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Abstract

This Thesis describes the synthesis and investigatipitohjugated oligomers
and polymers with optoelectronic properties affected by the presence of a heteroatom.
Two major classes of polymers are discussédpolytellurophenes, where the
backbone is formed by-embered heterocycles containing tellurium (Tag)d2)
heteroatom (B, N, Pappended polyacetylenes, where ploéymerbackboneconsists
of 1 (HC=CH)i repeat units

To begin, pinacolboronate(BPin}functionalized tellurophens with fused
cycloalkane side group{b6r 6-membered ringsgre transformecito new diiodinated
tellurophene monomers to allow for homopolymerizatidmough Yamamoto
coupling The size of the side group is found to drastically alter the HQM®IO
energy gap(Eg) of the resulting oligomers due to changes in backbone planarity.
Density functionaltheory computations show that the effect is carried into copolymers
with 3-alkylthiophenes, pointing at the tellurophene fused with theeBbered ring
as the best choice for planar backbones with extepabehjugation.

Additionally, a3-borylated telluropene was used in a SuztMiyaura cross
coupling protocol to synthesize a new tellurophene monomer contairénghenyl
(-CeH4'Pr) side chain. The corresponding poldB/ltellurophene) later obtained
through Grignaranetathesis (GRIM) polymerization shoaseduced HOM@.UMO

energy gap (§ when compared to the analogous polythioph&he presence of aryl



(cumenyl) side chains further reduceg lielow the values reported fas poly(3
alkyltellurophene) counterparts.

Finally, a modifiedring-openingmetahesispolymerization (ROMP) protocol
is usedto prepare soluble functionalized polyacetyle(led) bearing: 1) electron
deficient boryl (BR2) and phosphoryl-P(O)R) side chains2) electrordonating
amino ¢NR2) groups, and 3) rinfused 1,2,3riazolium units via strakpromoted
Click chemistry. Not only are most of genew functional polyacetylenesoluble in
conventional organic solvents, allowing film formation via ubiquitous spiating
methods, they retain similar intense light absorption aarasch of the visible spectral
region as parermiolyacetyleneSome of the resultingolyacetylenealso show greatly
enhanced stability in air when compared parent polyacetylene Furthermore,
placement of redeactive boryl and amino groups directly tona polyacetylene
backbone leads to switchable néroptical responses in the telecommunication
range (ca. 1500 nm) upon chemical reduction or oxidafiogeneral route to cross
linked networks isalsopresentedand isbased on the reduction of thelpacetylenes

in solution.
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Chapter 1: Introduction

1.1 Conjugated Polymers

Organic mlymers with alternating singland doublebondsbetween carbon
atomsin the backbonéC-C and C=C bonds) econjudated polymers, have become
increasingly important since the discovery of their semiconducting behavior in the
1960s! Theresulting” -electrondelocalizatiorreduces the HOM@Q.UMO energygap
to give properties similar to traditional inorganic semiconducédxditionally, due to
the extensively developegrghesis of organic molecules, monomers and polymers can
be chemically designed to tune properties such as light absorption, conductivity,
crystallinity, and thermal or air stability, offering vast possibilitiesrrently
inaccessible to inorganic matesal

Another crucial differenceb e t w ee@mugated polymers and inorganic
semiconductorss the possibility of preparing soluble polymers tfetilitate the
synthesis, handlingnd fabrication of devicedJnlike conjugatedsmall molecules
which can als@exhibit semiconducting properties well as besoluble in common
solvents the higher viscosity of polymeric solutiooersprocessing advantages such
as the possibility to use spin coating and-tolfoll printing to produce filmswith
reduced costandon a large scalé'® These properties have léo greatinterest in
conjugated polymers in the field of organic electronficgling applications in organic
photovoltaics (OPV$1° organic lightemitting diodes (OLED}*? organic field
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effect transistors (OFE¥)2and photodetectord*® Films of " -conjugated polymers
canalsoshow flexibility with retention of optoelectronic propertiésading tdfurther
applicatons such asthe fabrication of wearable devic¥s.” Additionally, p-
conjugated polymers may change their properties depending on their surrounding
envirorment or in response of chemiealalytego produce sensots.

Typical " -conjugated polymers includ@olyaniline (PANI)®2° polypyrrole
(PRy),21?2polyphenylenevinylene (PP and polythiophenéPT)*1214(Figure1.1).
To achieve desirable performances in current applications, these polynaetiseir
derivativesrequire careful optimization of molecular structure and side chains, leading
to morecomplex structures. On the other haadhajor pillaion whichthe development
of conjugated polymensas built uporwas the synthesis and characterization of linear

polyacetyleng[i HC=CHi ]», a novel material that will be described in detail below.

H
PANI PPy PPV PT

Figure 1.1. Structure of commoh-conjugatedrganicpolymers.

1.2 Polyacetylene

Parent polyacetylen@A) is the simpleshydrocarbormpolymer, consisting of
a linear chain of carboatomswith an alternatingp-system.As such, it can be
considered a modéb understandhe properties omanyother conjugated polymers.
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Its controlled synthesis and dopir(@ddition or removal of electrons from the
unsaturatedbackbone) to further reduce the HOM@MO energygap and reach
metallic conductiviy led to the 2000 Nobel Prize in Chemisigingawarded to Alan
J. Heeger, Alan G. MacDiarmid and Hideki Skimaa 2% 2°
PolyacetylendPA) can exist as three different isomerdranstransoid cis

transoidor trans-cisoid chain Figure1.2).2 However, themainforms observed after
synthesis are theanstransoidandcis-transoidforms?2”22which will be referred here
astrans and cis-PA, respectively, for simplicity. Thé&rans-cisoid form can occur

duringthe cis-transisomerizatiorof transoid polymer structurg$=°

~.,//////.. ‘-_—_—__\
trans-transoid cis-transoid

/e an W an

trans-cisoid

Figure 1.2. Structural isomers of polyacetylene

1.2.1ClassicSynthesis of Polyacetylene

The synthesis ofirtear polyacetyleneasfirst reportedby Giulio Natta inthe
mid-late 1950s using mixtures of titanium alkoxyd@SOR)z-4) and triethylaluminum
(AIEt3) as a catalygb polymerize acetylene g&8' Similar procedures were then used

to synthesize polyacetyler®y different groups, also employing the use of catalyst



systems composeaf mixtures of TiCk and AIE%.323 Typically, acetylene gawas
bubbled through a solution or suspension of the catalysts to form an insoluble black
powderthat wasdifficult to structurallycharacterie (Schemel.la). Central to the
discussion was the amount cf andtrans-double bonds in the backbgngince a
polymer with a mixture of both forms was normally achievetideki Shirakawa later
optimizedthereaction conditions such that a large excess of catalyst and lack of stirring
led to formation of polyacetylene filmaith asilver lusteratthe solution/gas interface

or on the walls of the flask(Scheme 1.1b).2>2634 The catalyst system used,
Ti(O"Bu)4/AlEts, was chosen for its good solubility solvents such akexanes or
toluene, since concentratios above 3 mM was necessary for the formation of

polyacetylendilms.>*



a)

Ti(OR)3.4/AlEt;

or TiCl4/AlEt;
N (powder)
n

H———H
stirring
b)
Ti(O"Bu),/AlEt;
o “—\—=/"\=/" (film)
-78 °C, toluene, n
no stirring
H——H >145°C
Ti(O"Bu)4/AlEt;
- AN AN A AN (film)
150 °C, hexadecane, n
no stirring

Schemel.l. a) Synthesis of polyacetylene powder by Natta&thod b) Synthesis of

polyacetylene films by Shirakawa's procedure.

The Shirakawa method allowed tugtter characterizatiéh®and forimproved
control overthe final structure, as loweeactiontemperaures (78 °C in toluene) ld
to the formation o€is-PA with acoppeflike color,while higher temperatures (158G
in hexadecane) affordesilver-coloredtrans-PA.?6 It was also discovered thiaeating
cis-polyacetylene@bove 145 °Cedto isomeriationinto the thermodynamically more
stable transPA,*® consistent with the direct synthesis tnsPA at elevated
temperaturesConductivity measurements tife films revealed that the polymer was

semiconducting in either the c{sG = S/dm)or trans form( & 2 S/dm)?’



indicating the presence of an energy gap between the HOMO and the LUMO in

polyacetylene

1.2.2Electronic Structure of Polyacetylene

The electronic structure of polyacetylene can be derived from increidmng
linear polyenechain length starting from ethylen¢Figure 1.3).2°8 The HOMO of
ethylene is formed bthe bonding interaction of the ptomic orbitals in each carbon
(p molecular orbitalwhile the LUMO is a result of the antibonding interaction of the
p. atomic orbital{p* molecular orbital) In this casethere is aelatively large energy
difference letweerthe HOMO and the LUM@7.0 eV)*®When a second ethylene unit
is added to the chaifprming the dimer butadiene another filled bonding orbital is
created as well as its empty antibonding counteérenthe bondindrontierorbitals
in butadiene are examingitlis possible to note #ione is purely bonding and has an
energy lower than the starting HOMO of ethylegsiacemore bonding interactions are
possible between the prbitals. However, the second bonding orbjtae HOMO of
the dimerhas one antibonding interaction betwedsa i orbitals located in the central
carbons, and therefore it has an increased en&rggnalogous situation happens with
the antibonding orbitals, with one of thé¢the LUMO of the dimerhaving a decreased
energy relative to the LUMO of ethylene do@hebonding interaction. This situation

effectively leads to the decrease of the HOMOMO gaprelative to ethylene.
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Figure 1.3. Molecular orbital diagramrshowingthe frontier orbital®f apolyenechain
of increasing lengtieading to bands in polyacetyler& indicates the energy of the

HOMO-LUMO (or band)gap.



As more ethylene units are addadd moreébonding and antibonding orbitals
are created, an overalkcreasé energy differenceccursamong orbitals of the same
group (bonding and antibonding) as well as a further decrease in HQNAD
energygap. If chain growth is carried out until an infinite chain is attained, the energy
difference between orbitals of thensa group becomes so small that they effectively
function as a single band. The filled band formed by orbitals of bonding character is
called the valence band/hile the empty antibonding band is called the conduction
band,borrowing terminology that is apied toinorganic semiconductors. In this case,
the energy difference between the two bands is now deemed the band)gahi(tb
for transpolyacetylene is considerably smaller than ethylene (k47.0 eV,
respectively)®4°

It is important to notice that molecular orbitals at the edge of each band (top of
valenceand bottom of conduction band) are very simitart not identicalln fact, if
the bond lengths betwedime carbonatomsin polyacetylene were the same (with a
lengthin between that aflouble, C=C, and single bondsGJ, thenthese two orbitals
would be indistinguishable in an infinite chain and should, therefore, have the same
energyand be degenerafEigurel1.4). In this case, both of these orbitals would have
an overall nofbonding character and only two electrons, which would be divided
among the two orbital©One can see how breaking degener@oyng back tarans
PA) is favorable in this case, as even though one of the orbitals gains antibonding
character, the two electrons are located entirely in the ortbigtl gainsbonding

character, decreasing the overall energy of the system. This baaknmetry is called



Peierls Distortioft and happens with hafilled bands, as it leads tan overall

stabilization of the syster§:*?

Energy

LUMO (x*)

x i

“ . H H H

......

C=C H

, H HOMO (n) H H
& AY ’
H H'C-C‘c-c'H Stretched and delocalized
H 5, polyacetylene

trans-polyacetylene

Figure 1.4. HOMO and LUMO intrans-polyacetyleneompared to degenerate orbitals

in a hypohbetical fully delocalized polyacetylene

Effectively, this translateimto a bond length alternation purepolyacetylene,
where the C=C bahlength is1.36A and the GC bond length id.44A (measured by
nutation NMR spectroscopffj**and a band gap between the valence and conduction

bands even for an infinitehain rendering polyacetylene a semiconductor

1.2.3Chemical Doping and Onset of Metallic Behavior
Despite the presence of a band gap, polyacetylene can become conducting when

doped by molecules that can either oxidize or reduEjtosure ospreparedrans



polyacetylendilms to Ch, Br», I> or Asks vaporcan oxidatively dope ifp-doping)to

increase conductivity up th0? S/cm?#>4¢ Likewise, polyacetylene can be reductively
doped (rdoping) with metals such as Li, Na or K, although the resulting films have
lower conductivitiesda. 10 S/cm) than thep-doped counterpastand are extremely
sensitive to air and moistufé?® If the polyacetylene chains, which form a fibrillar
network, are stretehligned prior to doping® the conductivity can be further increased

to 10*-10° S/cm by doping with 2°1%2 These values of conductivity bringoped
polyacetylenesery close tothe conductivity of common metals €00’ S/cm), which
caused polyacetylene to be i ncdynthded i n
met &l s o.

Chemically, doping leads to the formationratflicals on the backbone of the
polymerand incorporation of the dopant as a countetfdn. the case obxidative
doping with 1, incorporationof I3 anions(and a minor contribution froms) is
observed(Schemel.2),>*%5 which also leads to swelling of the polymeric fibefs.
Physically, the radical is seen as a perturbatbrthe conjugated structure of
polyacetylengwhich can be modeled as a wave, or a softdhThis perturbation
leads to the formatioof energy statem between the valence and conduction bands, a
midgap state, locally supressing Peierls Distortion and removing the band gap to afford
the metallicbehavior?®>#? Additionally, it was later discovered that doping can lead to

cis-to-transisomerization, even at low levels of dopitg®
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Schemel.2. lodine doping of polyacetylene leading to the formation of radicals.

1.2.4Challenges for Current Applications

Despite the unprecedented conductividy doped polyacetyleneand the
theoretical knowledge that its studifforded it is difficult to find the use of
polyacetylene in modern applications. This is due to challenges in both the
processability and air stability of parent polyacetylene.

As mentioned in Sectioh.1, one major selling point of conjugated polymers
in modern applications is their ease of processing. This is usuallyitrethe polymer
being soluble so thaolutionprocessing techniques suak spin coating, rclio-roll
printing or inkjet printing can be performetf, sincethe deposition opolymers onto
substrate by thermal or vacuum assistedaporation, techniguesmmonlyused for
small molecule$®®!is normally not possibléJnfortunately, parent polyacetylene (in
either thecis or trans forms) is completely insoluble and therefore aatnipe easily

processed after either the powder or films are miade.
11



Another common processing method for polyméet isextensively used in
industryis meltprocessingThis process normally compatible with neoonjugated
polymerswith relatively lowmelt transition temperatureslsuch as polyolefingut
canbeen used fop-conjugated polymeris a few case%” ** However, polyacetylene
is also infusible With hydrogen migration and cre$isking occurring at 325 °C,
followed by decomposition at 420 °€9leaving no option but the use of freanding

films formed directly by polymerizatonhr ough Shir a¥awabs

N NN N —_— N P AN,
[ ]
*0.
H abstraction * 0O, o
v N o P
= /\/Y\/\/\/'. > -
H H H H

Polymer chain
H abstraction breakage

—_— -
= -MOH + OW-.

procec

Schemel.3. Degradation of polyacetylene by exposure to air leading to cleavage of

the polymeric chain.

Additionally, mostp-conjugated polymers employed in modeyplications,

such as polythiophenes, are stiable while polyacetyleneslowly degrades upon air

exposure. Initial exposure of polyacetylene to air leads to a reversible oxidative doping

anda slight increase in conductivifi?;%¢ but over time peroxide radicals are formed

that ultimately lead to the breakdown of the polymeric chain andecrease in

molecular weigh{Schemel.3).5” Oxidative doping of polyacetylene can increase its
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air stability, but samples still degrade after a w&&Rwhich means that encapsulation
(protection by a gadiffusion barrier) would be required for devices based on

polyacetyéne to be operatathderambient conditiong®’*

1.2.5Modern Synthesis of Polyacetylene

Modern research in the synthesis of polyacetylenebbasaimed at solving
the drawbacks of insolubility and airstability of polyacetylene. A large body of work
can be found on the polymerization of mono or disubstituted acetylereRC CH
and RCCR) to afford polyacetylens with high density of solubilizing side chains
(Schemel.4).”2 ™ These polymers are indeed soluble in common organic solvents and
arealso air stable. However, these features come at the cost of loss of properties from
that of parent polyacetylene, since the high density of side chains leads to steric
repulsims that cause severe twisting of the backbone, leading to helical striétires.
Twisting significantly reduceg-conjugation, which increas E (>2.0 eV) and
reduces the reactivity of the backbone towards Rich chemistry haslso been
developedvia the cyclopolymerization ofa,w-diynes to afford polyacetylene
backbone fused with cycloalkenegSchemel.5).”#8* The resulting polymersften
have a larger barghp due to both the steric bulk of side chains and the presecise of

C=C bondsalongthe polymerbackbone.
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Schemel.4. Formation of polyacetylene with large side chain density from substituted

acetylenes. Steric repulsion from side chains causes the backbone to twist.

I —

%FLI:
[ iI‘I
n
7\ FQ#
n
[-addition products a~addition products

Schemel.5. Polymers with a polyacetylene backbone formed by cyclopolymerization
of a,wdiynes. Side chains are usually installed at different positions of the rings formed

to impart solubility and processability to the resulting polymersducts ok- andb-

addition can be selectively produced by choice of olefin metathesis catalyst and

temperature control.
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Common strategies tobtain polyacetylene derivatives that more closely
resemble the properties tie parent polymemare the synthesis of soluble polymer
precursors which camater be converted intoPA, or through the ring-opening

metathesigpolymerization ROMP) of cyclooctatetraene (COT) derivatives

1.2.5.1.Soluble Polyacetylenes from the ROMP dofyclooctatetraene (COT)
Soluble polyacetylene derivatives that maintain extengembnjugation were
synthesized byhe teams of Hocker an@rubbs. Work in this area started with the
synthesiof parent polyacetylene through thieg-openingmetathesigpolymerization
(ROMP) of cyclooctagtraene (COT§>8€ COT, a liquid at room temperatures an
unsaturated ring formed by 8 carbons ang-8ectrons and adopts a behiped
geometryin the ground stateith localizedC=C double bondg¢Figure1.5),%” in part
to avoid theantiaromaticityassociated with planar structuré® ®©With intra-ring bond
angles of 126.27°8” theROMP ofthe COT rings thermodynamically favored #sis

processeleases ring straird 2.5kcal/mol) 13

Figure 1.5. Boatshaped molecular structure of cyclooctatetraene (COT)

Taking advantage ahe ring strain inherent to CQHo6cker and coworkers

synthesized polyacetylene in routes similar to the classicedures. By introducing
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cyclooctatetraene into a mixtus€WCle/AIEt2Cl in toluene, an insoluble black powder
was formed in 8% yield. Additionally, vapor deposition of COT into a flask containing

a slurry of the same catalyststemed to the formation of a polyacetylene film (%0
yield).8> Grubbs and coworkers later used a similar approach to synthesize
polyacetylene sing well-defined, soluble tungstdmasedolefin metathesisatalyss
(Figure 1.6, Schemel.6).88 In addition to polymerizing COT in dilute solutions or by
vacuum deposition over the solid catalyst, addition of cat@ig$d neat COT afforded

a freestanding film of polyacetylene. Oxidative doping of the films witled to
conductivities of 18 S/cm similar to initial studi
polyacetylené>*® This strategy also allowed for the polymerization of
bromocyclooctatetraene (CEBr) and the formation of copolymers with

cyclooctadiene (COD) and norborneneB@).

C1 c2 C3

Figure 1.6. Tungsten catalysts initially used in the ROMP of COT

16



Nell

N
a) ‘ I -
(FC)a(H:C)CO" }N\/I<
© (F5C)2(H;C)CO
- ,{/\/W\,]/

n

b)

isomerization NS GP N [W]
———
[w]
n

Schemel.6. @) Synthesis of polyacetylene through the ROMP of COT usweglh

defined tungsten catalydt) Steps involved in the polymerization.

However, it was observed thiéite ROMP of COT in dilute toluene solutions led to
formation of benzene as a side product in%b5yield. Thiswas explained by a
backbiting reactiorfSchemel.7; for COT, R=H), where the catalyst attached at one
end of the polymer during chain growth folds over and performs olefin metathesis with
the backbone itself, instead of with a new molecdl€€OT. This side reaction is
heavily favored in dilute conditions as it leads to the formation of benzene, an aromatic
molecule, and increases the overall entropy of the system. After backbiting, the catalyst
remains attached to the growing chain and canticue reacting with new monomers.
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Rl
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Schemel.7.ad) ROMP of COT (R = H) leadimglo forrnasiond er i v at

of polyacetylenes and benzene or substituted benzgngechanism of backbiting.

Despite the drawback of backbiting, this route allowed for the synthesis of
soluble polyacetylenes through the ROMP of monosubstituted d&tiVatives The
first examplewas theROMP of COT-SiMes (M1) usingthe tungstercatalystC2
(Schemel..8).9% Addition of the catalyst to a mixture of CESiMes and THF, afforded
a polymer Qumber average molecular weight, = 137 kDa relative to polystyrene)
that is soluble in toluene, benzeared THF. UV-Vis absorptiorspectraof the polymer
in CCls showed an absorption maximum at around 380 nm, which is converted into
absorption at 512 nmpon exposure to UV liglftising a highpressure mercury lamp)
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This change in absorption was due to isomerization ftbencis-isomer formed
immediately after reaction with the catalySthemel.6) into trans-polyacetylene, as
confirmed by the absence of an exothermic event at@4hiring differentialscanning
calorimetry (DSC) aftephotdsomerizatior’® The resulting polymer could also be
doped by 4 to increase the conductivity from 10S/cm (neat) to 0.2 S/cm. In
comparison, the conductivity of poly(trimethylsilylacetylefrey MesSi-substituted
polyacetylene with side chains on alternating carb8ah€mel.9), after doping with
iodine only reaches a maximum of“48/cm, due to steric repulsions between side
chains that cause twisting and redpeeonjugation along the backbone. Finally, using
the soluble,p-conjugated polyacetylenel after b doping, it was possible to build

solar cells with efficiencies of-%% °6

i ROMP
SiMe; / \ / \ hv or heat ’{/W
n

SiMe; " n SiMe;

COT-SiMe;, M1 P1

Schemel.8. Synthesis of a Mg&i-substituted polyacetylene through the ROMP of

COT-SiMes.
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SiMe;
H———SiMe,

SiMe, si)X si X si X si

M93 ME3 M93 Me3
planar twisted
Scheme 1.9. Comparison of polyacetylene chains obtained from different Si

substituted precursors.

It is important to note tha€OT-SiMes is alsoproneto backbitingreactions
during polymerization. For substituted COTSs, backbiting not only redbesseld of
polymer but alsoeffectively addsi HC=CHi units to the backbondcompare the
starting [M]=Q RNjnd the final [M]=C C=Ci RNn Schemd..7b). Thei HC=CHi units
left in the backbone after backbiting are unimportant in the polymerization of
unsubstitutedCOT, since they do not change the final repeat unit of the polymer, but
are important for substituted COT, as they act as spacers between side chains and
change the final polymer compositioRor simplicity, the structure of polymers
discussed in this section will be based on the ideal situation when no backbiting
happens.

Following the synthesis @soluble polyacetylene fro@OT-SiMes, different

side chains were investigatetlkyl and aryl side chains were installed through the
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reaction of COT with the corresponding alkyl and aryl lithium speéi€sThis roue
involves reaction of COT with two equivalents of lithiatdklyl or aryl chaingo form
a COT dianior(Schemel.10),°° an aromatic speciégwhich is lateroxidizedwith of
l.. The ROMP of COT monomers beariradkoxide substituents was also reporté&d,

although the synthetic procedureed to accessdbemonomers was not described

R-Li R 31, R
— @ ® —
-RH 2L 2y

Schemel.10. Reaction of COT with two equivalents of an organolithium species

R = alkyl, aryl

followed by reoxidation with b. For the different substituents used (R), Begirel.7.

The correspondinfunctionalized polyacetylenesere then obtained through
ROMP (Figure 1.7, Table 1.1) using catalyst<C2 and C3.°”-% When usingC2, the
catalyst is initially mixed with THH to slow down polymerization through THF
coordination, an unnecessary step @8. The resulting polymers showegrying
chainlengths depending on thmature of theside chain (M = 3-250 kDa) but little
control over molecular weight, even thouthie exent of backbiting waseducedby
performing the polymerization with neat monomer. Of the polyacetylenes obtained, the
onescontaining side chains without steric bulk at ¢hearbon P2-7, P1317) were
only fully soluble in theircis form and showed insolubilitgr partial solubilityafter

isomerization taheir transisomer secondary®8, P9, P1) and tertiary P10) alkyl
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chains afforded solubility for both theis and trans isomers. Thepolyacetylene
containing amaller cyclopropl side chain(P12) was also insoluble in itsansform.
These results indicate that steric bulk at #iposition isimportantfor imparting
polymer solubility.Additionally, molecular dynamics calculations (MM2 force field)
indicated that the secondaand tertiary alkyl side chains improve solubility by

increasing theortionalflexibility of the backbone.
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Mrans = 432 nm* Mrans = 950 nm Atrans = 986 nm* Atrans = 620 nm*
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_o n Xo n n n
_0 CF,
insoluble Mrans = 994 nm* Mrans > 600 nm* Atrans > 600 nm*
P14 P15 P16 P17

Figure 1.7. Alkyl-, aryl and alkoxysubstitutedtrans-polyacetylenes and their

absorption maxima in THF. * Thesalues were obtained from suspensions in THF

Absorption maxima for these polymers were repa(Figure 1.7), however
these have to bmterpretedwith cautionbecausehe redshifted absorption maxima
for the poorly soluble polymers could be due to their insolubility, since conjugated
polymers tend to have a rstiifted absorption in the solid stgthere twisting of the
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backbone is minimized and conjugation length is maximizEmhally, the polymer
bearing the largest steric bulkthe a-carbon,i.e. atert-butyl group also affordshe
mostblue-shifted absgstion ( rans= 432 nm)n the seriespresumably due to increased

backbone twisting in solution.

Table 1.1. Summary of reported properties for P2-P17.2 Reported relative to

polystyrené® Maximum conductivity reported aftep Hoping.

Polymer Mn (kDa)? PDI Conductivity (S/cm)P
P1 137 - 0.2
P2 - - -
P3 2.9 4.7 0.7
P4 47 2.5 50
P5 14 3.2 3.65
P6 238 15 -
P7 93 14 21
P8 10.0 5.7 -
P9 24.8 2.0 2x10%
P10 25 1.7 < 108
P11 16.0 7.6 -
P12 20.4 2.6 -
P13 233 15 0.6
P14 - - -
P15 252 1.4 ~ 107
P16 - - -
P17 - - -

24



Grubbs and coworkers later studied the electrochemical doping of some of the
polymersfound inFigure1.7.2°* ThroughCoulometric measurements, it was possible
to determine thaffilms of the solubletrimethylsilyl- (P1) and secbutyl- (P9)
substituted polyacetylenesuld accept/donate one electron pefl54C=Cunits along
thebackbone (while parent Péan accept/donate one electron per6 @hits). Films
of P1 and P9 also showed matching nearlR (NIR) absorption by
spectroelectrochemical measurements after oxidation or redu@®bitd max =
12001300 nm;P9 °¥"*q .« = 14001550), similar to parent polyacetylene, but at a
lower wavelength (PR nax= 165061900). Through cyclic voltammetry (CV), the
authors also suggested that an inductive effect was possible, since the- alkoxy
substitutedP15 was more easily oxidizethan itsalkyl counterparts. Finally, CV
showed that ais-transisomerization of films was possible through dopiognsistent
with chemical dopingnduced isomerization of parent PA%®

In a separate study, the effect of chiral sidaigs was assesst#dReaction of
COT-Li (obtained from COTBr and "BuLi) with alkene oxidesmediated by
FsB AEt,,'% affordedCOT with chiral alcohol side chain¥? Since tungsten catalysts
are sensitive to alcohot8}thesegroups were further transformed into ether or siloxy
moieties The resulting monomerS¢hemel.11) were polymerizedy addingcatalyst
C3in pentane, followed by transferring theactionmixtureonto a glass slide to afford
polymer films. The polymers (M = 1501,240 kDa vs polystyrendDl = 1.31.5
could then be isomerized to thdrans forms either by UV light irradiation or
spontaneously in solution over several hot@ymersP18 andP19were solubleas
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both thecis andtrans isomers regardless of absolute configuration, w20 was
only soluble before isomerization to ttrans form, consistent witlthe need of steric

bulk for solubility %

Mel, NaH A 10 o
————— -
THF

(+)-M2 or (9R,105)-M2

1. "Buli, Et,0, -78 °C
2. F3B-OEt, 10.0H
: 9 —
3. trans-(+)-butene oxide or TBS-CI, DMAP O/Jg\}qjs

Br trans-(2S,35)-butene oxide —_—
O’ (#) or (9R,10S) CH,Cl,

(£)-M3 or (9R,10S)-M3

COT-Br 1. "BuLi, E4,0, -78 °C OH

- TBS-Cl, DMAP O._..~

Lol _—— SI\

2. (+)-propylene oxide or CH,Cl, /i\
(S

)-propylene oxide
@ or(s) (£)-M4 or S-M4

R
n

R

(2)-P18 or (9R,105)-P18  (£)-P19 or (9R,105)-P19  (+)-P20 or S-P20

Schemel.1l Synthesis of polyacetylenes with chiral side chains.

Due to the chirality of the side chains P18P20 the HOMGLUMO
transitions pp-p*) of the chiralpolymersexhibited circular dichroism, indicating that
the chains can preferentially twist the backbone in one direction. This effect is similar
to what is displayed bgome highly substituted polyacetylerié$®® but only in the

former caseis extendeg-conjugation (estimated to lbeer20 C-C unit§ maintained.
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Expanding the scope of polymerization with catal®8, Lonerga and
coworkers later explored the formation of polymers with ionic side chl{&ciseme
1.12).106108 The synthess of nobnomes M5 and M6 were based on the
copolymerization of acetylene gas and substituted acetylé¥est M5, acetylene was
copolymerized withN,N-dimethyk3-butynylaminet®® followed by methylation with
methyl iodide (Mel) and anion exchange using silver triflate (AgOIIif = RCSQ).
ForM6, COT-CH.CH>-l was reacted with sodium sulfite (p&0s), followed by cation
exchange using an exchange redihe synthetic procedurased to makeCOT-
CH2CHgz-l is unclear, but it was possibly achieved by reaction of €BCH,-OH,
obtained either by copolymerization of acetylene a#mitynof®® or by reaction of

COT-Li and ethylene oxid&!°with Pk in the presence of pyridirté€®

NMe, Mel ®NMe3 AgOTf ®NMe3 c3 N A A
—_— —_—  —
neat e| H0 Oory CH,Cl, {/\/\C@/\/’/n
OTf
M5

D NMe,

P21
© Cation [S]
I NaxSO,4 SOs  exchange 50, c3
_— athle oy el PGNP
H.0 Na® (,?Me CH,Cl, n
4 ®

NMes o s0,

M6 P22

Schemel.12. Synthesis of polyacetylenes with ionic side chains.

Polymerizationof M5 andM6 with C3 in CH2Cl», leads to formation dP21

(Mn not determinedandP22 (Mn = 35 kDa relative togtramethylamiro poly(styrene
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sulfonate), PDI = 2.9xs dark blue,DMSO-soluble polymers® P22 also showed
solubility in DMF, methanol and could become wadeluble after cation exchange
with Na*. Contraryto alkyl-substituted polyacetylenes, these results suggest that ionic
side chains can impart solubility even in the absence of steric bulkaatcémon®’:%8
Additionally, their relatively reeshifted absorptionR211 max = 614 nm; P22 max =

624 nn) is comparhle tothe poorly soluble polymers synthesized by GrubB3s-T,

P13 Figure 1.7), indicating minimal twisting of the conjugated backbone. This
afforded conductivities of 0.01 S/cm(P21) and 0.40.7 S/cm (P22 after b doping,
which arelarger thanthe conductivities ofdopedalkyl-substituted polymerd={gure

1.7).

A detailed electrochemical study 821 and P22 showed the formation of
internally compensated statest low levels of dopingl®® As determined by
electrochemicalquartz crystal microbalance (EQCM) measurements, oxidation (p
doping) of P22 leads to loss ofhe countercationsandreduction (rdoping) of P21
leads to loss afounteranions.However, the maximurdoping achieved (1 @er 12
16 GC unitg was still similar to the polymers synthesized by Grubjes slightly
below that of parent PA% Additionally, by using an electralg with bulky anion
(tetrabutylamino poly(styrene sulfonatEBusN]PS9 the authors were able to supress
oxidation ofP21films, since it cannot internally compensate the extra positive charge
and the bulkyanionicPSS polymerscannot be incorporated into the film.

Kinetics studiesof the ROMP of monomerM5 with C3 in CHCl: werealso

performed, showinghat the polymerization d¥15 could be inhibited by addition of
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["BusN]OTH, either due weak coordination of OTb the catalyst or by iepairing
effects'®”1! Slow initiation relative to propagation was also obsenigdwever
Grubbs and coworkers were concomitantly working on Ru catglysjare 1.8) that

would laterimprovepolymerizationcontrol 104112

N:N NVN—Q—
T I
CI .
R

| ..Cl .l
(Ru_ u— Ru—
cl” | cl” | c” |
CysP Cy;P _N
g
G1 G2 G3

Figure 1.8. Rutheniumbased olefin metathesis cataly$tS1-G3) developed by

Grubbsand coworkers

COT is unreactive in the presence@ ( k nown as Grubbso6é fir:
catalyst) due to its low ring strain of 2.5 kcal/mot:® However, plymerization of
neat COT with catalyst2 (Grubb®second generation catalyst) was able to produce
films that werenearly identical to the ones previously obtained w@R.8¢14
Additionally, the increased functional group toleranc&2fallowed for the formation
of differentendfunctionalizedsolubleCOT oligomers (up to 20 double bonds in the
backbone) through thROMP of COT in the presence dfsubstitutedcis-alkenes
(Schemel.13). The same strategy also allowed for the synthesis of block copolymers

with polystyrene (PS), pofynethylmethacryate) (PMMA), and polyethyleneglycol)
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(PEG) when performing ROMP of COT in the presence of the altemainated

polymers(Schemel.14).

— G2
() - oo e s

Neat or CH,Cl, n

P23 P24 P25 P26 P27

x= 4$c  $OH

Schemel.13. Synthesis of endluinctionalized COT oligomers by ROMP.

R=PSS (P28)
PMMA (P29)
PEG (P30)

Schemel.14. ROMP of COT in the presence of alketeeminated polymers

More recently, Choi and coworkers also explored the ROMP of a norbornene
(NBE, M7) derivative withG3 followed by addition of COT tgive block copolymers
(Schemel.15).11° The incorporation of 28 COT ts was estimated (112 PA repeat
units) with minimal backiting side product (<106 relative to COT incorporated)
when using high concentrations of COT (700 mMiQwever, the presence of batis

and trans-PA was inferred from the UWis spectal data The different affinities
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between th@-conjugated (PA) and the nprconjugated blocks afforded spontaneous
selfassembly in solution tgive coresheltlike structuresvith overall morphologies
resembling caterpillars. Interestingly, tipeotective shell formed by M7 in P40
afforded airstability to the PA core. Similar results were later achieved by addition of
G3 to a mixture of both monomet¥ suggesting that the langeing strain of
norbornene (27 kcal/mdB!!’ leads topreferentialpolymerization before the COT
molecules. Additionally, by swapping 7 for M8, the supramolecular assembly could

be alteredo yield threedimensional aggregat¢B41).118

H, = 5O e
G3 n n m
07 ™N770 O07™N"T0 0=\ 0 P40

|
|

2. ethyl vinyl
ether

M7
= Ru =
— - G3 — n 1. — n ~— — m
Au—— =,
2 A = A 2. ethyl vinyl = A P
o=~y 0 o—™y""0 ether o=\""0
M8

Schemel.15. Synthesis of block copolymers with COT.

1.2.5.2.Polyacetylens from Polymeric Precursors
Since polyacetylene is insoluble, different research groups focused on

producing soluble polymeric precursors that could be thoroughly characterized and
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later converted int®A. iDurham polyacetylertg synthesized by Feast and coworkers,
allowed formation of films of P42 before heating at 80°C to eliminate
hexafluoroorthoxylenéSchemel.16a).1*% 12 This provided a path to devices based on
parentpolyacetylene(PA).1?2123 Additionally, Grubbsand coworkersshowed that
ROMP of benzvalendM10) afforded a polymemwith strained(and potentially
explosive)bicyclobutane moietied43) that could be converted into polyacetyldrye
reaction with HgGl (Schemel.16b).124125The resulting polyacetylene showed lower
conductivities of 0.1 S/cm after doping with presumably due to the presence df sp
carbons as a result afided olefincrosslinking during reaction with HgGl Finally,
Leung and coworkers have shown that loss bé&nzenesulfenic acidrom
poly(phenylvinyl sulfoxide)(P44) in THF at 150 °C led tothe formation of PA
(Schemel.16c).126128

Polymeric precursors based on cyclobutenes have been explored by different
groups anenabled the subsequdatmation of both parent and sidkainsubstituted
PA. Cyclobueneiself is an unsaturated ring withigh degree of ring strain(30.6
kcal/moly3 and is known to undergo a rilmpening isomerizatigrupon heatingr by
use ofmechanical forceto form 1,3butadiene(Schemel.17a).*2% 134 Therefore, a
polymer based on cyclobutene could, in principle, be transformed into polyacetylene
(Schemel.17b). Depending on its substituents, however, thermal isomerization can be
facilitated, which can render cyclobutenes unstable at room tempéefitanmg

provides a challenge for this route.
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a)

ROMP 80 °C
P42

M9
b)
ROMP HgCl,
—_— . —_— A
n n
M10 P43
° R-Li
— -Li Z 150 °C
=g —_— ‘lj/‘l\ - =
0=s S n n
U
M11 P44

Schemel.16. Initial routesusedfor the synthesis of polyacetylene from polymeric

precursors.

a)
heat or mechanical force

] >

heat or mechanical force
:
R N /T

n

Schemel.17. Isomerization of cyclobutene into Ritadiene.

The instability of substituted cyclobutenes was recently overcomgidny

Burns and coworkerswho synthesized PArom polymers based on ladderer&s.
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Initially, a polymer is formed by ROMP of a chloroladdered1@). The resulting
polyladderaneR45) then undergoes an elimination reaction to form a polyladderene
(P46) wherecyclobutene spacei@e locatetetween thdused cyclobutene moiety
and theunsaturated C=C units alortbe backboneaffording stability. A cascade
mechanochemical conversion46into polyacetyleneopolymerds then performed
through sonication, leading to an unzipping of the ladderane onit tihe backbone
towards the cyclobutene uii1%¢As the ladierenes are converted into polyacetylene
fragments, block copolymers form and affowhich assemts into micelles. FTIR,
Raman and UW:is (I max= 605636 nm)characterization indicate formationtons

PA with over 100 GC conjugatedbonds (determined by the frequency of C=C
vibrationin Raman.'*’ The same mechanochemical conversion could also be applied

to the preparation afiorbornendadderane block copolyme({849-51).138
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a)

Hew = H G3 n+2m KO'Bu n+2m
H H — —_—
Hi-f—-H CHCI, THF
H H
\x X
X = Cl (M12) or Br (M13) P45 P46
Sonication R
e m n m
THF, P47
6-9 °C
b)
1. G3, CHCI,
= 2. M13
.
- 3. M14 (or M15 or M16)
R=-H (M14)
-CH,0Si'Pr; (M15)
-CH,OH (M16)
1. KO'Bu, THF N A
—b.
m n m
2. Sonication
R R=-H (P49) R
-CH,0SiPr; (P50)
-CH,OH (P51)

Schemel.18 Mechanochemical unzipping of polyladderenes to form polyacetylene

block copolymers.
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Additionally, a partially fluorinated polyacetylene was synthesized fitoen
chemoselective ROMP of a fluorinated ladderada q), followed by sonicatiorio
give P52 (Schemel.19).1%° Fluorinatedpolyacetylenédhas long been proposed to have
increased air stability due to the stability cF®ondsand reducé HOMO energyas
well asbeing expected to belzetter option for rdoping do tats increased electron
affinity. 140142 Polymer P52 provided some confirmation of this theory by retaining
70 % of its initial UV-Vis absorptionl(max= 591 nm) after 2 days, while the analogous
unfluorinated plymer had only retained 1% of the initial absorptio@fter this time

frame Unfortunatelyno doping studies have been repottads far

F
F F
F F H H
H H E Hy»-—'H 1. G3, CHCl;
Hll' IH —b- H H b‘
pentane, Fr-—-vF 2. Sonication
hv (254 nm) E E

Schemel.19. Synthesis of a partly fluorinated polyacetylene by mechanochemical

unzipping of a polyladderene.
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A similar strategy was used by Bielawski and coworkers to synthesize
polyacetylenes starting frortrans-5,6-dibromobicyclo[2.2.0]hexi-ene M18),'4% a
derivative of Dewar benzer& Polymerization oM18 proceeds through a controlled
chaingrowth mechanism, leading to a polymer with narrow molecular weight
distribution P53 M, = 16.4 kDa,polydispersity index ¥DI) = 1.14).P53 can be
converted intotransPA by addition ofcontainingcyclobutene unit§P54), which
isomerizes to PA at room temperature. InterestirfglyR, Raman and soligtate'3C
NMR spectroscopyndicated formation of only thigansisomer,suggesting pathway
whereP54isomerizes to PAhrough a radical mechanisithe resulting polyacetylene
showed conductivity of 30 S/cm when doped with iodiapor!*® Finally, due to the
controlled polymedration 0fM18, a triblock copolymer could also be synthesized and
converted into the corresponding polyacetylenetaining polymer(P55 while

maintaining solubility.
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G3 n MeLi isom.
Her—H ——  HY—"H " —— .\ Ay — AAAF
., CH,Cl, -, THF, -78 °C rt n
Br Br Br

M18 P53 P54
b)
= 1. G3, CH,Cl,
N
2. M18 A - :
3. M19
00 4. MeLi
/N o O o O
/7 N\ VRN
M19 P55

Scheme1.20. a) Synthesis otransPA from the spontaneous isomerization of a
cyclobutenecontaining polymerP54 b) Synthesis of a triblock copolymeP35)

through a similar route.

Bielawski alsorecentlydeveloped a route to synthesize side clsainstituted
soluble polyacetylenes through direct ROMP of substituted cyclobutéABOMP of
monomes M20-24 affords intermediate polyme(Schemel.21a), which react with
EtN in elimination reactions to yield siddainfunctionalized polyacetylene®%6-

60, Mh=7.3124.9 kDa, PDI = 1.21.6). Interestingly,G3 failed to catalge the
polymeization 0fM20-24, presumablydue to deactivation by side chain coordination
through the oxygen atom, therefore catalgst (HoveydaGrubbs 29 generation
catalyst Schemel.21b) was usedThe resulting polyacetylenes contain one side chain
for every 4 carbomtoms alonghe polymerbackbone, howevelJV-Vis data [ max=
3221414 nm) indicates that the polyacetylenes have a reduced conjugation length,

likely due to backbone twisting caused by the giarips Theabsorption maxima are
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red-shifted compared to highly twistgublyacetylenes with substituents at every other
carbon(l max ~325 nm for ester substituertt®)but blueshifted when compared to

polymers obtaied through the ROMP of COT ax> 500 nm, see Sectidn2.5.).

a)
C4, CH,Cl Et3N THF
A — : [
ROOC ROOC ROOC
R = methyl (M20) R = methyl (P56)
ethyl (M21) ethyl (P57)
2-ethylhexyl (M22) 2-ethylhexyl (P58)
benzyl (M23) benzyl (P59)
2,2,2, -trifluoroethyl (M24) 2,2,2 -trifluoroethyl (P60)
b)
R WS
— NN
T_.CI
Ru=
cl” |
o
Cc4

Scheme 1.21. a) Synthesis of substituted polyacetylenes from disubstituted

cyclobutenesb) Molecular structure at4.

Finally, water soluble polyacetylenes could also be formepdnforming the
elimination reactions foP59andP60with an excess of nucleophilic bases KOH and
LiOH leading tohydrolysis of the ester side chai(8chemel.22).14° The resulting

products(P61) were insoluble in aqueous acid solutionsirodistilled water, but
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soluble inaqueous solutions of basegresumably due to deprotonation of the

carboxylic acid moieties P61

KOH (40 eq.) LIOH (8 eq.)
n n
o Cl o) o Cl

ﬁ
P61 F FF

P59 P60

Schemel.22. Synthesis of carboxylic acisubstituted polyacetylenes from the base

induced hydrolysis of ester side chains.

1.3 Polytellurophenes

While the use of polyacetylenes in modern applicatgiitisfaces challenges,
polythiophenes found great succassrganic fhotovoltaics (OPVs) anasfield-effect
transistors (OFET$)!24 In contrast to polyacetylene, polythiophene is stable to
ambient conditions in its neutral state and has improved stability wheatioely
doped'4"150 Additionally, soluble, processabp®lythiophenefiave been synthesized
through rich chemistryincluding catalysttransfer polymerization (CTP) and Pd
catalyzed crosscouplingreactionssuch asSuzukiMiyauracrosscoupling and Stille
crosscoupling.

Lookingtoimprove uponthe properties of polythiophene, researchers have also

developed ways to access heavier analogues of polythiophenes with Se
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(polyselenophenes) and Te (peNtrophenes). Although the synthesis of these
polymers can be more challenging, especially for polytellurophenes, the final materials

show several advantageven in areas where polythiophsiageextensiely used.

1.3.1Replacement of S by Se and Te
Thiophene selenophene and tellurophene, also known as chalcogenophenes,
are fivemembered rings containing four carbons andgroup 16heteroaton{Figure
1.9). Due to the differenatomicproperties of S, Se and T&aplel.2), the properties
of theresultingheterocycleslsovary as the heteroatom becomes hea®specially,
the presence of telluriuim accompanied by the most drastic changes, as expected from

a relatively large difference in properties between Se ar{ddtde1.2).

3
S Te
VRIS
S Se Te
i\ /) i\ /7 (\ /7
Thiophene Selenophene Tellurophene

Figure 1.9. Chalcogenophenes formed by sulfur, selenamd tellurium. The usual

numbering of carbon atoms is shown in the generic structure.
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Table 1.2. Atomic properties of sulfur, selenium and tellurium.

S Se Te

Pauling electronegativity* 2.6 2.6 2.1
Covalent radius (Af* 1.03 1.17 1.35
van der Waals radius (&Y 1.80 1.90 2.06
Polarizability(x 1024 cm?)>2 2.90 3.77 5.5
Spinorbit coupling constar(x 10° c1)>4 0.2 1.67 4.48

As chalcogenshave lone pairs available to interact wihrsystens,
chalcogenophene®llow Hic k e | 6 @n +#2,unhere n = 1and have aromatic
character®>> However the aromaticity decreases down Beziodic Table from S to Se
and Te*®17due to reduced orbital overlap between thalcogen atomand the
adjacentp-system This tendencyis also reflected in theveakernature ofC=Se and
C=Te bonds(vs C=S) observed in other compount® In polymers, the reduced
aromaticity leads to an increased quinoidal charg8ietemel.23), and consequelyt
enhancedlelocalization of electrons throughout the C=C backbone, which reduces the

HOMO-LUMO energygap(Ey) following: S > Se > Té>®

E(/\ E !\ Ef_ _::‘

- E
.. - - » as — =~ —
\ /) E \ / E _ E _ E

Aromatic Quinoidal

Schemel1.23. Resonane structures of polychalcogenophenes. Arrows inditch&e

possibility of bond rotatianbetween chalcogenophene units.
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The expected decrease ipds S is replaced by Se or ias been observed for
various analogaipolymers with the different heteroatoti$1%* For exanple, while
films of thewell-studiedregioregular poly(hexylthiophene) (P3HTP62 show an &
of 1.9 eV1%9 poly(3-hexylselenophene) (P3HSR63) and poly(3hexyltellurophene)
(P3HTe P64) have reduced HOMQUMO gaps of 1.6 and 1.4 eV, respectivédge
Figure1.10 for their structures}®6Cyclic voltammetry measurements have show
that while the HOMO energy level of these polymers remains almost constant at around
0 eV {ys Fc), the reduced bangap is a result of the stabilization of the LUMO,

reduction potentlas C™. Vp3HT = -1. ev, 3HSe = -l1. eV, 3HTe = -1.
(reducti ials Fc'o: v 1.95 eV, \b 1.80 eV, \b 1.35

eV)_160,161
S Se Te
WiAR \ /T WiE
P62 P63 P64

Figure 1.10. Molecular structures of P3H(P62), P3HSgP63) and P3HTEP64).

Another effect of théncreased quinoal character when using Se andig ¢he
increasein backboneplanarity, due to the double bond character between each
chalcogenophene unénda correspondingncreasan energy barrier for rotation of
the chalcogenophene uitSchemel.23).1%° This characteristichas been shown to

afford better charge transpairt organic fieldeffect transistor$®>®®and could also
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lead to better diffusion of photexcited state&”!%8 However, the rigidity of the
backbonein polytellurophenes carmlso reduce solubility providing a synthetic
challenge.

The presence of Te also brings additional characteristics to the polyueins
asinterchainTe---Te interactiongnediated byl-holes (also described as chalcogen
bonding)'%1’°This intermolecular bonding modavolves the donation of electron
density from a lone pair located in onedteminto the TeC 0 * (@)inla sepasate
telluropheneunit, leading to an overall decrease in the energy of the sy§ligore
1.11). Crucial to this interaction is the increased polarizability of Te X518 cm?®
Tablel.2) and its lower eletronegativity (2.Iablel.2) to facilitate lone pair donation

which makes these interactions more prevalent in tellurophenes than in selenophenes

or thiophened’¥173

a) b) CeCe---®

I N\ Te. [ N\ Te . —
AL cece — A
e, N te Y "

\ T N\ g T T Jr} o

C-Te C-Te--Te :Te
Figure 1.11. a) Representation of FeTe interactionsin polytellurophenes;b)

Simplified MO diagram showintheorbitals involved in thél-hole interaction.
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Additionally, the presence of Tean lead to the formation of triplet excited
states upon light absorption. This effect is more pronounced in tellurophenes due to the
larger spin orbit coupling constant of TeT@ble 1.2), which increasgthe rate of
intersystem crossing to convéstmally singlet excited states into triplet excited states
(Figure 1.12). This feature of Te has been confirmiadsmall molecules that show

phosphorescence (luminescent relaxation of triplet states)

e

Energy
A b
St — ALY >
A c __id
T, —Y
a eE f
N Al

Figure 1.12. A simplified Jablonski diagram showing formation of triplet excited
statesSo = singlet ground state; S first excited singlet state F first excited triplet
state,a = photoexcitatiorb or d= vibrational relaxation, ¢ = intersystem crossing, e =

nonradiative decay, f = phosphorescence.
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In polymeric films these photoexcite states are viewed as quasiparticles
(formed by an electrehole pair)called excitonsand are of special importance in
organic solar cellsFor current to be generated in solar cedigcitons must be
dissociatedbefore theyeventually undergaelectronhole recombinatioA’”® While
singlet excitons are shelived and must be dissociated within a nanosecond-time
scale, tiplet excitons are longer livedypically in thens scal§ and therefore have the
potential to travel longer distances before being dissogtétédf which could
facilitate current generation in solar céfl§Encouragingly, there is evidence of triplet
exciton formation in polyselenophenes and, especially, in polytellurophErés.

Finally, replacement of S by $&d Te can facilitate doping, leading to larger
electrical conductivities at smaller doping levels, which can be beneficial for
thermoelectric application$®1°° Doping also leads to polaronic absorption bands in

the NIR regiorthat shiftbathochromically as the heteroattecomes heavigf®

1.3.2Synthesis ofPolytellurophenes

Despie the several advantages of polytellurophenes in the context of organic
electronics, theiapplicationlags behind that of polythiophenesainly due to more
challenging synthes. For example, while thiophenes can be extracted from oil
reserves, tellurophenes are typically made from the reaction of diace(jli&he
butadiyne)gas and sodium telluride (MEe).1%%1%2 Additionally, due to enhanced
planarity, polytellurophenes are usually less soluble than their thiogimeegues,

which can lead to precipitation during polymerizatiansolutionand make device
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fabrication more challengingdowever, considerable progress has been made in the

last decade and polytellurophenes can now be obtained by several different methods.

1.3.2.1.Electropolymerization and the First Polytellurophenes

The first polytellurophene was synthesized by Tsukagoshi and coworkers by
the oxidative polymerization of an unsubstituted tellurophé®ehene 1.24).1%
Similarly to the classic synthesis of polyacetylene (Sedi@rml), the catalysFeCk
was deposited on a glass plate followed by the vapor deposition of tellurophene to
produce an insoluble powdé@P65. This material showed low conductivitiesen
when dopedwith 1, (10°% S/cm compared to I S/cm when undop@d Through
electroclemical polymerization, Oguiend coworkertater discovered that black films
of polytellurophenegould be preparetfom a tellurophene dimer or a trim@gvi26
andM27, Schene 1.24) to reach neaundoped)conductivities of 7.6« 10° and 1.3x
10° S/cm, respectively?*1%The formation of films was thought to be dependent on
the potential used for polymerization. As moreusdphene units are linked together,
the potential required to oxidize the chain is reduced, which stlenwdimer and trimer
to be used in galvanostatic polymerizations at a reduced currentrf§0 when

compared to the parent tellurophene (1 mA).
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Te
Electro- Electro- \_/
Te polymerization Te polymerization M26
W - TUT, =

or FeCly Te 7\ Te
M25 P65 L N/ Te \ /

M27

Schene 1.24. Synthesis of parent polytellurophene through electropolymerization

methods.

A methoxysubstituted tellurophene M28) was later synthesized by
Bendikov1® However, eleebpolymerization still led to insoluble, poorly defined
films of low stability (P66). Conversely, polymerization of the analogous selenophene
monomer led to the formation of a stable film, exemplifying how the synthesis of

polytellurophenes can be more tbaging.

Te Electropolymerization Te
S\ /Z > \ /In

—0 o— -0 o—
M28 P66

Schemel.25. Synthesis of poly(3bis(methoxy)tellurophenglP66.

A soluble copolymer was synthesized the Chan group by installing a
tellurophenaing in between JdutylthiophenegM29) prior to electropolymerization

with FeCk (Schemel.26a).%” The tellurophene unitvas formed by reactiorof a
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thiophenecappeddiyne with in situ-generateda; Te 1% The final polymer P67, M,
=2.9 kDa, PDI = 1.2) ltha regioregular arrangement with t&ttail coupling between
thiophenes in adjacent repeat unligading tcan optical band gap of 1.71 gwhich is
smaller than that of P3HT (1.9 eV). Additionallyhigh conductivity of 0.42 S/cm was
achieved afteroldoping. A soluble copolymer was also later reported by Catd
coworkerg P68, Schemel.26b).1%8 The authors were able to grownis ofP68on ITO
(indium tin oxide) and, althougR68 showed a larger #henP65 (1.67 vs 1.52 eV,

respectively), the luminescence B0 was retained P68 (quantum yield was not

Te, NaOH, NaEH4 S s FeCI3
MeOH reflux CHCI3
b)

LO
Electro-
(,,0 1 2 KO'Bu, DMF polym A / \
" d,P7 \ /
0,
]

Schemel.26. Synthesis of soluble copolymers with tellurophene through oxidative

reported).

a)

polymerization.
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1.3.2.2.Palladium-Catalyzed CrossCoupling

Bre
@ OC42H2s
Te Ph3PR, 2 "BulLi
‘4 N + —_—
o N\ / o
@ PPh, hexanes
H,>5C4,0
25C12 Br
M31 P69

Scheme 1.27. Formation of a tellurophene copolymefP69 by Wittig

polycondensation.

The first noroxidative polymerization of a tellurophene was reported by Kubo

and coworkers 1995through Wittig polycondensation of tellurophenedialdehyde and

a phenyl phosphonium sdbchemel.27) to form soluble copolymer$67, Mn = 7
kDa vs polystyrenel®® However, another noroxidative procedure to
polytelluropheneswvas only reportedin 201Q by Seferos and coworkethrough
versatile Pecatalyzed crossoupling reactiond®™ Seferoé route was based oihe
halogenation of bitelluropheagfollowed by copolymeriation with a fluorene
monomer. Initial attempts to halogenate bitellurophene Wthromosuccinimide
(NBS) and #HIOs were unsuccessful, but reaction withiodosuccinimide (NIS)
afforded the desired monome# 82, Schemel.28a). Stille-typecopolymerization with
a trimethylstanyl-functionalized fluorenecomonomergave very little polymer,
indicating that iodinated tellurophenesce poorly under these conditions. However,

optimized conditions under a SuztMiyaura crosscoupling protocol with fluorene
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functionalized with pinacolborane (BPin) moieties afforded the desired polyan@r (
32 % yield, My = 3.1 kDavs polystyrene, PDI=1.2°l nt er est i ngl vy,
optoelectronic properties could be tuned by &tidative additionat the Te centers
(Schemel.28b), leading toa redshift in absorptionl(onsetbefore = 624 nmi; onserafter
=727 nm) ana reduction in HOMO and LUMO levelsq.28 to-5.40 eV and3.50

to -3.78 eV, respectively’*?%! This oxidation of the Te centers was reversible as Br

could be eliminated by heating at 18D or, as reported latgphotoeliminated®?203

a) HisCs_ Cotha

2 I—Nb XX H3C¢ CeHia
e ) __° WS te_ [ 8 re MY Q.
\ ,1 Te
n

1
I |
N/ Te WAL
DMF Pd(PPhs),
M32 ’OH o P70
X= §-snme, -8 -8
OH (o]
(BPin)
b)
H13Cs CgH1z H13Cs CeHia
0T ot DY Oy
CHcg
P70 P71

Schemel.28. a) Synthesis of a diiodinated bitellurophene and its copolymerization

through Pdmediated crossoupling b) Oxidation of Te centers by addition ofBr

SuzukiMiyauracrosscoupling was used by Kartg form a homopolymer of
an alkyksubstituted telluropene Scheme1.29a)2%* This procedure requirethe
unsymmetric iodination ofa tellurophene followed by reaction witH'BuLi in the

presence of tetramethylethylenediamine (TMEDAD install a BPin unit.
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Polymerization oM 33 affords the homopolyme?72 (60 % yield, M, = 20 kDavs
polystyrene, PDI = 2.4}hat features a regioregular structure (87 headto-tail
coupling, Scheme 1.29%). Regioregularity for unsymmetricallysubstituted

polychalcogenophenesasucialto reduce the bangap and improve crystallinit

a)

Te NIS Te | 1. TMEDA, "BuLi Q—Q T
(\_/Z <\—/Z/ > o’B et
. H DMF - 2. o W
b e é: B-0 Ci2Hzs
(o} )—

M33
Pd(OAC), (5 mol. %) Te
> \ /],
PPhs, THF
3 CizHas
P72
b)
Head \' Tail
R R
AN Te N
I \ / Te
( R
Tail Head

Schemel.29. a) Synthesis of a homopolymer through Suadigtaura crosscoupling;

b) Visualization of éheadto-tail regioregularity.

Rivard and coworkers alsxplored SuzukMiyauracoupling afterdevelopng

anew synthetic protocol for BPifunctionalized tellurophene building block&.This
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protocolinvolved the formation of zirconacyclefllowed by metallacycle transfer
with halides of main group element® synthesize thiophenes, selenophenes and
tellurophenes. Thigeneral methodllowed for the use of thmor e st abbe bi py/
(bipy = 2,2Mpipyridine)as a source of telluriugi®to form tellurophenes fused wifi

or 6-membered cycloalkyl ringd134 andM35). The 6membered ring building block
was then copolymerized with 2¢biodo-3-hexylthiophendP74, 35% yield, M= 5.3
kDavs polystyrene, PDI = 1.97r with a comonomer containing both thiophene and
selenophene ring®73, 69% yield, M, = 4.3 kDavs. polystyrene, PDI = 1.§2While

P74 was a regiorandom polyméd?73 maintained regioregularityt is noteworthy that

the band gap @73 (ca.2.5 eV) was wider than the Bf P3HT (1.9 eV)Additionally,
annealing studies showed that increased temperatures incieggseathcking but

reducedheconjugation length foP73, likely due to chain twisting®’

a)

x X
x=1or2 x =1, M34
x =2, M35
b)
Br S ”

\ CaH13
s R s = CeHis CgHis CsHu /H‘
N/ Se N/ Te \ /
n Pdx(dba); (2 mol. %) Pd,(dba); (2 mol. %)
CgHiz HyaCe [HP'Bu;]BF,

[HP'Bu|BF,
K2CO3 (aqy K2CO3 (aq)
P73 tol/THF, 70 °C M35 tol./THF, 70 °C

Schemel.30. a) Synthesis of tellurophene monomers mediated by formation of a

zirconacycle; b) Synthesis of copolymers from a Biaimcionalized tellurophene.
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Grubbs explored aifferent route based omPdcatalyzed ipso-arylative

polymerizationunder microwave radiatioff® In this casethe monomefM 36) was

formed by reaction of lithiated tellurophene with benzopheramrecould then be

copolymerized with a diketopsalopyrrole (DPP) derivatre, a common building block

for polymers used in OFs and OFETsto giveP75 (25%, M =23.2 kDa, PDI = 3.7)

This method gave similar results to Stille and SudMigiauracrosscoupling, with the

advantages of avoiding toxic organotin compounds and having an easy purification

protocol for thenonomer.

CgHq7
H13C5

R

CsH13

OO
\

M36

H17Cp

CsHiz

H13C6
OAC)2 (5 mol. %)
z -
PCy3 Cs,C0O5 N
o-xylene, uw S‘
100 - 180 °C CeHiz

H‘ITCI

P75

Schemel.31. Ipso-arylative copolymerization of tellurophene.

While the above studies uncovered the possibility of several types of

polymerization,the reliability offered byStille coupling polymerizatiormade itthe

usual routdor the synthesis opolytellurophenegopolymers Several groups found

success when using statated tellurophenewith brominated comonomerS¢heme

1.32).209214 By comparing analogous copolymers with S and Se, it was repeatedly

found that Te affords the smallé$DMO-LUMO energygaps.PolymersP80andP8l
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were also found to be more crystalline than their S and Se counterparts, likdly d

the rigidity of the backbone amaterchainTe---Te interactiong0-211

Hq7Cs

33C16_-C1eHaz H1ace)\\

H
Te
P8

4
s
P79

N (o]
N
0 N
0 CgHia
‘\‘( CgHy7

/ CgHi7
Te

MezSn SnMe;
—|r

M37

C1oHa21
CgHy7
0 N 0 CGH13
CgHy7

o N o]
0" 'N° "0 Hq7Cg \l)
H17Cg
CeHis
CioH21
P82 P83 P84

Schemel.32. Examples of copolymers synthesized through Stidiepling. Coupling

partners were the brominated versions of the comonomers.

Heeney and coworkers also explored Stibeipling to synthesize vinghe

spaced polytellurophen@s In this case, a dibrominated tellurophemMé¢3g) was
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prepared by dilithiation followed by addition of igibromotetrachlarethane and
coupled with E)-1,2-bis(tributylstannyl)ethylene Scheme 1.33). The resulting
polymer @85, 57 % yield, M = 10 kDavs polystyrene, PDI = 2.4) was likely
regiorandombut the vinyenespacers help avoid backbone twisti@@mparison with
the S and Se analogues showed B&thad reduced solubility, only being soluble in

chlorobenzene or chloroform upon prolonged heating.

Bu3Sn

Te 1. xs. "Buli S"Bus Te
(\_/Z > \ /
R PA(PPh3), (1 mol. %),
2 m%—ém toluene, 110 °C
c’  Br W38 oS

R= AN NSNS
Schemel.33. Synthesis of a vinylenspaced polytelluropherthrough Stille cross

coupling.

Due to toxicity ofthe organotin compounds used (and formed as a byproduct)
in Stille coupling, Huang and coworkers decided to explore dinetéroarylation
polymerizationas a route to polytellurophen®$§ This method also improves atom
economy compared to SuzeMiyaura or other traditioal crosscoupling reactions?’
After optimizing the reaction conditions, coupling d¥127 with a dibrominated

naphthalene diimide affordeB86 in good vyield (45% yield, My = 7.9 kDavs
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polystyrene, PDI = 1.68). Polym&86 shows a broad absorptioand hasa narrow

HOMO-LUMO energygapof 1.38eV in CHCls.

R

0 _N__0O Pdj(dba)s
(10 mol. %),

o N _te POV
Te /) ——>

Br toluene,

o N0 120 °C

R M27

Schemel.34. Direct heteroarylation polymerization of bitellurophene.

1.3.2.3.Catalyst-Transfer Polymerization

As briefly mentioned before, regioregularity has been found to be a crucial
characteristi¢or poly(3-alkylthiophene3, such as P3HT, to reduce tHOMO-LUMO
gap, increase crystallinitgnd improve characteristics such as conductivitycuadge
carriermobility.?822° The most common way to synthesize these polymers with high
regioregularityis throudn catalysttransfer polymerization (CTP), also known as
Grignardmetathesis (GRIMpolymerization, sincéhe chaingrowthis determined by
the position of the alkyl side chaif® 224 Seferos and coworkers wate first to apply
this type of polymerization to synthesize pohgByltellurophene)¢P87-91, Scheme

1.353, Table1.3) and have since studi¢dis processn depth!61184.225226
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Schemel.35. a) Synthesis of poly(@lkyltellurophene)s through CTB) Structure of

Ni catalysts used.
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Table 1.3. Conditions and results for the synthesis of polytellurophenes through CTP.
HOMO-LUMO gaps (E) are given for filmsMn is reportedss polystyrene.

Polymer Grignard reagent Catalyst Yield My,(kDa) PDI Eg(eV)

P87 'Pr Mg Cl A Ni(dppp)Ck 33 % 9.9 22 144
P83 'Pr Mg Cl A Ni(dppp)Ck 62 % 11.3 20 144
P89 'Pr Mg CI A Ni(dppp)Ck 35 % 5.4 1.9 1.57
P90 'PrMgCl Ni(dppe)Ch 65 % 14 1.1 -

P91 'PrmMgCl Ni(dppe)Ck 55 % 36.6 1.2 1.45

Therouteused by Seferaend coworkers starts wittalogenated tellurophenes,
obtained by reaction with NIS, followed by reaction with one equivalent of a Grignard
reagent for monomer activation. Typically, isopropylmagnesium chloRd&l¢Cl) or
its more reactive version withithium chloride Pr Mg C | %A Laie Qisell for
activation. The activated monomer is then added to a catalytic amount of Ni(dppp)CI
(dppp =bis(diphenylphaphingpropane) or Ni(dppe)&l(dppe =bis(diphenylphos
phingethane)to promote polymerizatior(see Schemel1.35b for structures, and
Schemel.36 for mechanish The choice of catalyst dependstba nature of theide
chains and temperature used, since the size of the phosphine ligand can alter the rate
determining step of the polymerizatiéi¥:2?°Initial studies by Seferos reliagon the
use of Ni(dppp)Gland an increased temperature (80 °C) for the synthe§i87689
to maintain salbility of the growing chain&! This was especially important f&:87,
which showed solubility limitationgor comparison, the thiophene analogue, P3HT is

highly soluble.
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Scheme136. Mechani sm of CTP with ANIi (dppe) 0 a
mechanism involves transmetallation (TM), reductive elimination (RE);wialging

(RW) and oxidative addition (OA).

In a later study?® the CTP polymerizationof tellurophenesvas studied in
depth and it was determined that a branched side chain was important to maintain
solubility, andto allow the polymerizationto proceecat room temperatuyéeading to
narrow polydispersities Activation of the monomers wasnalyed by NMR

spectroscopyshowing that80 % of the monomers are activated in th@dsition

60



(desirable for CTR)while 20 % are activated in thepdsition (unreactive in CTP,
Scheme 1.37). Additionally, it was determined that Ni(dppe)Chave faster
polymerization for bulkier side chains, and that branching farther away from the
tellurophene ringN142 or M43 vs. M41) improved both the polymerization rate and
control over molecular weighOptimization of the conditions also allowed for the
formation of block copolymersiith P3HT due to thequastliving character of the

polymerization.

I~ T "MgCl Cimg-_Te 1 I~ T8 _MgClI
AW U S Vg
4 3R R R R
80% 20%

Reactive Unreactive

Schemel.37. Activation step of 3alkyltellurophene monomefsr CTP.

The polymerization kinetics could be further improved by using an
unsymmetrically halogenated monom#t44, Schemel.38).226 The presence of Br in
the 2position ensures quantitative activation in thedsition (reaction of RMgX with
I) and increases the speed of the polymerization, so that even a mawitmeebulky
2-ethylhexyl chain could be polymerized efficientB8ONj85 % yield, M, ~ 8.7 kDa,

PDI = 1.2)
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Te Te

I~T&_Br i CiMg Br Ni(o-tolyl)(dppe)Cl
W PrMgCI W i(o-tolyl)(dppe) Wik
-Prl
M44

P89’

Schemel.38. Synthesis of a polytelluropherfiom an unsymmetrically halogenated

monomer.

1.3.2.4.0ther Synthetic Methods

Seferos alsaccompared the influence of S, Se and Te in copolymers with
platinum acetylidg®® an interesting class of polymers due to pla¢ential of excited
stateintersystem crossingiducedby Pt?31232 A new tellurophene monomer with
trimethylsilylethynyl functionalizationN145) was synthesized throbhgSonogashira
crosscoupling, and could be polymerized by reaction withrans
bis(triethylphosphine)platinum(ll) dichloridéréns-Pt(PE%)2Cl,) to affordP92 (47 %
yield, Mn = 13.9 kDavs polystyrene, PDI = 3.7)As expectedP92 had a reeshifted
absorption compared to its S and Se counterpRrEhis trend also applied to the
photoluminescence spectithe polymerswith phosphorescence at 671 noted for
the Te congenefl em = 617 and641 nmfor the corrgponding S and Se analogues,
respectively. However, heawatom substitution negatively affected timensity of
phosphorescengsince replacement of S by Se or P92 led to a 50 % and 80 %

reduction in intensity, respectivelgi{osphorescenauantumyields not determined).
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Schemel.39. Synthesis of a tellurophe+i&t acetylide copolymeP@2).

Tomitaand coworkersvere able to synthesize copolymerth tellurophene

by ametallacycletransferfrom polymers containing titanacycl¢Schemel.40a).2%3

This route is analogous to the reported by Rivard with zirconacyséss Section

1.3.2.2,1%2 with the difference that the formation of titanacycles yieddpolymer

directly, whichcanthenbe modified into a tellurophene copolgmAnother difference

betweerthe Tomita and Rivard rougss that a source of Te(lYYeCl, is used in the

former, and therefore the tellurium centdad to be reduced with sodium thiosulfate

(NaxS03) to afford the finapolymer(P93, 68 % yield, M = 5.1 kDavs polystyrene,

PDI = 2.4. A possible challenge with this route is thta titanacycles in the polymer

are sensitive tomoisture, leading to potentialefects in the chaimupon partial

hydrolysis?34
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Schemel.40. a) Synthesis of a tellurophene copolymer from a titanaayatéaining

polymer; b) Model tellurophene compoubefore and after reaction with Br

Interestingly, the alkoxy groups on the aryl unit?93 (Schemel.40) were
able to interact with Te throughtramolecularchalcogen bonding to improwing
subunitplanarityl’® as confirmed ire model monomeric compoun&¢hemel.40b,
dihedral angles of 2.6(1%xnd-0.9(14Y). Similarly to work by Sefero€° P93 (and
the model compound) could be brominated to rethe¢lOMGLUMO gap(from 2.1
eV in P93 to 1.8 eVin PH), while maintainng Te---O interactions. Once again,

comparison with S and Se analogues showediaction inEq when using Té®
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1.3.3RecentApplications of Polytellurophenes
Polytellurophenes have beeexplored in photovoltaics,n field-effect
transistors, photodetectorand even in cancer treatment. The following sections

outline these studies and furtheghlightsthe effect of the heavy element, tellurium.

1.3.3.1.0rganic Photovoltaics (OPV)

With a reduceédHOMO-LUMO gap, polytelluropheneshow enhancesunlight
absorptionacross the visible spectral region, a property that is desirablgofar
cells?%® Additionally, the possibility of forming triplet excited states could ultimately
simplify device architecture from the currently used bulk heterojuncfiehere there
is a nanoscale mixing of donor and acceptor materials in the &tisfs?%” to planar
heterojunctiond®” Therefore, different groups have explored the use of
polytellurophenesas donor materialsy organic photovoltaicevices(Figure 1.13).

The best results achievedeach casare summarized ifiablel1.4.
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Figure 1.13. Tellurium-containing plymersstudiedin OPV and OFETapplications.

The use of polymdp75 (Figurel1.13) in bulk heterojunctions (BHJ) afforded
power conversion efficiency (PCEBYf 4.4 % A comparison of different molecular
weights forP75 showed that reduced molecular weightsn(#8 kDa instead of 23.2
kDa) also led to a reduced PCE (2.44 %), highlighting the importanpelwger
molecular weightoon device performanceAdditionally, P75 showed photocurrent
generation with an onseted. 970 nm, matching the light absorption of a filnPab.

For comparisonthe S analogueof P75 shows photoresponse up to 900 nm, but a

66



similar overall PCE of 4.7%.2% P80 (Figure 1.13) afforded a reduced PCE of 1.%6
compared to its S analogue (3®$.2'° The reduced PCE in this case can be attributed
to aggregation aP80in the blend wittPGs:BM (phenylCei-butyric acid methyl ester,

a fullerene derivative)as observed by TEM (transmission electron microscagyis
aggregation results ia reducedshot circuit current (80) of 2.51mA/cn?, compared

to 7.71 mA/cnt for the S analogue

Similarly to the above studieB8l showeda photoresponse beyond 900 nm,
with an external quantum efficiency (EQ& 35 % at 900 nnf!* meaning that 35 %
of the incident photons at 900 nm are converted into charge carriers (electrons and
holes) when using81 However,formation of a more coarse film morphologras
observednce agairby AFM (atomic force microscopy}! These results underscore
the need for device optimization since the setate properties of tellurophenes differ
from that ofthiophenes.

Seferos studied the germance ofP90 in devices where the RBM blend
was formed by either fasr slow-drying 184 Fastdried devices dP90showed reduced
PCE (0.64 %), reduced p-p stacking and a smaller contributionfrom the
polytellurophene to light absorptiowhen compared tothe slow-dried devices,
indicating the need for an inciesd film formation time, or solvent vapor annealing, to
achieve optimal morphology. InterestingB90 contributed less to photocurrent at its
absorption maximum (even for sleadvied devices) compared to S and Se analogues.
The authors attributed thedfect to the generation of excited triplet states, which could

lead to recombination loss&€.
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Table 1.4. Results of solar cells fabricated with polytellurophenes. Abbreviations: BHJ
= bulk heterojunction; ¥c = open circuit voltage;s¢ = short circuit current; FF = fill
factor; PCE = power conversion efficiency.

Polymer Architecture Acceptor Voc (V) Jsc(mAlcm?) FF  PCE (%)

p75208 BHJ PCBM 0.61 12.9 0.56 4.4
P8(CPLo BHJ PGCs1:BM 0.92 2.51 0.50 1.16
pg12! BHJ PC;:BM 0.52 21.7 0.63 7.1
P9Q'84 BHJ PCBM 0.59 3.69 047 1.02

The effect of spirorbit couplingintroduced by tellurophenes was also studied
in the context of singlet fission, a spalowed process that can transform a high energy
singlet excited state into two lower energy triplet excited s{@esemel.41).239241
Singlet fissionpotentally allows for increased efficiencies in solar cells due to the
possibility of harvesting photons with enerdegerthan theopticalband gapHeeney
and coworkers observed that the photophysid385f(Figure1.13) were initially the
same as its S and Se analogues, with the splitting of high energy singlet states into a
triplet-triplet pair (TT). These states are susceptiblefast recombination, but
introduction of Se and Te reduced recombination by facilitatiegséparation of the

TT state intdndependentriplet stateg° an effect of increased spambit coupling.
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Schemel.41. Diagram showing singlet fission. Note: the overall spin of the system
does not change (indicated by electrons of opposite spin in the dashed boxes), making

this an allowed process.

1.3.3.2.0rganic Field-Effect Transistors (OFET)

Due to the irproved backbone planarity and-7-de interactions, it is expected
that polytellurophenes would have a higher charge carrier mobility in-dfédt
transistors. Accordingly, polytellurophenes halsobeen used in the fabrication of
such devicesHigure1.13, Tablel1.5).

Choi and coworkerobserved that the hole mobility f&75 increased upon
annealing due to an increased size of crystalline domains (accompanied by an increased
surface roughnesssdetermined by AFM)?42 The larger hole mobility oP75 (1.47
c? V1 s1) compared to its S analogue (0.68%¢/! s1) was attributed to increased
perpendicular orientation of the polytellurophene chains relative to the substrate (edge

on) compared to the polythiophetf McCulloch also observed an increased edge
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conformation forP81, but noted thalP8l1 and its Se analogue had a larger off current
than their S counterpart (attributed to oxygen sensitivifyjleeney fabricated OFET
devices ofP85 with either a top or bottomgate configuration, but achieved low
mobilities due to the poor solubility, andhe resulting poor film formation

characteristicef P85.21°

Table 1.5. Results for OFETSs fabricated with polytellurophernfsbreviations:mole

= hole mobility, M = threshold voltage od Jort = ratio between then and off currents

Polymer Architecture Mhoie (CMP Vs Vin(V)  Jon/dott
P75 Bottom-gate, topcontact 1.47 2.2 ~10°
P81 Top-gate, bottom contact 1.6 -8 ~10°
P85 Bottom-gate, bottorrcontact 1x103 - -
P87  Bottomgate, bottorrcontact 1.6x10° -2 4.9x 10°
P83 Bottom-gate, bottorrcontact 1.6x10° -30 1.1x10°
P89 Bottomrgate, bottorrcontact 7.8x10° -11 1x 10°
P91 Bottom-gate, topcontact 2.5%x 102 -17  1.1x10

Seferos and coworkers conductstlidieson the aggregation and charge
transport oftellurophenehomopolymers with alkyl side chain(®87-89 and P91,
Figure 1.14).165244 The branched2-ethylhexyl side chain P89 was found to be
detrimental to charge transpgttlikely due to twisting of the polymeric backbone, but
by placement of the branching pointrther from the tellurophene ring?91), better
resultswere achieved® Compared to its Sfole = 6.2 10'°) and Se fhole = 8.0 %

10 %) analoguesP91 showed a much improved hole mobility. Additionally, grazing
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incidence wide angle Xay scattering (GIWAXghowedthatthe use of91 leads to
edgeon alignment, consistent with the previous reports. How@&®#&rhad the lowest
crystallinity among the otlepolychalcogenophene, despite more aggregation being
visible by AFM. The increased hole mobility was then explained by the increased

backbone rigidity of the polytellurophene, as determined by DFT computattons.

P87 P88 P89 P91

Te Te Te Te
ﬁ\_/&,\‘\\/n Wil Wil

Figure 1.14. Alkyl -substituted polytellurophenes studied in the context of OFETs

1.3.3.3.Photothermal/Photodynamic Therapy
Huang decided to investigate the use of polymeric nanoparticles contagting
as photothermal and photodynamic agents for cancer treatthétnoparticles of
P86 (Figure 1.15) were prepared by mixin§86 with a nonconjugated polymein
THF, followed by water addition under sonication to afford uniform spheres (d = 110
+ 3 nm). Irradiation of the nanoparticles at 808 nm leth&formation of reactive
oxygen s pec b pbyaphdiodyanicprdcegbhigh efficiency (38.%6).
This process was accompanied dyapid increase in temperature (up to 48.3 °C in 10

min when the concentration used was 1@§mL) by a photothermal effect
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Additionally, the polymeric nanoparticles showed good biocompatibility and were able

to supress tumor gwth in mice.

R= §\/C\/N\/\:/\/ Nanoparticle

Figure 1.15. Polymer mixturdorming nanoparticles for cancer treatment.

! P86

In a separate studgplymernanoparticles containing tellurophene andrgigr
building blockswere synthesized by electrochemical polymerization with E&Ch
microemulsion'®” The photothermal effecof the resulting nanoparticles upon
irradiationat 808 nm could be tuned and increaseahtefficiency o#43.6% at higher
pyrrole loadings. Conversely, the photodynamic effect (dependent orsyistem
crossing) increased tan efficiency of 43.9 % when more tellurophene was

incorporated.

1.3.3.4.Photodetection
PolymerP84 (Figure 1.16), a randoncopolymer, has been used to fabricate
photodetectors. By varying the ratio betweba blocks,n and m, device properties

such as dark currerithe current with no incident lighgnd responsivityelectrical
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output per optical inpuould be tunedOptimal performance waachievedor a n/m

ratio of 7/3, affording smoother films and leading to low dark current (& 110°
A/lcm?) and high responsivity (19.11 A/W) at 600 nm. The authors note that the
responsivity is among the highest values for organi¢quietectors and comparable to

devices based on inorganic materf4fs?4®

P84

Figure 1.16. Structure of random tellurophene copolymers used in photodetectors.

1.4 Scope of this Thesis

Asiillustrated by the previous sectigtise synthesis of new polymers is crucial
to bridge the gap betweetlesign and applications for both polyacetylenes and
polytellurophenes. On one hand, synthesis of solublestaie polyacetylenes that

retain interesting optoelectronic propertiesecessarto bringthese polymers into
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modern applications. On the other hand, the field of polytellurophenes is stilliegnerg
and new routes to polymers are needed to further improve polymer properties and
providea variety ofoptions for devicdabrication

In this context, thisThesis describes the synthesis of tellurophene oligomers
and studies the effect of fused cycloalkyl side chains on backbone planéitityhe
hypothesis that a smaller cycloalkyl ring could lead to imprdyaazkboneplanarity.
Additionally, thesynthesis of a new poly{@ryltellurophene) is described, wheréhe
aryl side chaisare expectedtb ur t her r e d ud@GOLUBMO epecgy y mer 6 s
gap in the solid state.

Lastly, the synthesis of soluble polyacetylenes with hetercatortaining side
chains is descrilik The presence sfde chainsittached to the polyacetylene backbone
are expected tprovide solubility to the final polymerwhile heteroatomgantune
optoelectronic propertiehrough orbital interactions with the backboneeduce &

by an intinsic doping effect.
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Chapter 2: Rapid Access to Cycloalkyl)tellurophene
Oligomer Mixtures and theFirst Poly(3-aryltellurophene)

2.1 Introduction

Polytellurophenes, the heavier element (Te)ntaining analogues of
polythiophenes, have been gaining momentum as promising optoelectronic
materialst? Replacementf S by Te withina heterocyclic building block can lead to
increased quinoidal character of the resulting polyheteroles (and a reducediHOMO
LUMO g&p, Ej), along with an increase in hole mobility. Accordingly
polytellurophenes are being explored for next generation organic solar cells and field
effect transistoré? The presencef the heavy element tellurium can also increase spin
orbit coupling, enabling efficient phosphorescence to transpire, both in the agdid st
and in the presence of the known quenchet®@ccess to photoexcited triplet states
can also yield longer exciton (electidwle pair) diffusion lengthsvhich can increase
solar cell efficiency and simplify working device architecturgs.

A key challenge in the development of new polytellurophenes is effiaceess
to monomers. For example, Seferos and coworkers have uséd-iNadiated ring
formation to selectively place alkgubstituents onto monomeric telluropheffes,
while our grouphasused zirconiuminstigated alkyne coupling, followed by Zr/Te
metallacycle transfer, to yield tellurophenes with reactive pibaconate (BPin)
groups at the 2and 5positions®>61%12 The latter procedure has been used to

synthesize (cycloalkyDtellurophenes suchBJe-6-B (Scheme2.1) that undergo
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Suzuki Miyaura coupling to yield phosphorescent molecifgsor copolymers®
Thus far, all copolymers synthesized frarTe-6-B have wide optical band gaps
(>2.3eV)® suggesting substantial twisting of the tellurophene units away from
coplanarity. In addition, low polymer molecular weights 13kDaf® are often
observed due to competitive protodeboronationtaeéccompanying terminatioof

polymerization

This work
P, h K
e [\ -~ B_Te_B. Te
s N ° \ /'n
(x=1,2)
X X

B-Te-5-B / B-Te-6-B

Te
o
I N/
H.Te BTK< Te n
\ O W/ —_—
0')(\4

Scheme 2.1 Tellurophene project overview.Center: BPirfunctionalized

~
J/

(cycloalkyl)tellurophenes B-Te-5-B  and B-Te6-B, and the monoborylated
telluropheneBTe). Left: A copolymer derived fromB-Te-6-B (top) and an example
of a protodebmnation sideproduct derived fronB-Te-6-B (bottom). Right: New

tellurophene oligomers and polymers synthesized inGhapter

In this Chapter,the reactivity of ringoound BPingroups is used to advance
tellurophene chemistry in two distinct wayssfirthe efficient syntheses of the 2,5

iodonated tellurophene building blocksTe-5-1 and I-Te-6- (Scheme2.2) now
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enables their direct homopolymerization by Yamamoto coupling to form mixture of
oligomers that show tierent optical band gaps {Fdepending on the size of the cyclic
side group. Second, the first polyd&Byltellurophene)is reported?® which features

cumenyl(4-'"PrGsHa) side groupsinda low E of ca.1.3 eV.

2.2 Results and Discussions

2.2.1Synthesis of(Cyclo)tellurophene Oligomers

Initial attempts to form cycloalkyfunctionalized tdurophene homopolymers
involved subjecting the known 2dibrominated telluropherér-Te-6-Br12to widely
used Grignardnetathesis (GRIMY and Yamamot® polymerization protocolsEor
GRIM, Br-Te-6-Br was reacted withPrMgCl in THF for followed by addition of
1 mol. % of Ni(dppe)Ck (dppe = PBP(CH)2PPh). On the other hand, for Yamamoto
polymerization Br-Te-6-Br was reacted with stoichiometric Ni(COipipy (COD =
1,5-cyclooctadiene; bipy = 2iBipyridine) in toluene under reflukinfortunately, both
routes only resulted in low isolated yieldsa.( 5 10 %) of oligomers.In order to
improve the efficiency of polymerizatidff, the 2,5diiodinated tellurophendsTe-5-|
andl-Te-6-1 were prepared by reactingibdosuccinimide (NIS) wittB-Te-5-B and
B-Te-6-B in DMF at 40°C (25 and 326 yields, respectivel\scheme2.2). TheX-ray
structure of bothiodinated tellurophenes is shown belowigire 2.1). To my
knowledge, these are the firsixamplesof direct TBR> to il conversion on a
tellurophene, howeverrelated chemistry involving boronic aefdnctionalized
thiophenes is knowtf!’ |1-Te-5-1 and |-Te-6-1 are air stable yellow needlie
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crystals but werstored at30 °C in the dark to prevent their safigomerization(see

Section2.4.7.18

}9 T 9’K< 1. Ni(COD), (1.2 eq.),
o-B \e/ B.g NIS 2eq) | \Te/ | bipy (1.2 eq.), \Te/
——— > n
o toluene,
DMF, 40°C, reflux, 16 hrs
X 16 hrs X X

2. MeOH
I-Te-5- x= ; [Oligo-TeS x=1 ]

B-Te-5-B x=

1
B-Te-6-B x=2 I-Te-6-1 x Oligo-Te6 x=2

Scheme 2.2 Synthesis and oligomerization &fTe-5-1 and I-Te-6-1. NIS = N

iodosuccinimide, COD=1;8yclooctadiene, bipy = 2Npipyridine.

Figure 2.1. Molecular structure of 1;8iiodo-4,5,6, #tetrahydrebenzof]tellurophene
(I-Te-6-1, left) and 1,3diiodo-4,5,6, #tetrahydrecyclopentaf]-tellurophene I-Te-5-

[, right). Thermal ellipsoids plotted at a 30 % probability level with hydrogen atoms
omitted for clarity. Selected bond lengths (A) and arjld{(Te-6-1: Tel-C1 2.080(3),
Tel-C8 2.090(3), 11C1 2.079(2), I12C8 2.083(3); CITel-C8 80.92(11)I-Te-5-I: Te-

C6 2.076(9), TeC7 2.080(10), 14C6 2.062(9), 12C7 2.081(10); Cae-C7 79.2(4)
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The Yamamoto polymerization df-Te-5-1 and|-Te-6-1 in the presa&ce of
stoichiometric Ni(CODybipy (Scheme2.2) afforded the corresponding oligomer
mixturesOligo-Te5 andOligo-Teb6 as red and orange solids in 49 and¥e2urified
yields, respectivelyThese products were characterized by N&pRctroscopySection
2.4.3 andwere stable up toa. 200 °C as determined BYGA (Section2.4.5

MALDI-MS (Figures 2.2and 2.3) indicates that high molecular weight
polymers were not formed, probably due to a lack of solubility. Howasgezxplained
below,these oligomers provide insight into the influence of the cycloalkyl side groups
on optoelectrom properties. The formation of longer (more soluble) chains of
Oligo-Te6( n O Sdhémei2nversusOligo-Te5(n O 5) is |l i kely du
backbone ring twisting inOligo-Te6, leading to reduced interchain polgm

interactionsthis point will be discussed the next section.
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Figure 2.2. MALDI -MS of Oligo-Te®6. Black dots represent H/H termination, red dots

represent H/I termination.
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Figure 2.3. MALDI -MS of Oligo-Teb. The marked peak®lack dot)correspond to
oligomers showing mass matching H/H terminati@CTB = trans-2-[3-(4-tert-

butylphenyl}2-methyt2-propenylidene]malononitrile

2.2.2Influence of Cyclic Side Groups on Optoelectronic Properties

UV-Vis spectroscopy in CHEbk h o w saxaie295santor Oligo-Te6, while a
substantially reghifted amax at 471 nm is seen fddligo-Te5 (Figure 2.4). Thus
removing ond CHai group from the cyclic side chain leads to a decr@asgptical
HOMO-LUMO gap (k) to a value of 1.97 eV foDligo-Te5 in solution (estimated
from the onset of absorption) that is mEfigcantly redshifted in comparisonto
Oligo-Te6 (2.72 eV)and other known tellurophene copolymers wid6 subunits
(e.g.,Scheme2.1).®® As expected, the Fs further reduced to 2.22 and 182 for

films of Oligo-Te6 andOligo-Te5 (Section2.4.9.
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Figure 2.4. UV-Vis spectra and images Oligo-Te5andOligo-Te6in CHC.

To wunderstand this significant difference iabsorption for these
oligotelluropheneglensity functional theory (DFT) computations [B3LYR8G(d,p)
(with LANL2DZ for Te and I)] were performed on the oligomeric mode[$e5]7-I
and |-[Te6]7-1 (Figure 2.5). The presenceof Te6 units in |-[Te6]7-I yields nearly
perpendicular tellurophene rings (@@vist angle), while the less hinder@d5 units in
I-[Te5]7-I enable a preferential coplanar arrangement of the tellurophene subginits (1
twist angle). As expected, the computegvBluefor planarl-[Te5]-1 (2.17 eV) is
much smaller than ih-[Te6]r-1 (4.18 eV)!® An energetic penalty of 90 kdol was
also computedor twisting the tellurophene ringato a planar arrangemewithin a
tetrameric model forOligo-Te6 (I-[Te6]s-I, Figure 2.6), while for Oligo-Teb5
(I-[Te5]a-1) an energy change e20 kJmol is observedipon twisting the rings from
being mutually perpendicular to coplan&oth behaviors areeproduced when the
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telluropheneunits ae spaced by -Bnethyl thiophene unitloser inspection of the
optimized structures indicates that unfavorableH-€ (side group) interactions in this
model forOligo-Te6 are responsible for ring twisting. Thus, copolymers bearing the
less hindered e5 subunitare now being investigatedsthe cyclopentaneside chain
functionality leads to a preference fptanar structurgin the resultingoligo- and

polychalcogenophenes.
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Figure 2.5. Structure optimization of heptamers @figo-Te6 and Oligo-Te5. The
average torsional angle for the oligomers is highlighted in the Figavel of theory:

B3LYP/6-31G(d,p) (with LANL2DZ for Te and I).
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Figure 2.6. Energy change of oligomers upon change in torsion angle. The energy is
calculated relative to the 90° position for tetrameric models of oligomers terminated by
iodine consisting of four units of each telluroph€hg¢Te6]s-1 andl-[Te5]s-1) or a

copolymer of same length with-fBethylthiophenesubunits (I-[Te6-MeS]-I and

[-[Te5-MeS}-1). Level of theory: B3LYP/631G(d,p) (with LANL2DZ for Te and ).

The computed UWis spectra (by TEDFT) for trimeric models oDligo-Te5
andOligo-Te6 reproduced the overall spectral features found by experirké@niré
2.7). In each case, the HOMQUMO transition has CC ~ ¢ hia theaHOM®
(with a small iodine(lp) admixturdp = lone paiy and quinoidal CC ~ and Te(lp

contributions to the LUMOKigure 2.8).
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Figure 2.7. TD-DFT computed UWVis absorptivity for trimers ofOligo-Te5 (I-
[Te5]s-1) and Oligo-Te6 (I-[Te6]s-1) and the three main oscillator strengths (bars
below the curves) associated with the absorptions. The inset shows an expansion of the

short wavelength region.

I-[Te6],-I I-[Te5],-|

Figure 2.8. DFT computed orbitals for trimeric models@figo-Te6 andOligo-Te5.
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2.2.3Synthesis ofa Poly(3-aryl)tellurophene

Soluble polytellurophenes with long alkyl side chains have been developed by
Seferos ad coworkers?1° The corresponding poly{8ryltellurophenes) are unknown
and could yield enhanced crystallinity/charge mobility in the solid,sdateto added
‘i stacking interact i evm3borylaied tellaropttenBTe hi s
(Scheme 2.3)'® was coupled with 4odocumene to vyield the new-aylated
telluropheneTe-cumenyl (seeFigure 2.9 for its X-ray structure); in principle, this
procedure could be used to graft a wide range of different aryl groups onto a
tellurophene. lodination dfe-cumenylwith NIS in DMF at 70°C affordsthe requisite

polymer precursor-Te-cumenykl as an akstable orange oil (5%) after purification

(Scheme2.3).
Te Te
(\_/z | \
o E——

o Pd(OAc), (4 mol %)
XPhos (8 mol %)
K2CO3aq) 2 M (2 €q.)
BTe MeCN, pw (100 °C, 20 min)

Te-cumenyl
T 1. PrMgCIsLiCl (1 eq.)
I e I °
\ /) Me-THF, -78 °C, 1 hr;
excess NIS rt,1hr
_—
DMF, 70 °C, 2. Ni(dppp)Cl>
16 hrs (1 mol. %)
80°C, 24 hrs
|-Te-cumenyl-l PolyTe-cumenyl

Scheme2.3 Synthesis of the polyfaryltellurophenelPolyTe-cumenyl.
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Figure 2.9. Molecular structure of-84-isopropylphenyhbtellurophene Te-cumenyl).
Thermal ellipsoids plotted at a 30 % probability level withreggn atoms omitted for
clarity. Selected bond lengths (A), angle and dihedral angle (¢ 1T2.053(9), Te

C4 2.088(5), CXT5 1.486(3); C4Te-C1 80.4(3); CAC2-C5-C6 24.9(13).

I-Te-cumenykl was then polymerizedia the GRIM (Grignard metathesis)
method using stoichiometrierMgCIALICI for monomeractivation (78 °C to room
temperature), followed by addition of Ni(dppp)Chs a precatalyst (dppp =
PhP(CH)sPPh) and heating to 88C. The resulting polymePolyTe-cumenyl (My
=8 kDa, ®I = 1.1) was obtainedsan air and moisturestable deep blupurple solid
Integration of the major and minor isopropyl signals in #HeNMR spectrum of
PolyTe-cumenyl indicates 94% head tail regioregularity, which matches values

found within known ply(3-alkyltellurophenes¥'° For comparison, the analogs
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polythiophene was synthesized and the same rasgtalescribed abovafforded
PolyS-cumenyl (Mw = 12 kDa, PDI = 1.1) as a dark purple soBath polymers are
stable up to 200 °C as solids undery &s determined by TGA (Secti@™.5.

End group analysis by MALBMS shows two major sets of peaks for
PolyTe-cumenyl (Figure 2.10) and PolyS-cumenyl (Figure2.11) assigned to chains
with either H/I or H/H end groupg-or controlled GRIM (also known astalyst
transferpolymerization}* 2° of a moneactivated monomer (e.(RMg-Te-cumeny-)
one would expect only H/l end groups afterrkvap. Thus, the presence of Héfd

groupssuggests that some double activation/nhatian of the tellurophene monomer

is occurring
E: o,
-m_ “R ! 5,. H/H
: \ Te
-; $ \ I n
3
] E
:
a
y H/
0 T HHEHE NS
z i gl -
2 3 Iy § g
o J: J ¢
0__[I|| JlI LJ "ll JI|] lmhﬂhi'ﬂm ‘if

000

Figure 2.10. MALDI-MS of PolyTe-cumenyl. Green curve highlights H/H

termination, while the blugacehighlights H/I termination.
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Figure 2.11. MALDI -MS of PolyS-cumenyl. Green curve highlights H/H termination,

while the blue highlights H/I termation and browfPr/Pr andPr/H.

2.2.4Attempts to Improve End-Group Control

Double activation was confirmed in model/stoichiometric activation studies of
the iodinated monomer3he regioselectivity of the initial i@ metdlation step was
verified for both I-S-cumenykl and |-Te-cumenykl by adding 'PrMgCIALICI,
followed by quenching with HCI, and analysis of the product(s)!idy NMR

spectroscopyHigure2.12).
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Figure 2.12. a) 'H NMR study ofthe GRIM activation step fot-S-cumenykl; b) *H

NMR study ofthe GRIM activation step fot-Te-cumenykl. Spectra were collected

after reactionwittP r Mg C1 AL i ClI at dandgfieechimgnvith HClgymp er at u
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After 30 minutes at room temperature, formation -@bdochalcogenophenes
(from metalation close to the cumenyl group) andodochalcogenophenes (from
metdlation away from the cumenyl group) is observed, as well as unsubdtitut
chalcogenophenes (from double niletizon) and unreactett Te-cumenykl for the
tellurophene. It is also notable that the intensity of peaks corresponding to 5
iodochalcogenophenes is larger, indicating an undesirable majority of activation close
to the cumenyl group at room temperatdfeWhen the activation temperature is
lowered, metdhtion away from the cumenyl group can be favored, but in both cases
dowble-metdlation of the monomer is still observed ever7&°C.

In attempts to improve end group control, polymerization trials with the more
activepre-catalystNi(dppe)Ch (dppe = PBP(CH)2PPh) were performedwith higher
catalytic activity, one woudl be able to carry out the polymerization at a lower
temperature for improved control. Howevehetproducts recoverednder these
alternate polymerization conditiodgl notshow improvement by MALDMS (Figure
2.13) and significany redued regioregularitywas noted byH NMR spectroscopy
(Figure 2.14). In these trials,PolyS.cumenyl (Mw= 13 kDa, PDI = 1.1; 65 %
regioregularity) was synthesized at 8Q While PolyTe-cumenyl (My = 4.1 kDa, PDI
= 1.5; 73 % regioregularity) was synthesized at a reduced 460G with 1 mol. %

of catalyst in 2methyltetrahydrofuran (M&@HF).
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Figure 2.13. MALDI-MS of PolyS.cumenyl and PolyTe-cumenyl prepared with
Ni(dppe)Ch as a precatalyst. Green curve highlights H/H termination, while the blue

traceshighlight H/I termination and broweurves'Pr/Prtermination
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