GRIM prepared sample
could be attributed to the polymer being grown in the neutral state as opposed to
the cationic state like in COP. The neutral polymer should have better solubility in

the reaction solvent and thus can grow to a larger size before precipitating.
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Figure 40. Comparison of GPC chromatograms of PEDOT-C12 prepared by
COP (best case: standard addition with 4 equivalents FeCls in CsHsCl) and
GRIM methods.
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4. CONCLUDING REMARKS

4.1 Monomer Synthesis

To explore the effects of different reaction conditions on the molecular
weight of ether-substituted polythiophenes prepared via an oxidative approach,
monomers EDOT-C12 and 3,4-DHOT were synthesized via an acid-catalyzed
transetherification reaction. The structures of the monomers were verified by 'H
NMR spectroscopy and mass spectrometry (EDOT-C12 only).

For comparison of a non-oxidative approach, the dibromo derivative of
EDOT-C12, Br.EDOT-C12 was synthesized by electrophilic aromatic substitution
with two equivalents of NBS. The structure of this monomer was confirmed by H

and 13C NMR spectroscopy and mass spectrometry.

4.2 Polymerizations

For ether-substituted polythiophenes (PEDOT-C12 and PDHOT)
synthesized via an oxidative approach, the common literature procedure (reverse
addition) produces polymers with low molecular weight and degree of
polymerization compared to the model system, P3HT. Due to the lower oxidation
potential of ether-substituted polythiophenes compared to P3HT, these polymers
are more susceptible to overoxidation under strongly oxidizing conditions. This
effect may be responsible for the low degree of polymerization observed for
ether-substituted polythiophene synthesized under reverse addition conditions.
Changing the order of addition to standard addition led to a significant increase in
the molecular weights and degrees of polymerization of all polythiophenes, albeit

at the cost of reduced yields.
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PEDOT-C12 synthesized via a non-oxidative GRIM approach had high
molecular weight and degree of polymerization compared to P3HT, provided the
monomer was highly purified and stringent anhydrous conditions were
maintained. The electron-rich nature of ether-substituted thiophenes compared to
alkylthiophenes facilitates strong polymer-catalyst interactions which favors
chain-growth kinetics over step-growth kinetics.

While the oxidative approach may be regarded as a more convenient
alternative to non-oxidative approaches, the sensitivity of the polymer to
overoxidation must be considered. For ether-substituted polythiophenes
synthesized via COP, significant optimization of reaction conditions was
necessary in order for high molecular weights and degrees of polymerization to
be achieved. However, minimal optimization of reaction conditions was needed
to achieve the same results for ether-substituted polymers synthesized via GRIM.
Consideration of these factors is vital for the future synthesis of high molecular

weight, electron-rich thiophene monomers.
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5. FUTURE WORK

5.1 Standard Addition Oxidative Polymerization

Future work should explore longer reaction times for the chemical
oxidative polymerization under standard addition conditions. Reaction times
should be increased to 48 hours or longer to see if yields and molecular weights
can be improved. Another approach that could yield interesting results would be
to add portions of oxidant solution to the reaction mixture multiple times over
hours or days. For example, if 4 equivalents of oxidant were to be added, adding
1 equivalent every hour for 4 hours, or adding 2 equivalents once a day for 2

days, etc.

5.2 Synthesis of Symmetrical Vicinal Diols for Novel EDOT Monomers

The transetherification reaction for the synthesis of EDOT monomers is
highly versatile, however the number of commercially available vicinal diols is
very limited. In particular, symmetrical vicinal diols are few and costly.

A possible route to symmetrical vicinal diols is via the vanadium-catalyzed
pinacol coupling of aldehydes (Scheme 11).122 By this method, inexpensive
primary aliphatic aldehydes can be coupled at the carbonyl carbon to form vicinal
diols. This route is particularly attractive compared to other di-hydroxylation
methods, which employ dangerous reagents (e.g. osmium tetroxide) or require a
symmetrical alkene starting material (which presents a problem in and of

itself).123-125
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Scheme 11. Vanadium-catalyzed pinacol coupling of aliphatic aldehydes to
vicinal diols.

Exploration of this route could open new possibilities for symmetrical alkyl-
substituted monomers. Synthesis of substituted EDOT monomers with
symmetrical diols provides the benefit of eliminating the possibility of
regiochemical defects during polymerization. Additionally, derivatization of these

monomers is simplified by removing the possibility of generating diastereomers

°L<R R
h e

when only a single functional group is added (Figure 41).

S Br
S\ /Z 1 eq. NBS

l

0) O o) 0]
R R R R

Figure 41. Derivatization of asymmetric vs. symmetric EDOT monomers.

5.3 Determination of Reqgioreqularity of PEDOTs

As discussed in section 1.5.2, the determination of the regioregularity of
P3HT is well established. The method for determining regioregularity via *H NMR

spectroscopy was outlined by Barbarella et al.*?6 when the authors synthesized
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and characterized the different possible conformational triads (HT-HT, HH-TT,
HT-HH, TT-HT) of P3HT. To the best of our knowledge, a similar study has yet to
be conducted for substituted PEDOTSs. Synthesis of the analogous substituted-
EDOT triads (Figure 42) and characterization by *H NMR spectroscopy would
give valuable insight to how regioregularity affects the chemical shifts of the
protons adjacent to the polymer backbone. The triads could be synthesized by
traditional coupling methods, such as Negishi or Stille coupling. The challenge,
however, is in selectively functionalizing the desired 2 or 5 positions, which are

chemically very similar.
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Figure 42. Four possible conformational triads in substituted PEDOTSs.
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5.4 Dehydrobrominative Polycondensation

The dehydrobrominative polycondensation (DHBP) method (Scheme 12)
is a Kumada catalyst transfer polymerization capable of producing very high
molecular weight PSHT (up to 828,000 g/mol).>* The method can be thought of
as an extension of the Kumada-type polymerizations developed by McCullough
and Lowe*"*® with the intention of improving practicality through enhanced atom
economy and catalytic efficiency. Contrary to the GRIM method, DHBP requires
only a singly brominated monomer, thereby reducing mass loss through
polymerization. Additionally, the reaction requires only mild conditions and
proceeds efficiently at room temperature. Although the air-stable Ni(NHC) (NHC
= N-heterocyclic carbene) catalyst is currently commercially unavailable, it is
easily synthesized in one step from nickelocene and the hydrochloride salt of the

carbene ligand.*?”

1) TMPMgCI-LiCl
S_ _g  THF.r3h S
o
: Q/ 2) cat. [CpNiCI(SiPr)] \/
THF, rt 24 h

R R

Scheme 12. Dehydrobrominative polycondensation reaction.

While there are many parallels to the GRIM method, the reaction
mechanism appears to operate through a pathway different from that of the
GRIM method, although detailed studies to elucidate the exact mechanism
remain to be performed. The differences arise from the catalyst ligand sets.

Unlike the NiCl2(dppp) catalyst used in the GRIM method, which has two chloride
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ligands for transmetalation, [CpNiCI(SiPr)] (Cp = cyclopentadienyl, SiPr = 1,3-
bis(2,6-di-i-propylphenyl)imidazolidin-2-ylidene) only has one (Figure 43).
Therefore, the catalyst cannot directly undergo two subsequent transmetalations

and begin the catalytic cycle.

1
N. . [ 3N ]
cl” I\SiPr SiPr = N/\N
[CPNICI(SiPr)] ./

Figure 43. Structure of [CpNICI(SiPr)] catalyst and SiPr ligand.

In light of the emerging utility of Ni(l) catalysts!?® in cross-coupling
reactions, specifically linear NHC-Ni-X (where X = amido,*?° cyclopentadieno!°)
complexes, we tentatively propose the Ni(l)/Ni(lll) catalytic mechanism shown in
Figure 44. The key difference from the GRIM mechanism is disproportionation of
the Ni(ll) catalyst in the first step to give both Ni(l) and Ni(lll) species. The Ni(lll)
species proposed has two chloride ligands, allowing it to undergo two
consecutive transmetalation steps. The catalyst can then reductively eliminate an
initial TT dimer to give a linear Cp-Ni(l)-NHC complex. Additionally, the Ni(l)
species generated from disproportionation of Ni(ll) could undergo N-H activation
of the 2,2,6,6-tetramethylpiperidine (TMP) base and reductive elimination of Cp-
H to give a linear NHC-Ni(l)-amido complex. Both NHC-Ni(l)-X complexes could
then enter a traditional oxidative addition, transmetalation, reductive elimination

catalytic cycle akin to the GRIM method.
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The next step to exploring DHBP of 3,4-alkylenedioxy monomers such as
EDOT should be the synthesis of symmetrical EDOT derivatives, which simplify
the synthesis and purification of singly brominated monomers by reducing the
number of possible brominated stereoisomers. The prospect of new catalyst
oxidation states and geometries opens new possibilities for polythiophene

synthesis, the scope of which remains largely unexplored.
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Figure 44. Tentative DHPB Mechanism.
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5.5 Direct Arylation Polycondensation

Direct arylation polycondensation (DArP) (Scheme 13) is a palladium-
catalyzed polymerization that has seen widespread’*3! use in recent years
thanks to its reduced environmental impact,'3? robustness,33134 and versatility.
Notably, the reaction can be performed without the stringent anhydrous!32132 and
anaerobic'®* conditions that are necessary to other transition metal-mediated
reactions like the GRIM or DHBP methods. Additionally, no pyrophoric
(organomagnesium, organolithium) or toxic (organotin) metalating agents are
needed. These qualities make DArP a promising approach to conjugated

polymers for biochemical and other sensitive applications.

S Br solvent (toluene, DMF) S
ﬂ/ cat. Pd(OAc), o \ / A
(0] O
\__/

o) 9] phosphine ligand

\ / weak base additive

Scheme 13. Generalized direct arylation polycondensation (DArP) reaction.

While DArP has seen success in the synthesis of a wide range of
conjugated homopolymers and copolymers alike, the reaction conditions and
experimental procedures described in the literature are far less standardized
compared to GRIM and COP, which can complicate their adaption to novel
systems. Indeed, optimization of the reaction requires consideration of a number
of variables, such as choice of solvent, palladium catalyst, concentrations and
identities of phosphine ligands and other additives.”*

An interesting feature of DArP is that polymerization can occur through

either homocouplings or cross-couplings (Figure 45). This presents a level of
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flexibility that few other polymerization methods possess. The cross-coupling
approach has lent itself to the synthesis of a wide array of novel conjugated

copolymers.t3

a)
- n Cnonomer) Conomen)

:

monomer

n

®

Figure 45. Examples of homocoupling and cross-coupling polymerizations
possible through DArP.

While DArP presents a unique approach to polythiophenes, there is still
much work to be done to explore the limits of this method, especially for the
synthesis of high molecular weight homopolymers like those described in this

work.
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Polystyrene Calibration Curve - LT4000L Column
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Figure Al. Polystyrene calibration curve for the LT4000L column (right-angle
light scattering detector).

Polystyrene Calibration Curve - T3000 Column
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Figure A2. Polystyrene calibration curve for the T3000 column (right-angle light
scattering detector).
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Figure B1. Other GPC chromatograms for PEDOT-C12 (right-angle light
scattering detector).
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