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Abstract
Conjugated polymerare anevergrowing field due to their ability to be used for a

variety of purposes such as photovoltaics, fefléct transistors, light emitting diodes, and
organic sensorslo further this field research must constantly be performtedievelop novel

methods of synthesiand test a variety of substrates to determine potential applica@dns.
particular interest is dire@rylation polymerizationvhich allows for the synthesis of conductive

polymers without the production of quantitative amounts of nfetkdgen waste.

Firstly, one of the primary drawbacks of direct arylation polymerization igtitential
for defects during polymerization. This is due to the low difference in energy required to react
with protons on the substrate. The solution proposed is to developalgstaystem that
alleviates this issue while maintaining good yields, high molecular weights, and low catalyst

loadings.

Secondlyalthough it has been reported on for over two decadesamount of research
done on bithiazole polymers is relatively lavhen considering their unique properties. In this
work, a facile method was developed to generate a variety of bithiazole based polymers. These
polymers displayed a wide variety of electrical properties while eliminating some of the issues

seen in more gamon conductive polymers.

Finally, a novel application was investigated for conjugated polymers: the separation of
carbon nanotubes. Through the use of degradable condpotiweers,a method was developed
to separate and isolate desired types of carl@motubes. This would allow for much simpler

and cheaper access to one of the most desirable materials in materials science
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Chapter 1:Conjugatedpolymers

Conductive oganic polymersiave been a topic of intereshce the 19405This is due to
their unique properties including: durability, tunability, and flexibiliffhis makes them
qualified for a varigy of applicationssuch as photovoltaicOPVsY3, organic fieldeffect
transistors (OFETs}?, organic light emitting diodes (OLEDsand chemical sensdtsAll of
these purposes take advantage of the processaliditye area coverage, flexibility, and
comparativelylow costof the polyners. These beneficial properties are particularly relevant
when @mpared to existing inorganic materials that see use for these purposes such as silicon,
germanium, and germanium arsenide. Although the field is relatively young, siegimgost of
its development started the 1980sa significant amount of progresashbeen made towards the

usage of these materidls.
1.0: Conductive Polymers

The synthesis of organeonductivepolymersis aneverexpandindfield because of their
myriad of usesThis category of compounds is defined by the backbone of the polymers: namely
the fact that the °~ electrons on t hemebnmg kb bone
that their p orbitals overlapn other wordsthe backbone of the polymer must be conjugéted
This allows for the entire polymer to have charge mobility enabling the movement of electrons

or positivel acrossahaevay sudaceiccéndé opaEd) 1).



Figurel Conjugated Polythiophen&anslation of charge along the backboakows for the transportation of charge along the
polymer.

The electrical properties of these polymers can then be influenced by multiple factors
such as the eleatal properties of the side chains or the backbone ifEeéfise modifications are
a large part of what allows conductive organic polymers to be applied to such a wide variety of
fields. Ignoring even the potential to change Hagietiesof side chainswhich in turn can affect
the propertiesof the polymer and thereby the electrical properties, there lies an enormous amount

of potential variability inthe backbone as the only true requirement is a continuous conjugation

=, Ko KO-

Figure2 Polymer Example¥arious types of conjugated polymer backbones that currently see use

Polymers used for this purposee characterizeth multiple waysto determine their
usefulness The first of these is to measure th®lecularweight of the polymer. This is
measured as an average as not all polymer chainshawkthe same length. The two most
common weight measurements are the number average naolegight (M) and the weight

average molecular weight (M The M, of a polymer is merely the statistical average



determined by the additioof the molecular weightslivided by the total number of polymer
chains in thesample My is much the same but lesdnore statistical weight to polymer strands

of higher massFor a polymer to see use in materjasrtain thresholds much be achieved in
both of these tgoromote functionality. The other measure that is based on weight that is
commonly used is thgolydispersity index which simply refers to the distribution of the
molecular weight of a polymer. This will affect how consistent the properties of the polymer are
The closer the PDI is to onthe narrower the molecular weight distribution of the polyise

All three of these factors affect how a given polymer can be used as they can affect many

characteristics such as: solubility, aggregation, thin film morphology, and mechanical strength.

All three of thesdbenchmarksare generally measured throudie tuse of gel permeation
chromatography (GPCJhis method uses a chromatographic column Wwi&hdswith various
pore sizes teeparatevarious sized polymers from each other. Thisctionsdue to the fact that
the larger polymers will interact with fewer of the pores meaning that the time it takes for them
to elute from the column will be reducé@ombining thevariation inelution times based on the
size of the polymewith a set of internal standardBows for a relatively accurate appnaration

of the size ofipolymersampleand from this the PDI ahis sample can be determined.



(a) (b)

Figure3 GPCeparation Large molecules pass through rapidly due to their lack of interaction with the pores on the beads (a)
while the small molecules take longer to pass through (b)

The research into the compounds themselves breaks downairfaw categories:
synthesis, propertiesand applicationsThe synthesis of conductive polymers asrapidly
growing field as new methods are developed to approach the construction of what can be
challenging molecules to synthesise and extrBatthermore,this research is linked to the
discovey of new properties of the compounds dse to the broadness of the field and ltve
barrier for entryfor a polymer to be conductive, new potentially applicable polymers are
constantly being discovered and researckathlly, the practicalapplications of these polymers
are constantly being investigated. This is partially due to the fact that new polymers being
developed may find use in an existing field as a replacement for current technoldugesabde

to be applied in a way that hadtrixeen yet considered.



1.1: Organic Semiconductors

One of the most useful aspects of organic conjugated polym#rsiisemiconducting
properties.Semiconductors are a class of electronic materials that exist between insulators,
which do not conductlectricity, and conductors, which will freely allow the flow of electrical
charge’ Semiconductors are defined most easily through the size of their bandl gapd gap
is commonly referred to as the energy gap between the conduction band, which is the grouping
of the unoccupied molecular orbitals, and the valence kamdtituted bythe occupied
molecular orbital$. While insulators most often havband gaps too large to Heridged
(generally above8 eV) and conductors have namd gap semiconductors exist ithe range
between the tw@Fig. 4). This allows for asignificant amount ofreedom in the range of what is

considered a semiconductor.

> Conduction Band
on
=
Q
<
8
%D BR300 ettt ittt ettt Fermi Level
o v—
%)
<
&)
—
Q
=
—
Valence Band

Metal Semiconductor Insulator
(Band Gap =0 eV) (Band Gap <3 eV) (Band Gap >3 eV)

Figure4 Comparison of Conducting Materialldetals have overlapping conduction and valence band. Insulators by comparison
have a band gap between the conduction and valence band. Semiconductors are found in the middle having a band gap
between 0 an@BeV.



There is a further divide amongst semiconductors based astyleef charge transport
that the materials use. These tmened p ana-type semconductorsP-type semiconductonsse
positive charggsor holes to transport charg®® N-type semiconductorby comparisoruse a

conjugated negativeharge to transport charge

To understand semiconductors specifically one must understarieetire level. The
Fermi level refers to thenergy level ban electrorwhich has a 50% chance of being occupied at
thermodynamic equilibriun® The Fermi level in relation tostorbital type defines the type of

charge transport used by a semiconductor

When discussing this topic in relation to organic moleguteis easiest to understand
through molecular orbital theory.-type semiconductors often have lowest occupied maecul
orbitals (LUMO)closer to thé-ermi level of the polymerTheir electron deficiencsnakes them
easier to reduce thereby creating a negative charge that can be tranfipotteds then that p
type materials are most often electroch with ahigh erergyhighestoccupied molecular orbital
(HOMO) and can thereby be easily oxidized creatingrébeessarypositive chargé.While p-
type materials are the most common type of polytiere has been much recestidy into the
exploitation of a smalhumberof polymers with a particularly high electron affinity agype
materialst® Of note is the fact that these distinctions are not based on whether the charge can be

effectively mobilized but simply wibh charges are most easily created within the molecule



Conduction Band

Fermi Level

Valence Band

Increasing Energy

N-Type Semiconductor P-Type Semiconductor

Figureb SemiconductobDiffererces:Differentiation of semiconductors based on their orbital grouping in relation téeai
level.

Generally,N-type materials have electron withdrawing groups attached to the backbone
to guarantee low energy LUMGmd increase electron affinitffhese inkude imides, amides,
boron nitrogen complexes and cyano gro(igig. 6). While the functional groups can divert
from thesefour, they are often the easiest to include. As with many dérge polar polymers

there are also solubilizing chains attachedrtbance itsolulility in a variety of solvents.
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Figure6 N-TypePolymers Several +type organid?olymerscurrently used in industky

P-type polymers by comparison have bekveloped to a higher degréhis isdue to
the fact that many unfunctionalized conjugated polymers dypein nature. These polymers
haveenergy levels where the HOMO is closer to Heemi levelmeaning that they are easier to
oxidize than reduce. This will yield a conjugatamkitive chargetermed a holewhich allows for

conduction along the polymer



Figure7 P-Type Conjugated Polymers: Severgle conjugated polymers that have undergone rigorous study. Includes
polyparaphenylenevinylene (PPV), Polyparaphenylene (PPP), polythiophene (PT), and polyfludf&fie (PF).

Othe than the electron affinity of the materigise most important factor is the bagaip
of the polymeritself. Sine the applicatios of conductive organic polymers are varigde
ability to synthesise polymers with differing band gaps is paramount to their commercial use.

This fact has inspired much of the research performed in this field.

Band gapsand HOMGLUMO gaps are primarily investigated throughither cyclic
voltammety or ultravioletvisible (UV-vis) spectroscopy UV-vis techniques are
straightforward light at known wavelengthis passed through a sample leaving the remaining
light to be collectedby a detector. Through this methatlcan be determirtkat what energy
levels light & being absorbed by the polymer and thertteyenergy required for an electron to

transfer from the HOMO to the LUMO can be calculgted.

Cyclic voltammetryis a process by which the electrical properties of a material can be
observed. The ahde is exposed to three electrodes in solution with strictly controlled voltage
which will gradually increase and dease. The first of thesglectrodess the workingelectrode
which will be under the control of a potentiostat to vary its voltéageifferent working
electrodes can be chosen based on the electrical potential ranggrestiA reference electrode

is also includedvhich simply acts as a reference ponttich the other two electrodes can be



measured against. The final electrode in the solution is the counter electrode which acts to
complete the circuit as the electrigaitential is applied to the working electrodé hroughout

the varyirg of the voltage in the electrochemical céfle current is monitored to determine at
what potentials the analyte is oxidized and reduced. These potentials are then most often
compared to an internal standard to determine the locations of the frontiatsarbrelation to

the vacuum level.
1.2: Conjugated Polymer Synthesis

Conjugated polymers can be synthesised variety of waysThis can range from more
traditional methods such as dehydratiormore complex cross couplingslthough there are a
variety of potentialmethods usedhe most commoare generallyross coupling method$his
is largely due to theimplicity of the reactions, their robust scops,well as the availability of
the sibstrates. Thenost popular of therosscoupling methods include Suzuki, Stille,and

Sonogashira

Suzuki is one of the most wekhown and widely used cross coupling reactions. It makes
use of a boronic acid on one of the substrates and a halogéme athert® This coupling is
extremely flexible asoronic acids based on the substrate being useé, relatively easy to
come by. The other primary advantageughg this method is the mild reaction conditions as it

can be performed imildly basicconditionsandat low heat.

PdL '
X4 o oBOH), ¢ AL yB(OH),

Ar Base

Figure8 Suzuki Couplin@ouplingbetween arorganohalideand aryl boronic acid

While the boronic acid group providesuch of the benefit in this reaction systeirey
also have many drawbackBirstly, the list of boronic acids available commercially is not
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exhaustive anthe boronic acid functional group can be difficult taraluceif the substrate is
not commercially availablemost often requiring reaction with Grignamt organolithium
reagents which is not always an opti8irinally, dthough the conditions are relatively mild the
other drawback of the method flsat most common reactisruse potassium carbonater a
hydroxide saliasis requiredbased on the solvent usEdThis means that even when using the

most mild possible conditionproblemscan still ariseif any of the substrates are basmnsitive.

Stille couplings are another option for polymer synth&drgianoetin compounds along
with aryl halidesare usedo create a carbenarbon bond?® There is a high tolerance for the
substrataised allowing fothe g/nthesis ofany organnostannane. There is asweide variety of
viable palladium sources that can be used allowing for Stille couplingemplyedregardless

of the target compound

X _R PdL, R X
R " BusSn —— > R TBusSn”

Figure9 Stille CouplingGoupling betweeran organohalideand an organostannane

Although the reaction conditions are exceedingly flexiltleere are a multitude of
drawbacks to Stille coupling. Not only are orgditoreagents required toe synthesised under
much the same conditions as the boronic acids, leading to limitations in the substrates that can be
used, but a stoichiometric amount of tin must also be used to complete the r@aetinmg that
there is a stoichiometric amount ah twaste produced. The solubility of the orgdimo
compounds can also cause issues as theyoaqladimiting the numberof solvents that can be
used inthe synthesig? Finally, there are a multitude of side reactions that can ogering the
reaction itself including homocoupling and exchange of aryl groups on the palladium and

phosplineligands?!
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Sonogashira coupling is a copper based cross coupling reastian organauprates?
While limited to alkynes due to the secondary copper cycle required as well as the fact that it
requires base to proceatlis usefulsinceit can be performed at room temperature with a wide

variety of aryl or alkyl halides.

R PdL,

=
- + "
R / Cul, R"3N R/ * CuX + RgNHI
’ 3

Figurel0 Sonogashira Couplin@oupling which occurs between anganohalideand alkyne

While Sonogashira epling is interestingthe scopeof the reactions is severely limited
by what can be converted into organocuprates. While the mechanism is yet ,uncigar
hypothesised that there is a secaadhalytic cycle occurringwhere the basdeprotonates the
alkyne leading to théormation of organocuprate. This means that the substrétes can be

used are limited by the pKa of the target proton.

Cross couplings are an important factor in the production of polyriéey exist in a
variety of forms ranging from Stille t@Gonogashira to Suzuki. These reactions all follow
similar reaction pathwayas the onahown in(Fig. 11). The type of coupling chosen to be used
in a given reaction is often based off the desired reaction conditions as wellbasithbility of
the precursorsOne of the primary drawbacks of most palladium cross couplisgthat
additionalfunctionalizationis requiredsuch aghe boronic acids or orgastm motifs. This can
lead to loss of starting materi@nd lowered yields Another important drawback to be
considered from the general framework of croggpling reactions is thewasteproducts. Due
to the transmetallation step present in the majority of cross coupling reaetistmschiometric
amount of metahalogen waste igroducedwvhich s difficult to dispose of in maenvironmentally

friendly mamer.
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Ar1/
X
Pd(0) Ari
Reductive Oxidative
Elimination Insertion

Ar,—LoPd(I1)—Ar X~LoPd(ll=Ar,

Transmetallation

,Al"z X

M M

Figurell Cross Coupling €lg: Palladium cross couplifgeginning with a palladium (0) species undergoes oxidative insertion
followed by transmetallatiofiollowed by reductive elimination to retrieve theginal palladium (0) and the cross coupled
product

1.3: Direct ArylationPolymerization Development

There has been growing interestarreaction that addresses the problemmaused by
current cross coupling methodach asmetallic wasteanddifficult to obtain starting materials
A cross coupling thabas gained popularity after beimyestigated by Ozawat al in 2010 is
direct arylatior?* This reaction seeks to addresgese issues while having similar reaction
conditions. Although more limited in its reactant scopdirect arylation eliminates the
requirement forpre-functionalizationof its monomers and does not produce metal halogen
waste.

0]

X +  _H PdL,R OH
Ar Ar Base A

I_/Ar+ HX

Figurel2 Direct ArylationAryl halide is coupled withrearyl commund with an acidic proton
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This reaction takes advantage of acidic protons on subsiratassimilar way to a
Sonogashira coupling. Through the removal of the protoone of the substratédse traditional
transmetalation step can be circumvented. Thi€gss has been termedncerted metalation
deprotonation @MD). This allows for the coupling of a hydrocarbon directly to the palladium

complex without the need for an intermediate m&tal.

Initially discovered in 1999 by Lemaiet al, direct arylationwas thought to be a novel
variety of the Heck reactioff The initial polymerizatiors using the method were not overly
successful granting a polymer with B of approximately &Da. Ozawaet al. expanded on
this work in their synthess of poly(3-hexylthiophene) Initially Pd(OAck was used as the
catalyst butwhen running reactions at higher temperatuttes catalyst system was deemed to
be too unstable as the polymers produced were extremmiynsistenwith My, values ranging
from <3 kDa to 10 kDaThis inconsistencyvas one of the primary indicators of the need to
change thegparametersof the synthesis. The other indicatwas the production of palladium
blackwhich showed that thegalladium being used was degrading throughout the regctidis
palladium degradation indicated to the investigatioas the reactioitself was not the main issue
but the palladium system HerrmannBeller catalyst washentested with a variety of ligands
attempt toremedy these issues #®e catalyshas been shown to have high thermal statsfity
The catalyst systemvas combined with astoichiometricamount of cesium carbonate THF
ranging from 120125 °C These conditionprodued the desired produaonsistentlywith My

above 30 kD&*

14



HeoS\_Br L (2-4 mol%), H-B cat (1-2 mol%) S
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Cs,CO3 (1 equiv),
CeH1a THF, 24-48h CeH13

P3HT
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Ar2
R'975
P . or P
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H-B cat L
Ar = o-tolyl

Figurel3 Direct Arylation PolymerizatioRolymerization of P3HT through the usage of DAI#Ss reaction was tested with a
variety of palladium sources atigands,but a HermanrBeller catalyst combined withd?{olyl)swasfound © have the best
results

Ozawaet al. continued investigatinghe polymer synthesis applications of this method
and, taking inspiration from the work of Sigmahal, used an acetate as part of the reaction.
This, along with the discovery thatdplyl)s was the most efficient ligand to be usedthis
synthesisallowed them to consistently synthesise highgdlymerswith more tharB0% yield3°
Theseprojecs laid the groundwork for much of what was to be done with respect to direct

arylation polymerization.
1.4: Direct Arylation Reaction

The cycle ofdirect arylation polymerizatiorDArP) is similar to that of many other cross
couplings.Research on the mbkanism of this reaction bagin the late 199Qspioneered by
both the Echarvarren and Fagnou grotip$. The reaction itself startaith a Pd(0) species
which will oxidatively insert into a carbon halogen bond. From this paitigand exchanges
hypothesised to occwrith an acetate. This allows for the addition of the aryl group through a

process termed concerted metalati@probnation(CMD). As the name implieshe step allows
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for a concerted step that will deprotonate the aryl substrate as well as add it to the palladium.

After the CMDreductive elimination can occur leaving the final product.

The key difference betweetine a@talytic cycles ofDArP and other cross coupling
methods that makes it so unique is the CMIst other cross coupling methods requine of
the substrates to be functionalized witimatal or some equivalent so that transmetalatem
occur. DArP seeks toreplace this step through the usesabstrates that can react without the
requirement of préunctionalization CMD is simply the simultaneous cleavage of théH(ond
and the formation of a new-Bd bond® To enable thisan acetate or paate are often
introduced to aid in the deprotonation step as well as a carbonate, most often cesium carbonate,

is used to allow recycling of the ligand.

Ar,

™ Pd(0) Ar
Reductive Oxidative
Elimination Insertion

B
_Arq r~ ﬁ’d_AH
L L

0 o}
Cs,C0O3 Ligand
‘ AOH )'LOCS lExchange

AI’1/

O Ar
R—C Pd_

\

_O’ \L O L

HO
A : H
- I'2_ AI'1 -
Concerted H\ Pd. Ar;

Metalation-Deprotonation

Figurel4 DArP CycleCatalytic cgle of DArP beginning with a Pd(0) species

The ability of a given substrate to participateGMD and therebydirect arylation is
based on two factors: the nucleophilicity of the substrate and the acidity of the proton. These

factors affect one of thenergies contributing to the overall activation enetghe energyof
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distortion (ArH) is affected by the acidity of the proton while the energy of initiation is changed

through the nucleophilicity of the position in the substféte.

Ar2

O. Ar A
R_< Pd/ 1
/ AN
(0] L
Epist Pd

AG
/

Epist Ar-H

Bt

A

Reaction Cordinate

Figurel5 CMD Reaction Coordinate DiagraReaction coordinate diagram of CMD whereby the activation energy of the step is
dictated by the energy of distortion of the-Brbond and the energy oftaractionof the ArPd bond

The differing energy barriers affecting the overall energy requireerformthe reaction
divides substrates intthree classs that can affectoth the rate and regioselectivity of the
reaction. The first clasef compounds these being the substratesthwa lower energy of
distortion, will react with the most acidic protonThe second clasef compoundsthosewith a
higher energy of iteraction,will react at the most nucleophilic site. Thieird category of
substratesare thosewhose site of reactiois dictated by the energy of distortion of the-lAr
bond and the energy of initiatiomhesecompounds exisas a class ofheir own due to the

difficulty of predicting the regioselectivity without a computational stéfdy.
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Figurel6 Direct Arylation Compound Class&he three calsses cdbmpounds usable for direatylation. The reactive site is
highlighted in read as well as the energy of activatieasured in kcal/maoP
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Chapter2: Palladium Precatalyss

Palladium as a catalyst has seen use in many fields for delcadesny varieties of
organic reactions. Apreviowsly discussedthere are a wide variety @ossible crossouplings
based on the available substrates and potential reaction condittosgn turn implies that a
significant amount of research has been conducted into the pofaitalium sources that can
be used for cross couplindsistorically thisincluded a range d?d(ll) species such as PdGind
Pd(OAc). Due to the inherent drawbacks of these palladium species, namely the fact that they
must be converted tBd0) before he beginning of the reaction, research wasformedto
determinaf more efficient methods existed either synthesised0) or have a direct route to it
from aPd(ll) species’?42 This led to the investigation of palladium precatalysts that could be
synthesised ahead of time and stored while allowing them to be easily activated with the desired

ligands whenever needed.

Palladium (Il) Palladium (0)

- - o-Tol
o-Tol N /O Tol o-Tol N

R OAc_ P
PdiOAC)Pd
Pd(OAc);  PdCl,

Easy to access PPhy
ielat{velyl chgtap ivation Hermann-Beller Catalyst PhaP-Pd—PPhs
equires in situ activation oo stable PPh,

Primarily used for Heck reactions Extremely efficient

Air, water and light sensitive

Easy to access
Interference of dba

Palladium (l1) Precatalysts

//\
O " %NYN\ﬁ

Pd—L R—, P4,

O OMs === Cl
Buchwald Catalyst NHC Catalyst
Active for a wide variety of reactions Generally Stable
Easily activated Easily activatable
Generally stable Extremely reactive

Figurel7 Available Palladium Sourcd®lladium catalysts availabl®r purchase. Pd(OA¢)PdCl, and HermanrBeller catalysts
are available as Pd(ll) sourcesdtis and Pd(PPfu are available as Pd(0) sources. Any generations of Buchwald catalysts and
a variety of NHC catalysts are also availald®d(ll) when purchased awdn be easily converted to Pd{®)?
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In nearly all cross couplingshe first stage that must be passedthe conversion of a
Pd(Il) species, such as palladium acetate or palladium chloride Pt{(®) species so that the
cycle can begifi®* This generally occurs through either the introduction of ligands that
participate in a redox reaon with palladium bringing it down to an oxidation state of zero or
through prefunctionalizationto guarantee that the species introduced is alrBddy) There are
advantages and disadvantages to both of timetbhods. For the conversion BE(Il) species to
Pd(0)through insitu introduction of ligandghe primary advantage is tifecility of the method.
Most of these conversions are simgge potwhile alsoguaranteeinghat both the reactants
remain stablauntil the reaction can begiithe primary disadvantageof this being the cost of
adding excess phosiple ligands as well as the potential interference of the prebound ligands
such asdibenzylideneacetorf®. The other most common method is to modify the palladium
species before the reactiongoaanteethatthere is no interference from the greund ligands
as well as saving time améducingcosts through efficient usage of the desired ligafite
issues with this lie either with difficult or sensitive reaction methods if a lab is producing the
products themselves or large expense and unreliability if they are purchased through a third
party. These issues have led ttwe division on what palladium sources to use in reactions with

many defaulting to the less effective, but cheaper and more widely available, Pd(Il) sources.
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Figurel8Palladium Cross CouplirBeforethe beginning opalladium cross couplind&(l)must be reduced t&d(0). This is
done in a variety of ways depending on the palladium source

Catalyst selection is an important aspect of any eroapling reaction. Choosing the
correct oxidation statef palladium and the correct ligand can affect the yield and rate of the
reaction. This is not only due the oxidation state required for the reaction to oturalsoto
the electron richness and sterics of the lig&rfébr DArP to occurPd(0) species are required.
This means thatsince most commercially available palladium sources, such as Pd(@d)
Pa(dba} areeithera Pd(ll) sourcéhatrequiresin-situ reductionwith the ligandor have ligands

already attached thaanheavily interfere with the reactippotential defectmay be observed

2.1: Palladacycles

Palladacycleswere discovered in the 1960d$*® Initially, they were merely novel
compounds allowing chemists to investigate the reactions of transition nvatrs most of the
work was focused on discovering and confirming how palladameh platinum interacted with

electron rich functional groups such a® @ompounds
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Figurel9 Cope Palladacyclénitial palladacycles that were studied based on the affinity gadiadium has for az compounds

With the discovery and subsequent popularization of both Stille and Suzuki cross
coupling reactionsthe potential to use these compounds in place of commercially available
palladium sources such as Pd(OCZan)d PdClgrew n interest Starting in the 1990shere were
investigations intopalladacycles for use in cross coupling reactfSn$his interest was
stemming from thé&nown fact thatsomespecific configurations of palladium were more active
than the traditional variamtThrough the use of various palladacycles it was discovered that the
efficiency, that being the amount of palladium used per mole of product produced, could be
increased @nfold over the next most efficient catalyst syst€nThese discoveries drove the

investigation of palladacycles in various reactions such as hydrogenatiods@nckactions.

- - o-Tol
o-Tol 0 Tol o-Tol N

-OAc R _OAc_ P
Pd(OAc), + P — 12 Pdlopc—Pd
Toluene OAc
3

Schemé Synthesis of HermaBeller Catalyst Synthesised through the combination of Pd(QAajl P6-tolyl)s*°

Past their use as catalyst systepalladacycles have more recently begun reteas
precursors to other catalytic systems. Mechanistic studies were performed on immobilized
palladacycles that were attached to sili€ais testing was done through the performance of

Suzuki reactions. A boronic acid and bassreintroduced to the imwbilized palladacycle and
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allowed a reaction period of 18 h. After this reaction period not only was palladium black
observed but the framework of the palladacycle was seen througMS>Crhese results
provided the hypothesis that the palladium would rédely eliminate from the palladacycle

and react a®d0).>° The presence d?d0) during thereaction was further shown through the

use of a mercury drop tesin which mercury was introduced during a reaction with a
palladacycle. The goal was to observe the completion of the reaction when compared to a control
as mercury is supposed to only déste Pd0).>! While this evidence is not conclusive, @dy

certain palladacycles can be disrupted with mercury, when combined with evpatenicked by

the mechanistic and kinetic studiegs provides a strong case for palladacycles acting as

precatalysts.

Beginning in 2008uchwald et al. were working on developing theaiitrogen stabilized
palladacyclerecatalyst$? The first generation of these precatalysts Sambasis othe concept
developed whereipalladium is linked to a nitrogen that, upon deprotonation woeddctively
eliminate to produce Bd(0) species as well as a harmless nitrogen contaimatgrocycle The
issue with the first generation of these catalysastat the conditions to activate the catalysts
were too harsh, either requiring high temperatures along with a weaker baseargabsise
which could interfere in the overall reaction. The first generation of catalysthadsstability

issuegneaning they could only exist in solution for a short period of time.

Me; MeLi Me, ©\/\ LPd(0
(MeCN),PACly 1oy el N NH, +( )

¥ — [N\PdCI MTBE . Moy, C
/ 2 o / e A i
TMEDA rt N 0°c N Ligand, L-Pd. dioxane
Me, Me, MTBE, c N N
55°C N

Scheme 1st Generation Buchwald Cataly§ynthesis and activation dhe first-generation Buchwald catalyst
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The second generation of the precatalyst built on the ideas of the first generation. The
primary development of this generatiavas the introduction of a more acidic amine proton
through theaddition of another aryl group attached to the arfinWhile this aided activation
times and conditions due to the addition of the aryl grolg ligand scope was made more
limited and theby-products generated were significantly more toxic. The third generation
addressed the issues with the limited ligaodpg by introducing a more electron withdrawing
mesylate species. Due to the difference in electrpthics allowed for the ligand scope to be
massively expanded. Finally in the fourth generation of catéhgstoxicity of the heterocye

product was reacedthrough the introduction of an alkyl group to the anthe.

S
O ® OMs O O
NH5 Pd(OAc), NH, _ligand base N L
Toluene Pd THF rt NH Fld(O)
65°C OM
O S
Ms —2

Schemes 3'd Generation Buchwald CatalySynthesis and activation tife third generation of Buchwald catalysts

2.2: Applications to Conductive Polymers

Palladacycles are intrinsically linked to direct arylation as one of thalfiestt arylation
products was created using a Heam-Beller catalysf® Direct arylation polymerizatiomlso
has a few aspects that make it particularly appealing to create conductive polymers on a
potentially industrial scale. Without the gienctionalization required there is a massive saving
in thenumberof steps required and thereby the amount of time that is required to be invested in
each polymerization. This same factor also offesgnificant reduction in the amount of toxic

waste as no tin or other metals are used in stoichiometric amountsy BEialP in particular
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offersa similar price in reactantghen compared to Stille couplinghile reducing the number of

steps required thereby potentially reducing the final cost of the paRyrifer

While DArP provides manbenefits for large scale synthesis of polym#rsre are some
drawbacks to using the methdgtanchingand other similar defectsreof particularinterest for
these reactions as some of the numstsequentigbolymers such as poly3exylthiophenekan
suffer from defects that occur during synthesish e s e d e f e-defests in whichl thed e
beta proton is reacted with instead of the desired proton, cross linkitvege two chains are
joined by one or more substrates linked to both charanching wherein the same substrate is
reacted with twice creating two chains growing from the same,pamot homecoupling that is
the joining of two of the same monon®All of these defects can have a significant impact on

the electronic performance of the resulting material.

H TT- TT-11-TT-
17— ‘H H )\
B-Defect H /

TT-11-T10-

- Cross-Linking

L i L e

Branching T T

Homo-Coupling
Figure20 DArP Defect$otential defects present in DAdBe to low activation energgifferences
The reason for us to attempt a new framewotk iscrease taturn over number (TON)
as well as reduce theumberof aforementioned defect®efectsare an extremely important
issue for direct arylation produdts particulardue to the nature of the reaction where one of the
substrates does not haveuectional groupwith which to react.This can cause issues when

multiple protons on the same substrate have similar activation energies

2.3: Proposat®
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Basedon the information about palladacyclemnd more specifically Bingvald catalysts,
we decided to use them in conjunction with existing knowledge on conductive polymers and
direct arylation. This began by finding a system that would be an analog to exigtithges
that have been shown to function in previous wotks. target polymewas based on the works
by Leclercet al. where, although a useful polymer was produeeldrgeamount of crosslinking
wasseerr® This led us to believe that we could address multiple issues with the polymerization
at once. By using a palladacycle as a precatalystgoal was to reduce the amount of palladium
needed to run the polymerization as well as reducing the amount dfrddiogsseen in the final

product.

Our targeted palladacycle for this purposas X It was activated to produc¥ through
reductive deamination via deprotonationThis reaction will vyield a carbazole, a

methanesulfonate salt and the desired palladiuciespe

0o -
Base
. NH + Pd—P
O OMs A O @ * OMs

X Y

Schemel Precatalyst ActivationOxidative deamination of the proposed palladacycle

The reason for using this compouim particular was to attempt to create a final
palladium species with identical ligands to what has already been seen in other direct arylation
methods. This ligand system had already been optimized when compao#itet@ommon
palladium systems that are commonly usediiact arylation such as Pd(OAcYhe usagef a

similar ligand system also allowed for a more direct comparison to past research.
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2.4: Synthesis

The synthesis of the palladacygclaitially conceptualized by Buchwalet al, involves
relatively fewandhigh yieldingsteps to achieve the final catal§sEirstly, 2-aminobiphenyis
protonated with MeS¢H to form the mesylate saltSecondly, this is followed by the
introduction of Pd(OAc) in toluene at an elevated temperature to perform a cyclopalladation.
Thirdly, this reaction yields a dimen quantitative yield.Thirdly, this palladacycle was then

combined with the desired ligamal produce the Buchwalkype catalyst.

(J (o O
S
NH2 \Meso,H NHs Pd(OAC), NH

—_ =

-

Toluene d
50°C |
,\o/l_
Yield = 99% ® 2
Yield = 99%

(J 10 O
W2 QLP — NHo
| OMe OMe THF Pd P
I\(%s_ OMs 3

2
Yield = 75%

Schemés PrecatalysSynthesisSynthesis of our targeted paladacgled the resulting crystal structufproduced by Dr. Rafael
Mirabal)*8

The polymerization methods fétla(see chemical structure ircl&eme 6)performed §
Leclercet al. was asuitablemethodfor our purposeslue to itspast success with other catalysts

The onlyadjustmentvas the use of our precatalyst whihe rest of the method remained nearly
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identical®® This was another factor that allowed direct comparison between the branching seen

as well as the palladium required and il of reaction between these two systems.

The polymers tested were all syntlzesi under similar conditions. While using the
precatalystall solids were initially addetb a sealed viand freeze dried toeduce the amount
of water present to interfexgith the reaction. Toluene was thaddedand the reaction mixture
was heated to 100°C and allowed to reacttfoy and a half hours. After the time period had
passed,the polymer was precipitated using methanol cooled to 0°C and collected through
vacuum filtration.The resulting polymer was then further purified thro@gxhlet purification
usingmethanolas the solvent. While noiecessaryo retrieve our final produgthis allowedfor

a significant narrowing of theolecular weight distributionf the polymers.

CgH47,CgHy47 Precatalyst(2 mol %), CgH17 CgHy7
sy PivOH (1 equiv), Cs,CO4(3 equiv) s. U\ '
0 o~ T ) Ve 8
S Toluene [0.15 M] n
100°C
P1a

. I
Precatalyst: IIDd—P@
O OMs

Schemes synthesis oPla: DAP using our targeted precatalyst as the palladium source

The target polymer was synthesised in two other waysallow comparison to the
effectiveness of thprecatalystThese methods were similar to those usdthe synthesis of Pla
with the primary difference being the palladium souitke first palladium souec used was
Pd(OAc) which is one of the most common palladium sources used in direct arylation due to its

experimental succe$3®! The other palladium source compared to the precatalyst was
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tris(dibenzylideneacetone)dipalladium (0). This source was used for a direct compaPRstgf) of

sources taletermine how much impact the ligand had on the resulting polymer

CgH17 CgH
CgHy7,CgH17 Pd(OAC), (4 mol %), A\ s
| S . PiVOH (1 equiv), Cs,COj3 (3 equiv) S S Q.O
/ O O Toluene [0.15 M] \_/ n
100°C P1b
CgH17,CgH
CgH17 CgHyz Pd,(dba)s (2 mol %), gh17
PivOH (1 equiv), Cs,CO3(3 equiv) S / \ '
)0 o~ e s [
Toluene [0.15 M] n
100°C
P1c

Schemé& Synthesis oP1lband PL.c. Through DArRP1lband P.cwere synthesisedsing Pd(OAgpr Pddbas respectivelyas the
palladum sources

2.5: Kinetics

The first set of comparisons that were made were those of the rate of r¢ictid1) It
was observed that despite iaduction periodhe precatalyst systenaghievedhigher molecular
weights than the traditional Pd(OAsystem.There is a drop off in the molecular weights seen
for all systems after approximately three hours. This is due to the insolubility of the polymer. As
only polymers that are soluble are obséteavia GPC there is a lowering of the average weights
when the largest chains precipitate out of solutidme induction periodgeen for the first two
hours of the reactioalso lends credence to our hypothesis that the palladacycle is acting as a

precatédyst.

Of particular interest is the high molecular weights achieved by out precatalyst. While it
has been previously reported that the upper limit of the molecular weights had been achieved due
to solubility or crosslinkingour precatalyst was able to pass those molecular weights without

becoming insolublé® This fact points to the likelihood of cross linking being a significant
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contributor to insolubility. This has likelyath been reported in the past due to the difficulty of

analysing insoluble materials.
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Figure21 KineticsMeasurementsMn and Mw growth ofP1a,P1b, and F.cover time when using our precatalyst, Pd(QAa)
Padbas as palladium sources

After testing multiple polymerization methods against one another to determine if our
catalyst system was a viable option to produce polymers of adequatetsleeretaining
solubility, our next step was to attempt to reduce the gryndrawback seen while using the
catalyst system: the activation time. We hypothesised that the rate limiting step in the activation
of the catalyst was the deprotonation. Initially, due to the fact th&@svas introduced as part

of the reaction contdons for DArP, no base was added to the reacflantest our hypothesis
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LiO'Bu was added to the solution to act as a stronger bassivatethe catalyst and reduce the

required reaction time.

CgHq7,CgH17 Precatalyst(2 mol %), LiO'Bu(0.15 equiv) CaHiz CoHiy
S PIVOH (1 equiv), Cs,CO4(3 equiv) s. A\ .
)< - er L s O
S Toluene [0.15 M] n
100°C P1d
O MeO
. NH2
Precatalyst: I'?’d—P >
‘ OMs 3
Scheme Modified P1a SynthesiModified synthesis of Rith the addition of Li@u
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Figure22 Modified Polymerization Kinetics Measuremeritén and Mw growth ofP1a and P1lbver timewhile using the
precatalystas a palladium source with and without using!BiDas a base

As is seen in Fig 22he rate of reaction was drastically improved when usingBLiGo
activatethe palladacycle. Although the visible molecular weights were slightly reduced the

reaction time was significantly closer to those seen when using Pd(@ARI(dba). This is
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promising for the overall reaction as the decreased rate of reaction wasntey drawback
that was initially observable. With an increased,rdite opportunities for use of the palladacycle
increaself the molecular weight of the final product is of more importattoe method without
base can be employed whereathérateof reaction is the primary concerabase can be used

to increase it.

2.6: Polymer Analysis

Fig. 23 shows an overlay of the UVis spectraf the polymers created through both the
precatalystas well as traditional catalyst systems such as Pd{Oéw) Pd(dbak. With the
primary difference being a change in maximum absorbanceR4ahnd FL.c being found a#t50
nm and 48 nm respectivelyand P1b being found at 445 1m. Although there wereslight
differences in the UWis this was not enough to indicate a large shift in the properties of the P1

polymers
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Figure23 UV-vis ComparisorNormalized omparison on UWis spectra oP1la, Rband FLc

The other method we ed to measure the properties of the polymer was through NMR.
The polymer was able to be analysed through NMR in TCE at 80KiS. allowed a more
concrete observation of the resulting polymferalysis of the NMR spectra led to the conclusion
that 3 groups of protons would provideantitative information abouhe degree of branching
present. The doublet of doublets found7&9 ppm labeled A, the singlet found &t57 ppm
labeled B and the doublet found aB0 ppm labeled C(Fig. 24 havebeen identified in past

worksas the protons associated with the aromatic backtfone
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Pd,dbag
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Figure24 Polymer NMR ComparisoiMRspectrafrom the polymers produced with the useezfch palladium source.

Following the initial observation of the peaks as well as investigation of the potential
polymerization defectsThere are multiple forms of potentialfdets. While not accounting for
end group defects which, with DArP can be difficult to detect due to the lack of functional

groups, the primary concerns are branching, cross linking, and-bonpding.
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Figure25 Potential Defects found in PRossiblalefects seen when synthesisiihg target polymer

These spectrgointed to the fact thavur precatalyst wasllowing the synthesis of
polymers with significantly less branchindhis is obvious since the peaksat 7.38 ppm
disappear or at least are significantly reducechen the polymer issynthesised using our
precatalyst. Thigesult indicateghat the precatalyst not only allows for lower Roading and

more rapid reactionafter actiationbut also allows for less branching in lesultingmaterial.
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Observing the NMR spectra of Rla blug when overlayed with Plbn red the
difference in the amount and degree of the defects found in the polymers can be clearly seen Fig
26. There are multiple regions that, when companedicatethat thenumber of defects seen in
the polymer is significantly effected when Pd(OAIs) usel as the catalyst, specifically at 7.36
ppmand below 7.0@pm Due to the fact that all of these peaks are seen in the aromatic region
we hypothesize that they are a result of branching of the backbone of the polymer leading to the

variation in the locatin of thetH signals.
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Figure26 Pd(OAg)NMR:Overlay oNMR spectraf P1b synthesised with Pd(OAd) red andPla synthesised usirtige
precatalyst in blue. Arrows indicatkefects.

Although unclear as to the nature of tefectst her e i s a peak preseil

NMR of P1b, seen in red, that is not present in the NMR of Pla, seen in blue (Fig 27). There are
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also multiple peak present at 6.96m 6.92ppm, 6.81ppm and 6.67ppmin the NMR of P1b

that are undefine@Fig 27). All of these peaks along with the emphasized shoulder seen in the
NMR of P1b at 7.5@pm, 7.24ppm, and 7.14pm(Fig 26) lead us to believe that our developed
precatalyst has significant advantages when compared to more traditional DArP nenditd

only is themolecularweight of the final product higher when compared to P1b (Fig 21) but
through NMR analysissignificantly less undefined peaks are seen in the aromatic region leading

to the conclusion that there are fewer branching defects.

3% 735 735 734 73 733 733 7R 732 7231 731 700 698 696 694 692 690 688 68 684 68
fem) T T TR PR e e e e e e g m)

Figure27 Pd(OAg)NMRDefectAnalysisOverlay of NMR spectra BLb synthesised with Pd(OAd) red and P1a synthesised
using the precatalyst in bleom 7.40 ppmto 7.30 ppmand from 7.0Qopmto 6.67ppm.

Considering the NMR spectrum of €1n grey, when compared to that of Blia blue
(Fig 28) it can once again be seen that there is a significant reduction in the number of defects
While this does indicate that the usage of a Pd(0) soneggpositively influence the synthesis
of P1 there are still defects seen at & and 7.02ppm Similardy to P1h thesedefect are
found in the aromatic region leading us to hypothesize that the RBegdifas as a catalyst can

lead to branching in the backbone of the resulting polymer.
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Figure28 P (dbay NMR:NMR spectra oP1csynthesised with Bfbba) in black and Pla synthesised using the precatalyst in
blue. Arrows indicate imperfections.

Although uncertain of the type of branching caused by the palladium sourceseBidn
grey,has adefect at approximately 7.3%m (Fig 29). Comparing this to the NMR of P1la in the
same region, the reduction in the degree of branching is evident as there are no peaks present.
From this we can hypothesize that there is a significant decrease muittieer of defects
observed from the polymers produced using the precatalest when compared to another

Pd(0) source

There is another potential defect found in the NMR of P1c atpp@2(Fig 30). It was
initially believed that this was an end groudpsimilar peakwas found inthe NMR ofP1la as a
triplet which is expected from the proton at theakition of the thiophene. Upon closer

investigation this same peak, when observed in the NMR of Plc, is an apparent pentet. This is
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likely due to some form obranching causing end group protons to have slightly different

chemical shiftdurther indicating the benefits of the precatalyst

735 735 734 734 733 73 72 72 731 731 699 699 698 698 697 6.7
i (ppm) 1 (ppm)

Figure29 Pd(dba)y NMR Analysis: Overlay of NMR spectr®bésynthesised with B(dba) in grey and Pla synthesised using
the precatalyst in blue from 7.4fpmto 7.31ppmand 7.00ppmto 6.94ppm.

After comparing the NMR spectra of the differing palladium sources, it becomes evident
that theamountof defects seen varies greatly based onptadiumsource. When using our
precatalyst, the amount of defects seen in the aromatic region of the NMR spectra was
significantly reduced compared to Jiba} (Fig. 28, 29) and Pd(OAQ) (Fig 26 27), the mos
common palladium source for DArfPhe discernibledefects seen in P1b and P1c are found in
the aromatic region indicating that there is branching occurring on the bithiophene subunit.
Particularly interesting are the peaks found at approximatelypp@@&s both P1b and P1c had a
peak that was absent from P2Rdthough the location and degree of the branching is yet unclear
defects have been reported in these regions in past WéAEhese resudtindicate the potential
to create a polymer withfewer defectshigher solubility and without the requirement of

installing blocking groups.
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Figure30P1a End Group&nd group locations in the NMR of Pla

The other peaks seen the aromatic regiorat 7.25 ppm and 7.16ppm both being
doubl et s, and 0 7.02 being a cl ekg3).tThisipl et [
based both on previous research done into this polymer as well as the reduction in peak size as
the molecular weight of the polymers increas®3hese peaks allow for end group analysis of
the polymers which in turn allows for an alternate way to measure the size of theelym
produced.The polymer sizes predicted through this method are significantly smaller than those
seen by GPC (Table 1). This massive discrepancy could be for one of two reasons. Firstly, the
standard used in the GPC is inaccurate for predicting the&ithe polymers. As GPC is based
off of the hydrodynamic volume of the polymer it is never 100% accurate when measuring

against a standard of a different polymer. If the hydrodynamic volume of polystyrene, the
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standard most commonly used in GPC, at a gsiee is significantly different than our target
polymer it could lead to inaccurate measurements. The other potential possibility for the
discrepancy seen has to do with the solubility of the polymer in the NMR solvent used. P1 is not
soluble in many comon NMR solvents such as CRCTherefore for the NMR spectraof the

polymer to be retrieved it was required to be dissolved in TCE at 90 °C. Due to the low solubility

of the polymer there is the potential thaany of the polymer chains at higher masses
precipitated before they could be adequatetprporated into th&IMR sample Further proof of

the low solubility of the polymer affecting the mass seen through NMR is the higher molecular
weight seen for P1b when compared to P1c. This is the inverse of the result seen when measured
through GPC but the higher degree of defects sed¢ime polymer could contribute to its lower

solubility and therebyhe lower molecular weight.

Polymer GPCMn NMR Predicted Molecular
(kDa) Weight (kDA)
Pla 25.6 6.83
Plb 13.2 4.90
Plc 18.8 4.11

Tablel NMR Molecular Weights: Molecular weights of P1 polymers measured through end group analysis via NMR

2.7: Investigation of Other Polymers

Two other polymers have been investigdtmdsynthesis with this palladacycle. The first
of these was-DOFTP. This polymer was chosdrecausedt has been extensively studied and
also lacks a hydrogen that could cause branching. Based on the work previously done by Ozawa
et al, a variety of conditions were tried to surpass the molecular weights achieveeir
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work.®® The other purpose of this polymerization was to see if it was possible to eliminate
soxhlet extraction as a necessary purification stépfortunately, the molecular weights
retrieved from these experiments were not beyond what wasctexpandhe yields retrieved

from multiple experiments were above 100% indicating that further purification was required.

FF
CgH17. CgHi7 Cs,COj3 (3 equiv), PivOH(1 equiv),

Br . B + Precat N
O THF [0.15M], 100 °C

F 24 h

PDOF-TP

Scheme DArP ofPDOFTR Synthesis of PDGFP using the precatalyst as a palladium source

Reaction Catalyst Reaction Time Mn (kDa) Mw (kDa) Yield (%)
Loading (mol (h)
%)
1 1 24 15.0 53.3 79
2 2 24 21.9 57.6 >100
3 2 127 12.4 21.4 74
4 0.05 24 12.9 324 >100

Table2 PDOFTP SynthesiSummary of reaction conditions attemptedsynthesize PD@RPthrough DArP usinthe
precatalyst

The other polymer that was explored for use with this palladacycle was P3H#T.
polymer wasnvestigated forwo reasonsFirst P3HT is one of the mosésearched conjugated
polymers meaning that analysis of the polymer is straightforward as there are pléi#Rof
spectrathat are available to compare allowing for easy determination of defessendlythere
are multiple synthes of the polymeranda variety of conditions available to use to determine

which are best suited to the catalyst systdmo sets of reaction conditions were attempted:

42



those performed by Lecleret al. and those perfored by Ozawaet al with the primary
difference between them being tequivalents of base and the concentration of the reaction
mixture?* Unfortunately,neither of the conditions attempted resulted in a high yield with the
molecular weights of the polymers being difficult to measure as much of it was below the
calibration limit. With more exploratigrconditionscould be foundvherethe precatalyst shows

highereffectivenesshut more research is required.

Leclerc
S LiO'Bu(0.15 equiv),
| p Br Cs,CO;5 (3.0 equiv), Precat
THF [0.15 M], 125 °C,
CgH13 48 h
34% S
—
Ozawa M
s LiO'Bu (0.15 equiv), tH
| ) Br Cs,CO3 (1.0 equiv), Precat 613
THF [1 M], 125 °C, P3HT
CgH13 48 h

19%

Schemd 0 P3HT Synthesidttemptedsynthesis of P3HT using DArP waitin palladacycle as a palladium source. Conditions
retrieved fromboth Ozawa et al and Leclerc et al.

2.8: Conclusions

In conclusion we have outlined a methdtiat usesa palladium precatalyst foDArP,
which can beeasilysynthesised and utilize@ur experiments thusr have indicated that using
this style of catalst can reduce the amount of side reactions leading to defButse
conclusions were supported thelow PDI and high molecular weight of the polymer produced
as well as their ease of processability and improved chemical purity based on the antidggis of
NMR spectra The NMR spectra are particularly significant as they display the reduction in

defects seen when using the precatalyst as a palladium source leading to potentially more
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regioregulampolymers with enhanced solubilitfhe other primary advantageas the decrease

in the amount of palladium required to perform the reaction thereby reducing the cost.

This concept could be further expanded on through a few methods. A wider variety of DArP
friendly ligands could be tested potentially reducing the side reactions further. More polymers
could also be more thoroughly tested to display the general appticaithe catalyst system.

Of particular interest would be further investigation into the synthesis of P3HT as it is a

commonly used polymehat could significantly benefit from higher selectivityits synthesis
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Chapter3: Using Direct Arylation Polymerisation to Prepare
DialkoxybithiazolePolymers

An important aspect of scientific research is therough exploration of possible
substrates. This is particularly important in the reaimconjugated polymers as achieving
unique electrical properties is the primary goal of the fi€ldlythiazolesare of particular
interest due to their ease of synthesis #re&rmal and environmental stabilitfhe primary
drawback of unsubstituted polythiophenese ofthe most prolific conductive polymeiis,their
processability. Namely the fact that, even at relatively low molecular weights, polythiophene is
insoluble inmostorganic solvent8! These issues were addressed through the addition of alkyl
chains at the 4 n d poditiibns This aidedin the solubility but has been shown to disrupt the
planarity of the molecule negatively affecting its conducti®it@ne of the solutions to this was
to instead us an alkoxy side chain omé molecule. This addresses thlanarityissue though a
phenomenon termed chalcogen bonding which monrcovalent interaction between group VI
elements, or chalcogens, aabbctronrich donors® This allowed for SO interactions which
causethe polymers to retain their planarishile becoming soluble in a larger variety of organic
solvents While polythiophenes have been thoroughly investigated, including those with alkoxy
substituents such as poly(3sthylenedioxythiophene) (PEDOT), there are some issues with the
polymess. One of the primary issues is that the newly introdwdkdxy side chaimttached to an
already electromich ring pushes the energy levels of both the HOMO and LUMO highér3py

0.5 eV making them less generally applicabfe.

45



s S S
|/ L/
| n n
" R OR
+ Excellent Electrical Properties + Improved Solubility + Improved Solubility
- Low Solubility - Poor Electrical Properties - Altered Electrical Properties

Figure31 ThoipheneSummary The modificaiton of the electrical properties of polythiophene by introducing alkyl or alkoxy side

chains. When alkyl side chains are introduced the poor solubility of polythiophene is adressed but the electronic preperties
poor due to the disruptiom planarity. When an &bxygroup is introduced tthe polymer the solubility is improved from the
unfunctionalized version but the location of the HOMO and LUMO are shifted theeresonance donation of the oxygen.

The high energy levdtontier orbitals of the alkoxypolythiophenes indicated the need for
a modification of the backbone of the polymer. Researching dltisntion was drawn tone of
the underexploreg@olymers in the realm afonductive polymers4,4-dialkoxybithiazoles. The
benefits ofthe alkoxy side chain in thd,46dialkoxybithiazoles are threfeld. Firstly, the
inclusion of a long alkyl chain aids with the solubility issugssociated withextended
conjugated polymeras referred tan Chaper 2. The other two purposes of the alkoxy side
chainsare related tdhe size of theband gapand its position relative to the vacuum level. The
usage of th alkoxy side chain addresses these issues. Due to the conformatiorpaliyther,
thereisa st eri c interacti on chhirandvanyearomatit spacdr usech i a z o
This steric interaction will disrupt planarity thereby negatively affectivegconductivity of the
resulting polymer. The oxygen on the alkoxy chain addresses this issugisiacbheaehead
linked dimer,it will maintain the planarityby coordinatingwith the hydrogen of the aromatic
spacers.Due to the fact that thiazoleis a more electroqpoor ring when compared to a
thiophene,an electrordonating group can be attached without adversely affecting the desired
band gap.Density functional theory XFT) calculationsreinforced this idea showing that

thiophenes attached to aryl spacers with an alkyl side chain would yield a large band gap.
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Changing the side chain to an alkoxy group shrunk the band gap but the HOMO was still too
high for practical use. Finally changitige thiophene backbone to a thiazole lowered the energy
of the HOMO in relation to the vacuum level while retaining the smaller band gap seen in the

alkoxy thiophene.
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Figure32 DFTCalculations Performed by Dr. Sinclashowing the variation in band gap and proximity to the vaccum level of
alkylbithiopheneswhichhave a larggHOMGLUMO gapf 5.07 eV alkoxythiophene, whose band gap is lower at 4.3r&},a
HOMO too close to the vacuum level; and alkoxythiozehéshhave a similaHOMGLUMO gamt 4.2 eV and a lower energy

HOMO.

3.1: Past Research

Although underexplored our examinationteadto-headlinked 4,4dialkoxybithiazoles

was not the first. This motif was initially investigated by B&ter et alin 2011where it was
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viewedas a small molecuf® These molecules were synthesised through a Hantzsch synthesis

cr eat i-bilgydraxytdazole ahich was then alkylatedth ethyl iodide

S

O OEt > A__s N OFt
NH, pyridine I ] I 1.NaH, DMSO )
HZNJ\W * 2 j: 100 °C W 2280 | N/: :s |
Br EtO Ar

S Ar

Schemell Synthesis oft,4-Alkoxythiazolesthrough a Hatzsch synthesi®llowed by an alkylation

It was showrthat the bithiazoleproducedhad not only a high level dfuorescencéut
also,uponinspection of therystallizedsmall molecule, a surprising level of planariBoth the
torsion angle of the thiazole units (0.2°) and the thiazole and phenol rings (6.08°) were much
lower than expected when compared to that of the thiazoles when a methyl was substituted for
the alkoy functional group (32.6%¢ This discovery led to further research of this subimihe

following years.

Figure33 CrystalSructure of Alkoxybithiazole Gompound synthesized bydscher et al. to show the angles between the
thiazole units and the thiazole and phenol rifigs.
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The nextexampes ofstudiesof bithiazoles were @formed by Gueet al in 2013%° This
was one of the first major investigations into using these functionalized bithiazoles as polymers
after seeing their unique propertidhis group pursueda tail-to-tail linkage of the bithiazole
attempting to eplicate the chalcogen bonding that was seen in other polymers such as PEDOT.
Although differing from Taucheet al the concept that was being sought after remained the
same: create a bithiazole whose side chains would vary the energy level of the abimpoun
keeping it planar through ir@molecular forcesDFT calculations were performexh thiophene
dimers with various side chains and compared to the thiazole dimer with the alkoxy side chain.
This displayed the large difference between the ¢cammpounds: not only is the thiazole dimer
further below the vacuum level even with the presence of an electron donating side chain but it

also shrinks the band gap between the HOMO and LUM@ 84)

LUMO: -1.20eV LUMO:-63eV LUMO:-73eV  LUMO: -1.26 eV
HOMO: -5.55eV HOMO: -5.84 eV HOMO: -4.67 eV HOMO: -5.07 eV

Figure34 Bithiazole/Bithiophen®FTCalculations Performed by Guo et athat display the band gap difference seen between
thiopheneswithy 2 adzoadGAGdzSyda Ay GKS n FyR nQ LJZéAG)\Qd}JaétotheyF?“(]KQé
difference in planarity. Also displayed was-tait A f f Ay 1SR (GKA21 2tS8a 6AGKSO| f12E8 aAh

A large barrier for this particulavork was thenumberof steps taken to reach the desired
monomer. Due to the desired polymerization method being Stille coupling as well as-the tall
tail coupling eight steps wereequired to reach the monomer for polymerization. This makes the
synthesis process unnecessarily long while losing starting material along theomwsrting

under 10% of the starting material to usable mondf®einemel?2)
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Scheme 2 Guoet al. Starting Material SynthesiStarting material synthesis for thelymerization performed by Guo et al.
yielding 7% for the organo tin and 9% for the dibrethmzole®

Following this exampleWei et al investigated poly(4exyloxythiazole) as a low band
gap polymer? Their goal was to create polymer similar in structure to one that is commonly
used in organic electronics, and was discussed in the previous chapterheayi(Biophene)lt
was found that the polymer could @asily synthesised from-bromothiazole which was
converted into the hydroxytmole through an Ullmanreaction. This was then prepared for
polymerization through bromination using NBS. The monomer was then homopolymerized
through a Stille coupling using hexamethylditin and palladium tetfaKikis polymer allowed

for a more direct comparison to an existing polymer that is in use.

||
—Sn'Sn—

g NaH, CeHys, S Br || S
CuBr NBS Pd(PPh3),
JI ? THF JI ? THF /> Bl ~Toluene L7 kL
Br” N CeHizs~g N C6H13\O CeHiz~ N

Schemé 3 Synthesis ofoly(4-hexyloxythiazole)Polymer syritesis performed by Wet al. through Stille cross coupling

Once againthe band gap of these polymers was compasd it wasfound that the
poly(4-hexylthiazole) had a smaller band gap than pehg8ylthiophene) allowing longer

wavelengths of light t@nablethe transport of electrons/holes. Tihéazolepolymerswere also
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found to have lower energy when compared to the vaculewel as determined by cyclic
voltammetry This also lehcredenceo the idea thatising hexylthézoles asa substratevould

lead to polymers that would be less readily oxidize@tyironmental oxidants.

3.2 Proposal

The goal of this project was toreate a facile synthesis of polymer with -4,4
dialkoxybithiazole andraaryl spacer. Ideally this synthesis shouldapelicable taany dibromo
aryl spacer and create a conductive polymer. If successful it would allow for the creation of a
wide variety ofpolymers with differing eldcical properties while also allowing for the mass
production of the monomer required to createdasiredproduct. The other benefit of creating
this synthesis was that, as previously stated, if these polymers were creatiedgenscalghere
is no toxic or difficultwasteto dispose of as the kyroduct of direct arylation is not a metal

halide as it is with many other cross coupling reactions.

Pd(OAc),
Cs,CO3, PivOH

s, N R
R
JIHI( . Brorr-pr _(otoly)P s. N
R N S Toluene | />_</I
N s

16 h, 90 °C R

1,

Schemed 4 ProposedseneraDARPNR LJ12 8 SR ISy SNI f  aAtedfithikz8la golsimeewheranbitiagble & dzo & ( A ( dz
combined with a dibromo aryl spacer through direct arylation

3.3: Discussion

In order todetermine if our targeted momers were a viable substrate for DArP a
computational study was performed to model the CMD transition Slateachieve thisa
disruptioninteraction analysis of-thethoxythiazolevas performedThis was done through the
creation of DFT optimized structures fdahe ground state of botlthe palladium, 4

methoxythiazole, the CMD, and the final complex. Combining all of these simulatenSibbs
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free energywas calculatedior the most important aspeaci$ the reaction. Namely the energy of

the transition state as well as the two energies contributing to it discusS&apter 1: the
energy of iteractionof the 4methoxythiazole (k) and the energy of distortion of the aryl
hydrogen bond (&{ArH)). These energies were compared to those of unsubstituted thiophenes
that are known to react at thepbsitionthrough DArP to determine the viability of the chosen

substrate.

When compared to an unsubstituted thiaztle Eqis{ ArH) of the methoxythiazole was
nearly identical. Conversely th&inx was calculated to be 1.7 kcal/mddrger for the
methoxythiazoleThis is as predicted as thenks tied to the nucleophilicity of the substrate
Therefore when comparing the nucleophilicity dig 5 positionsa compound with an electron
donating atom attached to the 4 position should be more nucleopHilg.result of this
calculation indicateghat the energy required to access the CMD transition statehéor

methoxythiazole is lower thereliycreasing the reactivity.
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Figure35CMD DFT Calculations: DFT calculations performed by Dr. SQioetarning the CMD step betweén
methoxythiazole
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3.4 Synthesis

The first goal of this project was to develap concise synthesis ofthe 4,4
dialkoxybithiazole monomeiThe importance of thistepis to guaranteeccess to the monomer
for large scale productiofhis isdue to the fact that the monomer is notnmercially available

andexisting synthesisequiresmanystepswith low final yield.

Beginning with a retrosynthesis our targeted bithiazole is able to be joined through the
usage of an oxidative homocoupling using Cu(QAd}jh oxygen as a terminal akantas has
been previously reportéd The 4-alkoxythiazole could becreated through the usage of an

Ulimann type couplingof a4-halothezolewith nearly any alcohol.

Oxidative Ulimann-Type
OR S . S
S N .
Homocouplin Coupling
N R-OH N
rRo©O N S RO Br
Direct _
Arylation Br
s N OR
[~ 1
rRo” N s ]Ln

Schemé5 Retrosynthesis oBithiazoleMonomer Thiazoles are coupled through oxidative homocaogptihat had the alkoxy
side chain added through an Ulimé&pe coupling.

Our targetedsynthesisbegan with a24-dibromothiazole.This is due to the fact that
although commercially available-Bfomothiazole is significantly much more expensive than
2,4-dibromothiazole($23 USD/g via Oakwood Chemical versus $38D/25g via Oakwood
Chemica). The unnecessarppromineat the 2positionwas removed through the usélithium
halogen exchangirough the introduction af-BuLi at-78 °C This exchange will occur more

favourably at the position leading to the desired product after quenching with methanol. The
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producedbromahiazole was retrieved in 99% vyield andas then coupled with an alcohol
through & Ullmann coupling This is accomplishedsing NaH to first deprotonate the alcohol
room temperature over an hofwrming the alkoxide Cul and 4bromothiazoleare then
introduced and the mixture is refluxed in a sealed tube forming the final pr@tietmelo6).
The product was then purified through column chromatography and retrie@8éhiryield This
is the first area of potentidifferentiation between the polymerstag alkoxy group alkyl chain

can be varied based on the alcohol used in the Ulimann type coupling.

5 S 1: NaH, -1
n-BuLi THF, 1 h S
Br —— ' >
. iN/>_ .78 °C, THF )IN/> 2: Cul, R i Y
r Then MeOH  Br Reflux, 16 h o~ N
99% 60%

%
Schemel6 Synthesis o8ubstituted ThiazoleMonomer. Begiming with 2,4 dibromothiazole the bromine on the 2 position was
removed througHhithium-halogen exchange followed by an Ullnmaiype coupling to add the alkoxy side chain.
Following the synthesis of the alkoxy thiazolevo units were coupled through an
oxidative coupling This couplingusescopper (ll) acetatavith oxygen as a terminal oxidant. All
reactants are combined in xylenes and refluxed4@t°C for 48 hours. This creates the final
monomer 4,4ialkoxybithiazolewhich is then purified through column chromatograpsyd

retrievedin 96%yield.
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£S> Cu(OAc), s N_Og
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Reflux, 48 h R\O
96%

Schemel 7 Synthesis ofi = -AlKdxybithiazole{ & y (i K S & JalioxybithiazolghDugkoxidative homocoupling with
Cu(OAg)in xylenes at reflux.

The synthesis of these polymers was performed through the use of direct arylation. The
method was developed from that of Kambaral with a variety of modifications being tested
to detemine if the efficiency of the reaction could be increased with the differing substrates.
Through this testingoctyl chains wereletermined to beleal for not only the synthesis of the
polymer but also itpurification When chains significantly shortéran octyl chains were used
the resulting polymer would either precipitate out of solution before it had reached an

appropriate size or the mononveould prove too volatileevaporating during its recovery.

A Hantzsch synthesis was also attemptededuce the amount of steps and increase the
overall yield of the monomer. The attempts at this synthesis were based on previous work by
Taucheret al in whichthe target bithiazole was similar with the primary difference being the
phenols in the 5 anfl 6 p o sThistwiaattesnpted through thaxing of dithiooxamine and
ethyl bromoacetate in pyridine at 110 °C for 1 hour. To the resulting mpeilva@nol was added
and it was cooled to room temperature over 30 minutes. This reaction only prodydatéalk
pyridines instead of the targetelimer The reaction was attempted with a variety of other

conditions but the desired product was not obtained.
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Schemel8 Attemptedn Z-lHy@roxybithiazole yithesis AttemptedHantzsch synthes&s ¥ -lydroxgbithiazole

The other polymer that was synthesised for theqeeriments was a proof of concept
This was not only to expand the scope of polyntteas couldbe synthesised throbghis method
but also to practically display what was calculated through DFT by Dr. Sinclair. Namely the fact
that, althougha n al k vyl side chain in the 4 and 406 po

solubility, they would disrupt the planar strucwof the polymer thereby increasing its bandgap.

The route to the starting materialdifferent for the alkyl monometue to the fact that,
when not requiring a halogen at the 4 gosita Hantzch synthesis can be us€dereforethe
first step was sittar to that employed by Tauchet al In this casga thiazole dimer with nonyl
chains at the 4 and 46 positions was produc

bromoundecanone amithiooxamide in ethanol at reflux.

CoH1g
N
i H,N i Reflux 2/\)\(3
eflux
gt B N S, R e
S N
CoH1g
Yield = 87%

Scheme 9 Hantzsch synthesis of Z-Ak§bithiazole Hantzsch synthes&s ¥ -moRytbithiazole

The two types of monomers were then combined through DArP with an aryl spacer. This
is accomplishedhtrough the introduction of the dry reagents to a flame dried Viad. bithiazole
monomer is produced as a viscous oil and was therefore diluted in toluene before its addition.
The reaction was then allowed to proceed for 12 hau@9 °Cbefore being rewved from the

heat. The mixture was then sonicated to attempt to solubilize as much potypwssible The

56



polymer was then precipitated through introduction to cold methanol and purified through

vacuum filtration.

Pd(OAc),, O-Rn-Oct. n-Oct
n-Oct_ n-Oct Cs,COj3, PivOH, N
s, N O P(0-toly)s SY& ) .
JI/>_</ ]/ +Br . Br \ / S n
R\O N S Toluene N
90 °C R-G
12 h

Scheme0 Polymerization oBithiazoles: DArP was used to polymerize the syntelisbithiazolegnd an aryl spacer (in this
case2,7-dibromo-9,9-dinonylfluoreng.

3.5: Polymer Analysis

The synthesis of these polymers was thetfetep in the exploration of replacing
thiophenes with thiazoles in conducting polymers and determining their properties. The
propertiesof the polymemvere determined using some of the same methods explaiGhjoter
1. Following our success synthesigithese polymershe scope of the reaction was explored to

determine if the synthesis wapplicableto a wide variety of aryl spacers.
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Figure36 Polymerization Scop&ummary of the polymers investigated using itiethod shown irscheme 20

After the synthesis o# variety of polymers using the method shownFig. 36, UV-
visible spectra were taken of the different polymers to determine if there were significant
differences caused by the varying length of the alkoxy side chains as well as the effect of the aryl
spacers used to separate thedladkoxybithiazole monomers. As is made evident through this
figure, there is a significant amount wériation not only in theonset of the shift but alda the
wavelength of maximum absorbanddis indicaesthat the method used is not only effective in

the synthesis of a variety of polymers but that these polymers have a large vaoigtigaifand

electionic properties.
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Figure37 U\-Vis Polymer Comparison: Comparisbthe polymershown in Fig8. Polymers were measured while solubilized
in THE

The UV-vis spectraare a clear visual indication for the amount of variation sédre
onsetof the shiftvarying over300 nmwhile the wavelength of maximum absorbance varied up
to 200 nm. Thisndicatesthat through the variation of one substrate within the synthesis of the

polymer, there is a massive potential for variatioretéctronc properties

Following the U\visible spectracyclic voltammetry was then used to further explore
the electronic properties of the polymefrfiese tests were performed to botimfirm the results
of the U\tvisible experimentsand determine the positionf the polymers in relation to the

vacuum level.
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As was shown irfFig. 37), the amounbf variation in theenergy levels of reductiovary
greatly based on the aryl spacer us@éthile in complement to the UVis spectra cyclic
voltammetry allowghe HOMO-LUMO to be confirmedwhile giving a clearer picture of where

the HOMO and LUMO are located.
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Figure38 CVComparisonPolymers shown in Fig6 compared through C\Only the forward sweep is shown for clarity

Polymer | Eg (Opt) | Eg (CV) | Abs Max | HOMO LUMO
(hm) (eV) (eV)
PT1 2.11 2.17 553 -6.33 -4.16
PT2 1.90 2.2 592 -6.75 -4.55
PT3 1.77 571
PT4 1.85 2.11 551 -6.52 -441
PT5 1.43 1.58 675 -6.28 -4.70
PT6 1.62 1.7 606 -6.15 -4.45
PT7 2.7 261 506 -6.56 -4.05
PT8 2.1 2.13 549 -6.40 -4.27

Table3 Polymer PropertiesCompiled data of the polymers shown in 8édncluding the band gap (EEgneasured both through
U\-vis and CV as well as the wavelength of max absorbanctharldJMO and HOMO locations determined through
comparison to an internal ferrocene standard.
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While analyzing both of these data sdtwere were a few points of intereBirstly, the
band gap oPT7, the polymer with the alkyl side chain hae largest band gap of any polymers
synthesisedTable 3) This is once again due to the fact that, although necessary for solubility
reasons, the alkyl chain breaks the planaritthefmolecule thereby affecting its conductivity.
was also observed that the aryl spacer heavily impacted where the HOMO was. IBoated
instance PT5, having benzothiadiazole as its spacer, had a significantly higher max absorbance
than any other polymer. This is positive as it further emphasisesbility to create a variety of

electonic properties in materials through the changing of one reactant

3.6: Conclusions

In conclusion alkoxythiazoles are a relatively underexplored area in the realm of
conjugated polymers. They address some of the issues seen in polythiophenes such as large band

gap, low solubility, and air stabilitased on these fars a general synthesis was investigated.

We have outl ined a -atkexybhh@zbles bcgn bev Isyintbelsised4 gnd 6
polymerized using a wide variety of aryl spacerbe synthesisthat was developed isigh
yielding and consists o& low numberof steps when compared tather currently existing
syntheges It also allows for the use of DArP thereby reducing the amount of toxic waste

produced when compared to both Stille and Suzuki couplings.

Through changing the aryl spacer used inpiblgmerizationthe band gap can be heavily
influenced allowing for a wide variety of eleatic properties to be achieved. Due to the fact
that theonly required change to the synthesis is the aryl sptgeiindicates that the synthesis is

potentiallywidely applicable
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Chapter4. PolymerWrapping

4.1: Carbon Nanotubes

Carbon nanotubes are an emerging material gaining traction in the field of materials
science. This is largely due to the wide range of functions that they can Rangng from
healthcare applicationsuch as drug deliveryto those in the field of electronics such as
transistorsCNTs have proven to be a useful mateftdP This variety of applications has much
to do with the range of properties that the CNTs can take on based on their: chirality, number of

walls, length, and diameter

0.5to 1.5nm >100nm

Figure39 Carbon Nanotub®isualization Depiction of Carbon nanotubes showing a single walled carbon nanotube on the left
and a multi walled carbon nanotube on the right

Many applications for carbon nanotubese primarily SWNTs. Within theategoryof
SWNTs, there is further division between metallic and semiconduc®WNTs What
differentiates metallic carbon nanotubes from those that are semiconducting is their band gap or,

in the case of metallic nanotubes, the lack thereof. The electronic properhesetubes follow
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the rulesoutlined inChapter 1lregarding organic material3he distinction between the two is
based on the diameter and chirality of the tulbég 40). When there is no band gaglectrons

can freely move through a substance as the amount of energy required to excite an electron from
the valence band, or LUMO, to the conduction band, or HOMO is very §hvahile this can

be useful for some applicatign®r most electronic applicatiesrthe semiconducting materials

are desired as the flow of electrons through a material can be controlled by the amount of energy

entering the material.

Armchair

Figure40 SWNTChiralityVisualization Depiction ofdiffering chiralitieswith zigzag tubes havingne of the directional vectors
equal to 0. Armchair nanotubédmve the directional vectors that are equal to each other.
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Chiralities of CNTs play a large role in how they react to electric currents. Based on the
chirality, the band gap of the CNT changes. CNTs can have a range of chiralities affecting not
only their diametex but also their properties. Different chiralities are generally separated into
three categories based on the appearance of the cadrbon bondss well as the attributes
they imbue. They are termed: armchaig-zag and chiral Armchair nanotubes are the CNTs
whose vector (n,mand n=m’®""When n is equal to pthe band gap of the materials is z&d&'

When n- m = 3i where i does not equal zetbe nanotubes have a low band ¢aff.Both of
these cases mean that the CNTs are considered metalkn M vectors Am = 3i +1 the tube

is considered sengonducting’®’’ Zig-zag nanotubeare defined by either the m or the n vector
being equal to zero. Zigag nanotubes produce a mixseimiconducting and metallic nanbas
where starting at (0,0) every 3n tubes will be semiconducting while the others are rffetallic.

This means that 2/3 of zigzag nanotubes are semiconducting while 1/3 arecmetalli

The usage of semiconducting single walled carbon nanotubes (SWNTSs) in electronic
applications has to do with how electrons are transported through the systems. Due to the
eXxt ensi v eCNTs caremakecusekof a phenomenon termed ballistic eletcénasport.

This type of electron transport allowlse movement of electrons through the materials without
significant scattering® This is particularly relevant in transistors where, as the demand for
smaller electronics grows, the amount of transistors that mugtabkedinto a material
increasesCarbon nanotubeare particularly important for this due to the increasktiency of

the electron movemerand reducing the scatterias the potentido increase the density of
transistors in a circuifThe other effect of thigs increased demanoh the amount ofransistors
being producedvhich in turnincreasegshe demand for siliconTherefore, de to the limited

availability ofsilicon, there is anncreased demand for more easily accessible alternatives.
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The nanotubes themselves can be synthesised in a variety of ways. The most common way is
chemical vapour depii®n (CVD).”® This method uses heat to create hydrocarbon vapours
which are passed through a reaatsinga carrier gas. This reactor contains a metal catalyst
which is adheed onto a substrate or support systémhe chamber containing the catalyst is

kept at a high enough temperature to decompose the hydrocarbons, generally rangit@§-from
600°C. The CNTs will then deposit on the catalyst allowing for collection. CVD is currently the
most popular method for mafagcturing CNTs as the materials required are relatively chadp

the number of walls contained within the tubes can be controlled based on the Eatalyst.

pressure sensor
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Figure41 Carbon Nanotube Synthes@hemical vapor depositiamstrument sublimated carbon is mixed with a carrier gas and
passed through the pressurized device. The carbon is then deposed on the substrate

The primary problem found with this nietd of synthesis, as it is with many others
including aredischarge, laseablation and induction by thermal plasmia that the different
chiralites and types of CNTaze producedvith little control over exactly what is producekhis
is largely due to the fact that the synthesis occurs at a high enough energy that a large mixture of
chiralities are generated The end result of this drawback is thamother process must be

createdo separate the taggvariety of CNTs.
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4.2 Existing methods of Purification

Due to the fact that current methods of C¥yhthesis cannot exclusively create a given
type of nanotubethere is a demand for a facile method of separation. There are many ways in
which nanotubes can be separated. Some of the more prevalent ways to separate carbon

nanotubes includetielectrophoresigpolymer wrapping, and DNA wrapping.

Dielectrophoresisfunctions throughthe use ofthe polarizability difference between
metallic and semconducting nanotubes. The dielectric constant for semiconducting SWNTs
being 5¢ whereas metallic SWNTs have a dielectric constant closer to f1&&@ling them to
separateinder anonruniform electric field. The primary problem with this method is that it lacks
the ability to separate tubes based on their chirality, only sepathénmpased orwhetherthey
are metallic or semtonducting The scale of this method is alsery low which could

potentiallylead toproblemswith the scale upequired for an industrial separation.

Figure42 DielectrophoresiSeparationCNTSs are separated based on their dielectric con§fant
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DNA wrappingis another method that has been ergll for the separation of CNTSs.
This methodworks by taking advantagef the overall negative chargd the polyphosplate
backbone The negative chargallows for tubes that are wrapped by the DNA to be separated
through the use of ion chromatograpbly GPC The challenges for this method lie with the
selectivity. Based on the sequence of the DNA that is, tisedliameter or the type of nanotube
can be selected but not both. This means that if this method where to be applied indwstrially
minimum d two large scale columns would have to be used to select the desired diameter and
type of tube Another recurring issue is how the DNA can be removed from the CNTs after the

separation requiring further processing.

Figure43 DNA wrapping CNTs (a) and DNA (b) anéxed,and the DNA becomes associated with the CNT (c) which can then be
separated via column chromatograpgfy

Polymer wrapping is a technique that has been gaining popularity for selective separation
of SWNTSs as, based on the composition of thiymer, SWNTs can be separated based on both
type and chirality. Aromatic polymers are the most common type used to separate SWNTSs. This
i's due-"tottaltcki ng i nteractions between the tu
interact favourably. Thisllows the SWNTSs, that are insoluble in most common solvents, to be

solubilizedthrough their interactiowith the polymers. The SWNTSs in this process are separated
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by the favourability of their interactions with the polymer as only specific types and chiralities of
SWNTs will be suspended. Polymer wrapping is particularly appealing as, with the exception of
sonication and centrifugatipmo specialized equipment isquired to separate the nanotubes.
When compared to other methods that require equipment such as specialized déRID@ssOr
electrodesthis technique is not only easydacheap to utilize but couldlso be easily scaled up
based on the demandhe primary drawback of this technique has been the difficulty of
completely removing the polymer from the nanotuafter they areseparatedAs the materials

do not interact throughkovalent or ionicoonding their interaction is difficult to disrupt. This
leadsto the suspended nanotubes often being coatétdthe polymer used to separate them.
Once the nanotubes are isolated through the evaporation sblttentthey are suspendexhd

they remain coatedith the polymer significantly affecting their propersieThis severely limits

the potential applications for the SWNTSs that are separated by these techniques. Not only can the
polymer used affect the properties of the SWNTs potentially lowering their efficiency, but they

also cannot be aligned which can damé#te potential effectiveness for electrical applications

Polymer

'L

Y

Sonication

Figure44 Polymer wrappingPolymer and CNTs are suspended in solution through sonication. The polymer will associate with
the CNTs generally through™ stacking.
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Some polymers have been created that can be removed from the SWNTSs. These polymers
are divided into two categories: gladable polymers and those whadergoconformation
change Degradable polymers range drastically in their structure as different monomers interact
favourably with varying types of SWNTs and the backbone of each polymer is modified to be
labile to a givenstimulus. Fluorene is one of the most commonly used monomers for the
backbone due to its versatility and stability. The rangedejradationtechniques for the
polymers is somewhat narrower being limited to primarily acidic conditions with some success

being seen with photocleavable groups.

A)

B)

n

Figure45 PolymerWrapping Candidatesolymers with aromatic backbone required for CNT separatipoan be degraded
through UV light while B) is degraded through th&aaduction ofacid 282

Acid degradable polymers are finer divided based on the reversibility of their
degradation. Some polymers are created using traditional polymerization methods, namely
condensation or radical polymerisation. This introduces acid labile groups that can easily be
removed through the usé catalytic amounts of TFA2 The other category of acid catalysed
depolymerization is polymers that are created witkpaklymerisation in mind. For these
polymers the primary goal is to make the monomers retrievable througtconatent
polymerization methods. This is achieved through the use of hydrogen bonding to or metal
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chelation to coordinate the monomers creating high molecular weight complexes of.6p to
kDa8® After the addition of catalytic acid, the monomers will then dissociate andrréma
solution while the SWNTs will precipitate. Each can then be collected, and the monomers can
then be repolymerizedafter purification through column chromatograpgbwering the overall

cost of the proceduré.The main drawback of this methdglthe introductiorof an additional

purification step in column chromatography to retrieve the mondter.
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Figure46 SmallMoleculeSemration: Small moleculdeveloped to separate CNPg that associatéhrough hydrogen bonding
B). Can be dissmted and retrieved through the introduction of acid.

The other ategory of polymeyused to reversibly separate carbon nanotubes are those
that change conformatiompon being introduced to one of a few potential compauRadis a
polymer to solubilize a SWNT it must be able to wrap around its sutfeerefore once the
backbone of the polymer iggidified or its conformation is changepreventing this the
separatechanotubs can be retrievef This method has been primarily usbg varying a

multitude of different conditions: solvent, pH, or medald oxidant level& Upon introduction
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of differentfactors the polymecannotwrap the SWNTs and they precipitate from the solution.
Using solvent plays on the polarity of the polymer backbone. A hydrophobic solvent, such as
chloroform is usedo allow free movement of the backbone of the polymer followed by the
introduction of a more polar solvent such as acetonitrile. This causes the polymer to fold in upon
itself exposing its more polar side chains and rendering it unable to wrap the SWAgTath@r
conditions play primarily on changing the rigidity of the backb®nelpon oxidation or
protonation, the polymer becomes charged and linear thereby preventimingraf'hen using
metals, the goal is to have motifs that will readily associate with ions. Upon introduction of the
metals the polymer will then be chelated changing the polymer conformation and releasing the
wrapped SWNT$? The primary drawback of these techniques is the difficulty in completely
removing the polymer. Often times some polymer will remain associated to the SWNT even
after precipitation changgnits characteristics and rendering it significantly less useful due to the

low conductivity of the polymers when compared to the SWNTSs.

4.3: Objective

Our objective in this project is to synthesise a degradable polymer that will allow for the
wrapping of SWNTSs allowing the dispersal and separation of target chiralities. The synthesis
involves using direct arylation to polymerise th@&onomers allowing for higher average
molecular weights as well as minimal toxic-psoducts. Breakdown of the polymer will be
performed via oxidation allowing for robust solvent and separation conditions. Various oxidants
and solvents will be tested to etipt to achieve high concentrations of nanotubes in solution

while remaining selective for targeted chiralities.

These polymers include those with both fluorene and dithiazole monomers to facilitate

breakdown as well as selective wrapping. The testintpexde polymers will involve wrapping
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and breakdown. The goal is to identify polymers that will not only wrap SWNTs the most
effectively and selectively but also degrade quickly leaving naked SWNTSs to precipitate out of

solution.
4.4: Desired Polymer

Targded polymers have included those with fluorene and dithiazole monomers. These
are coupled through direct arylation to give conjugated aromatic polymers that will interact with
SWNTs selectively. These polymers must be long and flexible enough to wrapiNésS
solubilizing themwhile also degrading to a small enough size that the SWNTs can be retrieved

without any polymer remaining attached

The primary area of interest for the development of this polymer is modifying the side
chains on the degradable bhoke. Changing the sidechains could potentially vary the
selectivity of the polymer for SWNTs as well as the solubility. As there are two modifiable
positions on the polymethere are a variety of sidechains that could be introdudee benefits
of introducing variousside chains are twinld. Firstly side chains are important on large
polymers to increase their solubility. The solubility of the polymer can also be influenced
through the usage of either a polar or ypaar side chain based on the targ@ivent.It has also
been shown tit varying the side chains on the fluorene monomer in polyfluorenes can change
the chirality of the nanotube it favours interacting Wftht stands to reason that this could hold

true for not only fluorene but its @amonomer as well.
4.5: Polymer Synthesis

Two polymerbackboneshave been synthesised for the isolation of carbon nanotubes.

Although these polymers appear simildre routes taken to synthesize them vary based on the
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ease of obtaining the thiazole dimmequired These polymers were chosen due to the presence of
thefluorene group which has shown a tendency to be selective for certain nanotube chiralities as

well as their potential to degrade in the presence of oxidants.

PT7:

X

Figure47 Target PolymerTarget polymerswith potential variability at the R position

The polymer containing thealkyl chain attached to the thiazolyl dimer is obtainable in
one step by combining dithiooxamide with bro@wndecanonat reflux This yields one of the
monomersat 87%. This monomer can lused for polymerization directly withoutating to

produce the thiazoles individually followed by dimerization through oxidative coupling.

CoH1o
i H,oN i Reflux Z/\B\(S
C9H19)K/Br+ 2 fJ\NHg W’ S ’\\l\/Z
CoHig
Yield = 87%

Scheme1 AlkyIMonomer Synthesi®N2 RdzOG A2y 2F |y oO0AGKALFT 2 tpbsitigng G K Iy |1 &f

The polymer containingan alkoxy group requires additional steps to retrieve the
monomer for polymerization. The thiazole dimer is produced through first rea2tfig
dibromothiazole with fBuLi producing 4bromothiazole though lithium halogeexchange
followed by protonatiorwith methanal 4-Bromothiazole is then coupled wiem alcohol, in this

case2-ethylhexanal throughan Ulmam coupling. The product is then homocoupled with an
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oxidative coupling to retrieve the dimer. Due to both tHBnam coupling and the oxidative
polymerization having lower yieldsthe overall yield for the alkoxy thiazole dimer is

significantly lower than that of the alkyl thiazole dimer.

1) n-Buli, NaH,ROH, Cu(OAc), OR
PdCI S N
J: >_BrTHF 'HF, -78°C,_ /> Cul /> __PdCl, _ S /]/
Br 2)MeOH THF Xylenes N: :S
Reflux RO Reflux RO
Yield = 92% Yield = 54% Yield = 22%
R:

r«A(\A

Scheme2 Alkoyy Monomer Synthesiproductionob A G KA T 2f S gAGK Iy f12EARS Ay (KS

The polymerization then proceeds throuBtArP with dibromafluorene to produce the
final product.Theflexibility of DArP allows for both types of monomers to be uséithout any
further modification allowing for a higher overall yield of product. This also allows for an
increased level of flexibility in the synthesis as the fluorene cam regardless of the side chain

attached to the bithiazole.
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Schem&@3 CNT Polymer Wrapping SyntheBislymerization of both dithiazole monomers with dibredioctyl fluorene using
DArP

The polymerization reswdtl in PT1, produced from the bithiazolsmonomer with the
alkoxy chainshaving a M, of 137 Da, a My of 20.8 kDa, and a PDI of 1.52T7 has a M of
11.9 kDa, My of 315 kDa and PDI of 2.65Both polymers werdargeenough, when compared

to past results, to be used to solubilize SWNTSs.

4.6. Degradation

[O]
(mCPBA)

Sonication Suction Filtration

Figure48 Proposed CNT RetrievBlocess for the retrieval of sesonducting CNTs. The Ciikture is first suspended with the
polymer through sonication followed by the segtion of the unsolubilizedanotubes through suctiofiltration and
centifugation. The polymer is then degraded through oxidation and the resulting nanotubes are onts@agan filtered to
retrieve the final product.
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Breakdown of the polymer is induced through the introductiorenodxidant Within a
matter of hours the size of the polymer shrinks to below Adtliough not fully characterised
we are able to estimat®w it degrades based on past work performed by Siratlair (Scheme
24)87 In this work the oxidation ofhiazolebasedheterocycles is seen to cause ring opening
This offers one potential route tegradationPicturedis the predictedmechanism in which
either a proton source orLawis-acid would allow forthe opening of théhiazole ring followed
by the oxidation of theulfur. This reaction draws comparisansour polymer as we observed
degradation based on the equivalents of oxidant added, which in our casegCRB#\. This
along with the similar heterocycle being used led us to believe that this mechanism was a

potential route for polymer degradation.

SH
2 SN <
@@ H0Mg® @ MMPP @ OH MeOH @[S OMe
N )NH NH NH
O/ O/) O/)
MMPP\
o)
\\ /7 1

SN
@S\OMe MMPP E:[ OMe
-
NH NH

) o

O

Scheme4 Potential Route foPolymer Degrdation: Potential route for polymer degradation in which the thiazole is opened
and repeatedly oxidized through the use of either mCPBA or MMPP

The degradation itself saw significant variability based not only on the concentration of
oxidantadded but also in the solvent us@¢hile a variety of oxidants were testedCPBA was
found toyield the bestesults largely due to its solubility overlap with the targeted polymers

while maintaining an appropriate strengilith both polymers being tested in a variety of
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solvents the three that saw the highest degree of success were DCE, THijuerk.In the

appropriate solventhe polymersaw as much as a 2/3 reduction in gizables4 and5).

Takingthe GPCtracesof this polymer before and after the breakdothere islittle trace of the
higher molecular weight polymers with PDIs significantly closer to 1 than in the original
synthesis. This is not unique to one of the polymers. Both polymers were tested and saw

significant degradation when exposedri©PBA in DCE or THF.

n-Oct_ n-Oct
mCPBA (3 equiv)

s / \ . . Degraded
+§' DCE/THF Polymer

rt

R

Scheme25 PolymerDegradation Scheme: General scheme for the degradation of PT1 and PT7

CaHo
CoHs

*&% \w
",

CoHs

Refractive Index

Alkoxy Polymer

——Degraded Alkoxy
Polymer

9 1 13 15 17 19
Time (min)

Figure49 PT1 Degadation: GPCs oPTL (alkoxy)sample overlayed from before the introductiomaCPBA (blue) and after
(orange)
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Polymer | Initial M, Oxidant Degraded
Sample (kDa) Solvent| Equivalents | M, (kDa)
1|PT1 11.2| DCE 3 4.6
2| PT1 13.7| DCE 15 7.8
3| PT1 13.7| THF 3 9.4

Table4 PTL Degradation Samples taken to determine levels of degradation of polymer in differing solvents and with differing
equivalents of oxidant

The polymer with an alkoxy sidehainwas first tested to determine the ideal conditions
for the polymer degradation. Multiple solvents and equivalents of oxidant, in thisnCaRA,
were tested. Through these tests it was determined that adding 3 equivalents of oxidant in DCE
were the ideatonditions.Using these conditions the.Mf PT1 (alkoxy) was able to be reduced

to 41% of its original size.

CgH47. CgHq7 Collto

CoH1

Refractive Index

= Alkyl Polymer

Degraded Alkyl Polymer

10 12 14 . 16 18 20
Time (min)

Figure50 PT7Degladation: GPCs d?T7 (alkyl)sample overlayed from before the introductiomaEPBA (blue) and after
(orange)
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Initial M Oxidant Degraded

Sample | Polymer | (kDa) Solvent| Equivalents M, (kDa)
5| PT7 11.6| DCE 3 3.3

6| PT7 11.9| THF 3 1.2

Table5 PT7 Degradation Samples of PT7 taken to determine levels of degradation in diffeshagnts.

The othersynthesizedoolymer, that with alkyl chasin the4 a n d poditiors of the
bithiazole was also tested in a variety of salt® It was found to have the largest amount of
degradation in THRlecreasingrom 11.9 kDa to 1.2 kDA. Success was also found when using

DCE, although to a lesser extent memgreasingrom 11.3 kDa to 3.3 kDa.

There is asignificantdifference indegradatiorwhen the polymers are testeddifferent
solvents(full GPC traces in supporting informatior@T1 will breakdown in one of the more
common suspension Igent, toluene, although the degree is limited compared to what is seen in
DCE. When tested in THF, one of the other most commonly used solvents for susménsion
similar polymersthere is no breakdown observed. Hegredatiorof PT7in THF is promising

as it proceeds even better than that in DCE.

4.7: Solvents

For polymer wrappingexperimentstoluene is generally used as its low polarity helps to
separate th€NTs that are in solutiorbefore the polymer is introduceetallic nanotubes
which are more hydrophiljavill aggregatenaking itmore difficult for the pdymer to interact
with them. Since their interaction is required to solubilize the CMiEslack thereof between the
polymer and the metallic CNTs has been shown to severely hinder the amount of metallic
nanotubes able to be suspended. This can allovadditional selectivity achieved simply by

changing the solventSemiconducting SWNTs that are more able to be dispeirsdtiese
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solventsas they are more hydrophobic further increasing the effects that solvents can have on the
dispersion THF can also be&onsidered as solventfor the polymer being used. As it is a polar
solvent the selectivity it imparts is lessened but the potent@icentration of nanotubes

suspended increases due to the increase in the solubility of the polymer being used.

For the inal separationghe solvent chosen was therefore a mixture of both toluene and THF.
This was chosen in an attempt to achieve the higher selectivity afforded by the toluene while

retaining the higher solubility seen when using THF.

4.8: Testing of Susperd CNTs

Polymer

a'L"

Y

Sonication

Figure51 CNT Suspsion: Process of suspension of nanotubes being tested througlarRspectroscopy. Nanotube mixture is
first suspended with eithé?Tlor PT7 through sonication. CNTs not in solution are then separated through centrifugation.

The selectivesuspension of nanotubes, with theal of degradation to retrieve them, is
the pimary driving force for this project. As sucthe number of nanotubes, as well as th

selectivity of the polymersnust be carefully investigated.

In order to separate the nanotubes, they were first suspended through sonication and left
in solutionwith our polymers for 4 hours allowing for the polymers to bind to the nanotubes.

Following thissuspensionthe mixture is centrifuged forcing atsolubilizednanotubes into a
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pellet which is then filtered out. The final solution was then treated w@RBA in order to

degrade the polymers forcing the remaining nanotubes to precipitate out of solution.

In order to determine the types of nanotubes present in the solution before the
precipitation the solutionwas examined using Raman spectroscoplge use ofRaman
spectroscopy allows fdhe characterization dhe types of nanotubes present in solution as well
as their purity®® Another significant aspect of using Ramspectroscopy is that the SWNTs
could be tested in solution without the need to remove the pdythereby allowig for the

suspension to be tested befdegradation.

The following Raman spectra display three different wavelengths at which the nanotube
dispersionsveretested.They include both variations of tharget polymernamely PTXalkoxy)
and PT7(alkyl), suspended iboth THF and toluenélhe grey regions display areas in which a
signal will be recovered from a semiconducting nanotube and the red regions display signals
received from the metallic nanotubes that remained in flié@a The final reading in black is a

control, meaning a mixture of nanotubes that is yet unseparated.

514 nm

o Aliryl Tol.
:l: e
g /

no\ Alicyl THF
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T . =
o
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™ Alkoxy THF
£
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O )
ra Mixed SWNT

L 1

100 150 200 250 300 30 400
Wavenumber (cm™)

Figure52514nm Ranan AnalysisRanan spectra of the CNTs at 514 nm. Grey area displays the signals seen frem semi
conductng CNTs while the red area displays signals from metallic CNTs.
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The nanotubes in solution were first measured at By The purpose of this
measurement is primarily to observe if there are any metallic nanotubes suspended. Although
there is someesponse from the semiconducting nanotubes at this wavel@nigtimot enough
for analysis.When observing PT1 and PBuspended in THEhown asthe red and yellow
tracesrespectively the nanotubes in solution displaysignals characteristic of metaliCNTs
between 250 crhand 300 crit. Suspending the polymers in tolueias seen in the blue and pink
traces,appears to address this issue seeing a significant decrease in the signal when either

polymer was solubilized in it.

633 nm

b T“J

Lz J}' \'\/‘f | AT

Alkoxy Tol

Alkoxy THF

Mixed SWNT

1 !

100 150 200 250 300 350 400
Wavenumber (cm)

Figure53633nm Ranan AnalysisRanan spectra of the CNTs at 633 nm. Grey area displays the signals seen from semi
conducting CNTs while the red area displays signals from metallic CNTs.

The following test was to observe theolution at 63 nm. This wavelength allows
simultaneous observation afemiconducting as well as metallic nanotubes which allows
comparison of the amounts tiie types of nanotubes in a suspensiOnce again it was
observed that theuspensions of PT1 and PT7 in TH®wled metallic signals at approximately
200 cm! while there was no signal seen from the suspensions in tolAdéneaces showed
signals from semiconducting nanotubes in the &80 to 300 cm' region indicating that all
suspensions were able to separate the targeted nanotubes. Mieratasuremenindicated
that although theTHF suspensions did contain metallic nanotubes they were primarily
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composed of semiconducting CNTghile emphasizing thathe toluene based suspensions

separated only semiconducting nanotubes.

785 nm

J \ Alkyl Tol.
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Figure54 785nm Ranan AnalysisRanan spectra of the CNTs at 789 nm. Grey area displays the signals seen frem semi
conducting CNTSs.

Finally, the suspensions were tested at #88. This test allow a clearer view of the
numberof semiconducting tubes suspendAd.four suspensions of PT1 and PT7 allowed for
the separation of semiconducting nanotubes between 200 acmh 300 cmt. The other
concluson that can be reached from this measurement has to do with the selectivity of the
polymers. When compared to the control sample in blaktKour of the polymer suspensions
showed significant signal from 200 &nto 250 cm' while showing almost no sighfrom 250
cmtto 300 cmt. This result led to the hypothesis that out polymer suspensions were selectively

solubilizing CNTs based on their chiralities.

As was predictedt is not only the polymer that affects solubility and selectivity but the
solvent as well. When solubilized in THiRe polymer shows lower selectivity, as is indicated by
the peaks in the metallic regions of the Ramspactra butlid display higher oveil solubility

for the nanotubes. The mixtures were also tested in toluene which did show higher selectivity for
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semiconducting nanotubes but seemed to solubilize significantly less polymer and thereby less
CNTs were left in solution after the isolatioropedure. This could cause problems with the pure
volume of solvent required to retrieve any relevant number of nanotubes. The potential solution
at the time was to use mixtures of solvents. Mixing both THF and toluene to increase the
solubility of the polyner while retaining the selectivity. When suspended in a 75:25 mixture of
THF:toluene there was an increase in solubility seen from both polymers compared to pure
toluene and an increase in selectivipgrticularly from the alkyl polymer, seen towardseth

nanotubes suspended.

4.9 Thermogravimetric analysis

Rq=CgH17
Ry R R

Il R2

W

[O]

mCPBA

Y

Y

Sonication Suction Filtration

Figure55CNT Segrasion: Nanotubes tested through TGA were fully separdéitedugh suspension followed by centrifugation
degradation and suction filtration.

The next most important aspect of the polymer CNT solution to test is how complete the
removal of the polymer is from the precipitated CNTs. To dq thexmogravimetric aalysis
was employed. This process involved heating the precipitated CNTs to extremely high
temperatures, reaching above 600#@ile measuring the mass of the sampte determine if

there was any polymer remaining attached to the nanotubes after tha&pitgtiea as any
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remaining polymer will be incineratedthile the carbon nanotubes will remain intathe
nanotube suspension was separated at different times to determine if the amounspéinie

the wrapping process before being degraded and wasfiedaused a difference in the
percentage of the final mass that was CNIFese trials wer@erformed along with a controf
pure polymerto determine how much polymer remadhattached to the nanotubes after
degradation. Ideally Fig.8&would show a shight line indicating that no mass percentage was

polymer.
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Figure56 TGAAnalysis TGA results from nanotubes separated V#Atfilmeasured up to 706C

As is visible while a significant amount of polymer is removed from the nanojsoase

remains attachedhis is visible through the observation of the steep mass percentage decrease
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between 400 °C and 500 °C. The temperature of this percentage mass decreasetlalipas wi
seen in the control indicating that upwards of 20% of the final mass was PT1. As previously
discussedpolymers remaining associated with tG&lTs can effect their electrical properties.
This would mean that, while the final result may have lessfarence than some other methods

the CNTs would not be completely puesndsome amount of polymer would remain attached.
Although further degradationagattempted after this resulower masses could ndte attained.

This means that the synthesisedlymer would not be a suitable candidate tfug separationf

pure CNTs.

4.10 Conclusions

In conclusion a facile synthesis of a polymer that was easily degraded was achieved.
This polymer, when combined with a mixture of carbon nanotubes was able to achieve a rapid
separation. The polymer was then able to be degraded adhitredto the nanotubebut was
not able to be completely removeegardless of the amount of oxidant introduced. This means
that althoughthe separationvas successfuthe isolation of the CNTs was incomplete. While
the separated nanotubes could find some, ukesfailure to completgl remove the polymer
would either introduce an additional step in the isolation process or the uses of the CNTs would
be significany impacted While polymer wrapping does providdacile method of selectively
separating SWNTdinding a motif that can é fully degraded and removed from the resulting

SWNTSs has yet to be discovered.
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5.0 Projects Summary
As was illustrated in the previous chapters, significant research can be done with

conjugated polymers and a lot of work remains to be done until tinegvactheir full potential

In Chapter 1 a precatalyst for the synthesis of conjugated polymers was presented. This
precatalyst allowed for higher efficienaythesynthesis of polymers while reducing the number

of defects seehis was primarily shown through NM&alysisof the polymers that displayed
significantly fewer defects in the aromatic region for polymers synthesized using the precatalyst.
This could repesent a step forwards for DArP as a methatth regards to the regioregularity

able to be achieved.

In Chapter 2 a synthesis was outlined that allowed for the production of a variety of
polymersusing a bithiazole monomefhis synthesis was easily reduzible and resulted in
polymersthat had greatly differing electronic and optical propertiesther development and
testing of the polymersould potentially allow for advancement of the commercial production of

conjugated polymers.

Finally in Chapter 3 a potential method for separating carbon nanotubes was outlined.
This method-"utiinltiezeadc tti meas seen betweéelhs conj u
interaction allows for the polymers to solubilize CNTs based on the propefrtibe polymer
and the CNT Although the polymers did allow for the selective separation of-semducting
CNTs their degradation did not allow for full purificatiofor this reason, this methasllimited
in its application. Overall conjugated polymersre a promising area of research with

developments being seen in the usage of DArP to facilitate their synthesis
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Appendix
General Considerations

All reactions were performed under paiotective argon atmosphere unless otherwise
specified. Reaction solvents utilized were either reagent and/or HPLC grade. Tetrahydrofuran,
toluene, acetonitrile, triethylamine, and dichloromethane were obtained from a JC Mayer
solventpurification systemChemical reagents were primarily purchased fronipbire-Sigma
or Oakwood Chemical. Thin layer chromatogragbymonitor reactionsvas performed using
aluminum backed silica plates (Kieselgel 68sFMerck) and were examined either under UV
lighting (254nm or 365nm) or through staining. Flash chromatography was performed using

230400 mesh silica gel with a Teledyiseo Combiflash Rf+ system.

H and**C NMR spectra were recorded on aiRer AVANCE300 (300 MHz) or Briiker
AC300 (300MHz) NMR spectrometer. All chemical shifts are reported in parts per million (ppm)
relative to chloroform found at 7.26 ppm féH NMR and 77.00 ppm for3C NMR.
Abbreviationsused for NMR peaks are as follows: s, singlet; d, doublet; t, triglefuartet; dd,
doublet of doublets; dt, doublet of triplets; m, multiplet; and bs, broad siktjegtviolet visible
(UV-vis) absorption spectravere measured using a Ca#900 spectrophotometer and the
backgroundwas corrected using a solvent filledivette.Electrochemical measurements were
taken using aWaveNano potentiostat in a threkectrode configuration: platinum button
working electrode, a platinum wire counter electrode, and a platinum wire reference electrode.
Ferrocene was used as an intdrstandard. Acetonitrile was used ascdventwith 0.1 mM

NBwNPFs as an electrolyte. The experiments were performed under nitrogen and a scan rate of
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0.1 V/s was employed. While measuring polymerey were dropcast onto the working

electrode.

Polymer molecular weights, both numizererage (M) and weightaverage(Mv), were
measured relative to polystyrene standafd® polymers were measured through size exclusion
chromatography using a Viscotek GPC MAX VE200with two PAS104 styrene
divinylbenzene gel columns maintained at 35°C and detected through a VE 3580 RI detector.
The flow ratewas fixed at 1.0 mL/min with tetrahydrofuran as theeelu Samples were
prepared at 2 mg/mL in THF and filtered through20i8M PTFE into 1 mL chromatography

vials.

Synthetic Procedures

To a flame dried and purged roubdttom flask was added Pd(OAqR43 mg,0.942
mmol, 1 equiv) and[1,1-biphenyl}2-yl-I5-azaneyl methanesulfona{253 mg,0.949 mmol, 1
equiv) followed by toluene (4 mL, 0.25 M). The mixture was then heated and stirred for 45 min.
The resulting mixture was separated through vacuum filtration and washed with toluemie) (10

to yield as a white solid)(344 g, 99%).

L 4
(0]
NH
P(I:i—P
O OMs 3
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To a flame dried and purged round bottom flask was added above (50 mg, 0.068 mmol, 1
equiv) and trisg-anisyl) phosphine (48 m@,138 mmol, 2 equiv) followed by THF (1.1 mQ,1
M). The mixture was then stirred at room temperature for 45 min. 90% of the THF was removed
and then the residue was triturated using hexanes. The final product was isolated using vacuum
filtration to yield as a white solid (95 mg, 97%) NMR (300 MHz CDCkL) G rd, 3H,0 (
7.477 7.33 (m,6H), 7.28 (n, 8H), 6.90 (M, 4H), 6.76 (s2H), 6.52 (s2H), 4.48 (s, 1H), 3.41 (s,

9H), 2.18 (s3H).

To a flame dried and argon purged vial was added=-Rithiophene (75.3 mg0.45
mmo | , 1 e q uiocwh2,7-dibnochofl@ree {246.8).45 mmol, 1 equiv), PivOH (46
mg, .45 mmol, 1 equiv), GEOCs (429 mg, 1.35 mmol, 3 equiv), Riba (16.5 mg, 0.08 mmol,
4 mol%), and trisg-anisyl) phosphine (12.7 mg, 0.036 mmol, 8 mol¥de solids were then
freeze dried before the addition of anhydrous toluene (3 mL, M)15The mixture was then
heated to 100C and allowed to react for 3 h. The polymer wvilasn precipitated through
addition to cold, stirring methanol (20 mL). Solid polymer was then separated through vacuum
filtration producing Rc. The resulting polymer was then purified througgnication in 50:50
methanol:water (144 mg, 5598 NMR (500 MHz, TCE,90°Q & 7.68 (d, J = 7.
i 7.58 (m, 1H), 7.55 (d, J = 12.2 Hz, 1H), 7.30 (s, 1H), 7.21 (s, 1H), 2.03 (s, 2H), 1L.@6 (m,

13H), 0.80 (t, J = 6.9 Hz, 5H)I, = 18.8 kDa, M, = 44.5 kDa, PDI = 2.37

104



To a flame dried and argon purged vial was added: bithiophene (75@&45gnmol, 1
equi v) -diooyd2,7dibréndfluorene (246.8).45 mmol, 1 equiv), PivOH (46 mg, .45
mmol, 1 equiv), C&£0Os; (429 mg, 1.35 mmol, 3 eiv), Pcddba (16.5 mg, 0.018 mmol, 4
mol%), and trisg-anisyl) phosphine (12.7 mg, 0.036 mmol, 8 mol%).The solids were then freeze
dried before the addition of anhydrous toluene (3 mL, 8)L5The mixture was then heated to
100°C and allowed to reactf@ h. The polymer was then precipitated through addition to cold,
stirring methanol (20 mL). Solid polymer was then separated through vacuum filtration yielding
P1b. The resulting polymer was then purified through sonication in 50:50 methanol:wd&e3 (18
mg, 71%)"H NMR (500 MHz, TCE,90°C) & 7. 67 (2d),7.58(d,3 =77 H2H)H z ,
7.56 (s,2H), 7.30 (s2H), 7.20 (s2H), 2.02 (n, 4H), 1.317 0.96 (m,24H), 0.88i 0.71 (m, 6H).

Mn=13.2 kDa, M, = 47.2 kDa, PDI = 3.6

To a flame dried and argon purged vial was added: bithiophene (75@48gnmol, 1
equi v) -deoctydt2,7@ibr@mdfluorene (246.8, .45 mmol, 1 equiv), PivOH (46 1©&g5
mmol, 1 equiv), C£0Os (429 mg, 1.35 mmol, 3 equiv), and precatalyst (6.5 mg, 0.009 mmol, 2
mol%). The solids were then freeze dried before the addition of anhydrous toluene (3 mL, 0.15
M). The mixture was then heated to 1T and allowed to react for 3 h. The polymer was then

precipitated through addition to cold, stirring methanol (20 mL). Solid polymer was then
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separated through vacuum filtration yielding P239 mg 96%). M= 25.6 kDa, M, = 75.4 kDa,

PDI=2.9

To a flame dried and argon purged vial was ad@ed:Rithiophene 25.4 mg, 0.150
mmo | , 1 e q ulibcyh2,7-dibnodchofl@rer®e &3.4 mg 0.150 mmol, 1 equiv), PivOH
(15.7 mg, 0.150 mmol, 1 equiv), C£L£Os (150 mg, 0.45 mmol, 3 equiv), precatalys.3 mg,

0.0083 mmol, 2 mol%), and LitBu (.5 mg, 0.6 mmol, 4 mol %). The solids were then freeze
dried before the addition of anhydrous toluehen(, 0.15M). The mixture was then heated to
100°C and allowed to react for 3 h. The polymer was then ptatgol through addition to cold,
stirring methanol (20 mL). Solid polymer was then separated through vacuum filtration yielding
P1d (72 mg, 87%). Spectraldata is consistent with literature valit@sH NMR (300 MHz, TCE,

90 °Q): 1i7.68 (d, J =7.9 Hz, 2H), 7.69 (d, J =7.7 Hz, 2H), 7.57 (bs, 2H), 7.30 (d, J = 2.8 Hz, 2H),
7.21 (d, J = 2.8 Hz, 2H), 2.13 (m, 4H), 1.21 (m, 6H), 1.10 (m, 188), @, J = 6.9 Hz, 6HM,

=17.7 kDg My = 653 kDa, PDI = 3.7

O

Br
CgoHqg

1-bromoundecan-2-one

To an argon purgedlame driedround bottom flaskundecar2-one (6.06 mL,29.4
mmol, 1.0 equiywas mixed with methanol (50 mD,6 M) and brought ta10 °Cusing & ice-
salt mixture. Bromine (1.5 mL, 29.7 mmol, 1.0 equiv) was then added and the mixture was
stirred for 1 h and then was brought to room temperature and allowed to stir for an atldition
hour.To this mixture was then added water (10 mL) eodcentratedulfuric acid (17 mL, &0
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M) and it was stirred for 24 fhe resulting mixture was then vacuum filtered and recrystalized
using ethanol to retrieve the product as a whitestal @.03g, 54%) 'H-NMR (CDCl, 300
MHz)G 3. 90 (s, 2H), UuU2.67 68, 2H)s 7W.13 2z ,( s2H)1,4

6.4, 3 H)

S N_ _CoH1o
To—=<T
CoHyg™ N S
4,4'-dinonyl-2,2'-bithiazole
Above (2.74g, 11 mmol, 2 equiv) was added to ethanol fiQ 0.1 M) and cooled t®
°Cin a round bottom flask in ambient conditiodfiiooxamide was then addé@ai6g, 5 mmol, 1
equiv) and the mixture was then refluxed for 12 h. The resulting solution was then poured into
water and extracted with dichloromethasmed waked with brineand dried with MgS@ The
product was concentrated then purified by column chromatogr@eh§% EtOAc in hexanes)

to retrieve (1.64y, 78%) 'H NMR (300 MHz, CDCJ) U $2HQ 283 (¢, J = 7.5Hz, 4H),

1.75(p, J= 7.804H), 1.46i 1.17 (m,26H), 0.90 (n, 9H).

b

4-bromothiazole

2,4-Dibromothiazole (53, 20.6mmol, 1 equiv.) wagsdded to THF (100 mL0.2M) in a
flame dried argon purged round bottom flasid brought t678 °Cwith a dry iceacetone bath.
n-BuLi (14 mL, 1.6 M, 1.1 equiv.)was thenadded and the resulting mixture was left to stir for
30 mins.Methanol (2.1mL, 51.5 mmol, 2.5 equiv) was then added dropwise to quench the

solution which was then allowed to comertmm temperature. The resulting mixture was then
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filtered through a silica plug with 9:1 hexanes:EtOAc #mel product wasetrieved as a clear

liquid (3.52g, 92%)

S
I
N
CZHS\H
C4Hg
4-((2-ethylhexyl)oxy)thiazole
NaH (0.48g, 12.2 mmol2 equiv) and THF (12.2 mlQ.5M) were added to ffame dried

round bottom flash2-Ethylhexanol (1.9 mL, 12.2 mmol, 2 equiv) was added dropwise over 5
mins and allowed to stir for 2 Wbove @ g, 6.10mmol, 1 equiv)and Cul 0.23 g,1.22 mmol,
0.2 equiv) were then added and the tonig was brought to reflux ian open atmosphere for 12
h. The resulting mixture was filtered through Celite and washed with 10% NaOH (40 mL) before
being dried with MgS®@and concentrated. The crude product was then purified through column
chromatography{0-5% EtOAc in hexanes) to yield a yellow oil (0.71 g, 54%) NMR (300
MHz,CDCk) U 8.53 (d, J = 1.8 Hz, 1H), 6.10 (d,

(tt, J = 12.2, 6.0 Hz, 1H), 39 (m, 10H), 090 (m, 8H).
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CaHo

LT

CoHs

C2Hs
C4Hg
4,4'-bis((2-ethylhexyl)oxy)-2,2'-bithiazole
To a flame dried argon purged pressure vessel was added above (0.71 g, 3.3 mmol, 1

equiv) and Cu(OA@)(0.31 g, 1.68 mmol, 0.5 equiv). These were solubilized in xylehgs3 (
mL, 0.3 M) and brought to reflux and allowed to stir #8 h. The resulting product was then
concentrated and purified via column chromatograph§AU0EtOAC in hexanes) to yield %2
mg, 23%) 'H NMR (300 MHz, CDC4) i 62H), 9.03 (dsJ, = 5.3 H#H), 1.79(s, 2H),

1.45 (n, 18H), 0.96(m, 14H).

v
0 N
CgH17
4-(octyloxy)thiazole
NaH (0.24 g, 6.10mmol, 2 equiv) and THF5(1 mL, 0.5M) were added to a flame dried
round bottom flash. Octandd.@5 mL, 6.1 mmol, 2 equiy was added dropwise over 5 mins and
allowed to stir for 2 h4-Bromothiazolg0.5 g, 3.05mmol, 1 equiv) and Cul(12g, 0.61 mmol,
0.2 equiv) were then added and the mixture was brought to reflux in open atmosphere for 12 h.
The resulting mixture wasltered through Celite and washed with 10% NaOH (40 mL) before
being dried with MgS®@and concentrated. The crude product was then purified through column
chromatography 3% EtOAc in hexanes) to yield a yellow oil 28.g, 52%) *H NMR (300
MHz, CDCk) 853 (d, J = 2.3 Hz, 1H), 6.11 (d, J = 2.3 Hz, 1H), 4.11 (t, J = 6.5 Hz, 219), 1.8
(p, J = 6.662H), 1.47 (p, J = 6.662H), 1.28 (n, 9H), 0.88 (t, J = 6.6 Hz, 3H).
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O~
JISHNI( CgH17
0 N S
CgH47
4,4'-bis(octyloxy)-2,2'-bithiazole
To a flame dried argon purged pressure vesselagdsd abovel(f0 mg, 0.80 mmol, 1

equiv) and Cu(OAe)(29 mg 0.16 mmol, 02 equiv). These were solubilized in xylen@smL,
0.2 M) and brought to reflux and allowed to stir for 48 h. The resulting product was then
concentrated and purified via column chromatographFy%0EtOAC in hexanes) to yiel@@mg,
46%) *H NMR (300 MHz, CDCJ) U 62H)1 @14 (t,9 = 6.5 HZH), 1.83 ¢it, J = 14.7, 6.6

Hz, 2H), 1.40 K1, 21H), 0.90 (0, 6H).

General Procedure

Pd(OAC)2 CSch3,
R
PivOH, P(o-anisyl); S N
7T e (T -
J: % Toluene, 95 °C | N/ s |
24 h R

To a dried round bottom flask was added Pd(QA28 mg, 8 mol %), C£L£0s (133 mg,

n

0.36 mmol, 3 equiv), trisg-methoxyphenyl)phosphine (8 mg, 16 mol %), PivOi3 g, 0.13

mmol, 1 equiv), the dibromoaryl spacer @mmol, 1 equiv) and the bithiazol&4 mg, 0.13

mmol, 1 equiv). This mixture was solubilized in anhydrous toluergen(l, 0.1 M) and sealed

The mixure was then stirred 8 °Cfor 24 h. The resulting mixture was then cooled to room
temperature and added dropwise to cooled, stirring, methanol (20 mL). The precipitate was then

separated via suction filtration.
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CoHs

n-Oct n-Oct

o

CoHs

Prepared according to the Gendpabceduras s i n edioc®yl-2%-dibromofluorene (71
mg, 0.13 mmol, 1 equiv) and , -dis§(2ethylhexyl)oxy}2 , -Bithiazole (54mg, 0.13mmol, 1
equiv). The reaction yielded black polymePT1 (105 mg, quant.)H NMR (300 MHz, CDCY)
O 7. 9B, 7.73s(s4H), 4.53 (sAH), 2.04 (s13H), 1.59 (s;7H), 1.52i 0.88 (m,52H), 0.83

(s,15H). Mn = 11.7kDa, My = 46.8kDa, PDI = 4.

CoHs
OC,oH
N { 10H21
Sﬁ/&s
/
\ N )
o} OCoH21
C4Hg‘2
CaHs

Prepared according to the GeneraProcedure using 1,4dibromo2,5
bis(decyloxy)benzene (110 mg, 0.20 mmol, 1 equiv) dnd-Hisg(2ethylhexyl)oxy}2 , -2 6
bithiazole (85 mg, 0.20 mmol, 1 equiv)lhe reaction yielde@ black polymer PT2 (162 mg,
quant.) 1H NMR (300 MHz, CDCJ) & 82HQ 453 (dsJ,= 4.2 HzH), 4.18 (s2H), 2.02
(s,4H), 1.84 (s2H), 1.717 1.20 (m,58H), 0.96 (, 18H). M = 13.6 kDa, M, = 27.2 kDa, PDI

= 2.0.
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CoHs
0]
N
NS
S%s \
W :
C<H CeH13
g eH13
C4H942
CoHs

Prepared according to the GeneRabcedureusing 2,5dibromao3,4-dihexylthiophene
(65¢ L.0.20 mmol, 1 equiv) andl , -disf(2-ethylhexyl)oxy}2 , -Bithiazole(85 mg, 0.20 mmol,
1 equiv).The reaction yielded black polymer P3 (116 mg, 86%) *H NMR (300 MHz, CDC}#)
O 4. 41 ( d4H), 276 és, Hy,.1.82 28] zH), 1.401, 32H), 1.117 0.76 (M,22H). My =

8.7kDa, My = 16.7kDa, PDI =1.9.

C4H942

CoHs

Prepared according to the GendPabcedureusing 1,4dibromobenzene (30.7 mg, 0.13
mmol, 1 equiv) and! , -dis§(2ethylhexyl)oxy}2 , -RitbBiazole (54 mg, 0.13mmol, 1 equiv).
The reaction yielded black polymer PT450 mg,83%). 'H NMR (300 MHz, CDC4) U nd,. 6 2
4H), 4.46 (sAH), 1.85 (s,3H), 1.36 (M, 19H), 1.237 0.78 (m,12H). M, = 3.2 kDa, M, = 5.6

kDa, PDI = 1.8.
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CoHs
O /S\
N\ N
N \ /
87/&3
\ )
0]
C4Hg‘2
CaHs

Prepared according to the GeneRalocedureusing 4,7#dibromo|c}1,2,5thiadiazole
(38.2 mg, 0.13 mmol, 1 equiv) and , -Bis§(2ethylhexyl)oxy}2 , -Bitbiazole (54 mg,
0.13mmol, 1 equiv)The reaction yielded black polymer PT550 mg, 77%. *H NMR (300

MHz,CDCk) U 8.46 (s, 1H), 7.0 0G5H.M=22KDy M =4565

kDa, PDI = 2.1.
C4Hg
CoHs
A
\ W/ks \ / ]
N
0]
C4Hg‘2
CoHs

Prepared according to the Gendrabceduraising 2,4dibromothiophene (31.5 mg, 0.13

mmol, 1 equiv) andt , -Bis§(2ethylhexyl)oxy}2 , -Bitbiazole (54 mg, 0.13mmol, 1 equiv)

The reaction yielded black polymer PT67 mg, 88%)'H NMR (300 MHz, CDC) & % . 99

2H), 4.46 (sAH), 1.85 (s, 2H), 1.50n4, 24H), 0.99 (, 14H). M, = 3.4 kDa, M, = 5.3 kDa, PDI

=1.6.
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CgHg-Oct_ n-Oct

CoH1g

Prepared according to the Gendpabceduras s i n edioc®yl-2%-dibromofluorene (71
mg, 0.13 mmol, 1 equiv) andl , -dis§(2ethylhexyl)oxy}2 , -Rithiazole (54 mg, 0.13mmol, 1
equiv). The reaction yielded black polymer P7 (79 mg, quant.)H NMR (300 MHz, CDCJ) U
7.82 (d, J = 7.5 HZH), 7.51 (s2H), 7.19 (d, J = 8.4 Hz, 2H), 3.51 (d, J = 5.2 BH), 2.94 (s,
4H), 2.06(s, 4H), 1.85(s, 4H)28 (s, 24H), 1.12 (s6H), 0.97i 0.76 (m, 18H)M, = 13.7 kDa,

Mw = 24.8 kDa, PDI = 1.8.

CgHl7
O n-Oct. n-Oct
N
\
s /
e avany
N
0]

\
CgH17

Prepared according to the Gendfabcedurau s i n ediocdyl-2F-dibromofluorene (71
mg, 0.13 mmol, 1 equiv) ardl , -dis§(2octyl)oxy)-2 , -Bithiazole(54 mg, 0.13mmol, 1 equiv)
The reactioryielded a black polymer® (105 mg, quant.) M= 10.4kDa, My = 22.1kDa, PDI

=2.1
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Gel Permeation Chromatography

Numberaverage (M) and weightaverage (M) molecular weights were determined
through the use of size exclusion chromatography with a Viscotek GPCmax VE2001 at 35 °C.
The detector used was a VE 3580 RI detector and the columns used were b0 Bigrene
Divinylbenzene gel columns. The polymevsre eluted using tetrahydrofuran (THF) at a flow
rate of 1 mL/min. Molecular weights were determined through comparison to an external
polystyrene calibration curve. Samples were prepared in concentrations of 2 mg/mL before being
filtered through 0.22 MPTFE filters into ImL chromatography vialsAll GPC data has been

normalized.
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