pubs.acs.org/Macromolecules

Hacromolecules

Soluble Head-to-Tail Regioregular Polythiazoles: Preparation,
Properties, and Evidence for Chain-Growth Behavior

in the Synthesis via Kumada-Coupling Polycondensation
Frank Pammer,*" Jakob ]'eiger,Jr Benjamin Rudolf’ and Yu Sun®

Institute of Organic Chemistry II and Advanced Materials, University of Ulm, Albert-Einstein-Allee 11, D-89081 Ulm, Germany
*Fachbereich Chemie, TU Kaiserslautern, Erwin-Schrodinger-Strasse 54, D-67663 Kaiserslautern, Germany

© Supporting Information

ABSTRACT: Head-to-tail regioregular poly(4-alkylthiazole)s contain- T Nidpposr

ing silylethers in the side-chains were synthesized via Kumada-Coupling rjsio P RySi0

polycondensation of “reversed” monomers, that were metalated at the 3175\ | gL T)\CI — q '\'))\
s S s”'n

sterically hindered S-position. Their optical, electrochemical, and bulk
properties have been studied, and evidence is presented that indicates
the occurrence of quasi-living chain-growth behavior in the polymer-
ization process. Two polymers, PTzTIP and PTzDIBO, featuring
triisopropylsilyl and diisobutyloctadecylsilyl side chains, respectively,
were prepared. PTzTIP is largely insoluble, while PTzDIBO is fully
soluble in common organic solvents, including hexane, and readily gave
number-averaged molecular weights exceeding 100 kDa, corresponding
to an average degree of polymerization greater than 200, as determined
via gel-permeation chromatography (GPC) in CHCl;. The formation of
a regular head-to-tail regiostructure could be confirmed through comparison with a head-to-head—tail-to-tail regioregular
polybithiazole (PBTzTIP), synthesized via Yamamoto-polymerization of a head-to-head-linked bithiazole. Regioregular PTzDIBO
could be obtained via different polymerization protocols, including external initiation with two new aryl-nickel-complexes, which
furnished material with particularly low polydispersities (<1.4 at M, > 100 kDa). Furthermore, a direct correlation between the
obtained molecular weight and the monomer/catalyst ratio was observed in series of batch polymerization experiments, in
agreement with a chain-growth polycondensation process. The incorporation of the precatalyst—aryl moiety into the polymer chains
could be proven by comparison with a model compound. The functionalized end-groups allowed to independently determine
the molecular weight via "H NMR, which gave good agreement with the values obtained from GPC, further corroborating the
occurrence of chain-growth.

OMe

s

Regioregular
MW-Control
Narrow PDI

0.0 T T T T T T T T T 1
300 350 400 450 500 550 600 650 700 750 800 850
A1 [nm]

\ 22

Normalized Absorption/Emission / a.u.

B INTRODUCTION

Conjugated polymers have been the subject of intense research
in the last decades." Polythiophenes (PTs) in particular are
among the most intensely studied polymeric semiconductors,
and have been widely employed in the fabrication of organic
electronic devices, such as organic field effect transistors,
organic light-emitting diodes, and organic photovoltaic cells.”
Also, functionalized PTs played important roles in conjugated
polymer-based sensors.’

The regioregularity of poly(3-alkylthiophenes) (rr-P3ATs,
Chart 1) has been shown to critically affect the materials prop-
erties, including the optical band gap and the electrical con-
ductivity after doping. A coplanar arrangement of the thiophene
rings in rr-P3ATs generally results in a larger effective con-
jugation length, and allows for aggregation via z-stacking in the
solid state which in turn is beneficial for charge carrier mobility
and overall performance of organic electronic devices. For
the preparation of highly regioregular rr-P3ATs and other
polyarenes, polymerization protocols summarized under the
term catalyst transfer polycondensation (CTP) have recently
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emerged as the method of choice.* CTP protocols allow for the
controlled chain-growth polycondensation of AB-bifunctional
arenes, and primarily involve the cross-coupling of in situ gene-
rated Grignard and organozinc species, with nickel catalysts.
Recently, chain-growth polycondensation of via Suzuki-coupling
has also been reported.s’4b Quasi-living chain-growth behavior
could be observed for a number of electron-rich polyarenes, such
as rr-P3ATs,® polyselenophene,” polyfluorene,® polypyrrole,’
and poly(dialkoxyphenylene).'® More electron-deficient poly-
mers, on the other hand, have been investigated to a much lesser
degree. Chain-growth behavior was observed in the synthesis of
polypyridines,"" a naphthalene diimide—bithiophene copolymer,'*
and a poly(benzotriazole)."> Polythiophene bearing perfluoro-
alkyl side-chains,"* and poly(thieno[3,4-b]pyrazine'® could also
be synthesized via Kumada- and Negishi-type polycondensations,
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respectively, but the occurrence of chain-growth was not
reported.

In our group we are interested in further expanding the scope
of CTP toward more electron-deficient heterocyclic building
blocks, in order to access new potential n-type materials.
To this end, we recently explored the synthesis and properties
regioregular poly(4-alkylthiazole)s (rr-PTzs, Chart 1) via CTP.
While thiazoles are isoelectronic to thiophenes, the electron-
withdrawing imine-nitrogen in the ring renders them com-
paratively electron-poor. Accordingly, partial substitution, of
thiophene against thiazole in an otherwise head-to-tail regio-
regular P3AT (PTTz, PTTTxz, Chart 1) leads to increasing
stabilization of the frontier orbitals.'® The potential of thiazoles
in the fabrication of n-type materials has been demonstrated,

e.g, by Yamashita et al., who reported oligo-thiazole based n-
channel organic field effect transistors (OFETs) that exhibited
electron mobilities exceeding 1 cm*/(V s) and required a lowered
threshold voltage compared to their thiophene analogues.'”
Thiazole and thiazole derivatives have been frequently employed
as electron-accepting comonomers in conjugated polymers.'®"”
Reports on thiazole homopolymers, however, are largely limited
to works by Yamamoto®® and Curtis”' on the properties of head-
to-head—tail-to-tail regioregular polybithiazoles (PBTz, Chart 1).

Recently, we were able to report the synthesis and properties
of head-to-tail regioregular polythiazoles bearing n-alkyl-chains
in the 4-position (Chart 1, Cy-PTz: R = n-CyH,, C,5-PTz: R =
n-Cp3H,,).>* In agreement with the properties of PTTz/
PTTTz,'® the investigated rr-PTzs exhibited optical and elec-
tronic band gaps comparable to rr-P3ATs, while their frontier
orbitals levels were stabilized by ca. 0.3—0.5 eV. Unfortunately,
Cy-PTz and C,5-PTz were largely insoluble in organic solvents.
The molecular weight of the bulk material could therefore not
be determined, and the polymerization process could not be
investigated in detail.

Herein, we report the synthesis of 2,5-dihalogenated thia-
zoles (la/b, Scheme 1) with silyloxymethyl-side-chains that
furnish better soluble polythiazoles (PTzTIP, PTzDIBO, Chart
1). Their properties are discussed and evidence is presented for
the occurrence of a chain-growth process in the polymer synthesis
via nickel-catalyzed Kumada-coupling polycondensation.

B RESULTS AND DISCUSSION

Monomer and Polymer Synthesis. The monomers were
obtained via a five-step synthesis, as outlined in Scheme 1.
Starting from 1-bromoethylpyruvate (2) the thiazole ring was
built up (3), and was halogenated (4, §), followed by conversion
of the carboxylic acid ester S to the corresponding thiazolyl-
alcohol 6. The alcohol was then reacted with trialkylchlorosilanes

Scheme 1. Monomer Synthesis and Polymerization Experiments
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in the presence of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) to
furnish the corresponding silylethers featuring triisopropyl- (1a)
and diisobutyloctadecylsilyl groups (1b). Analogous to our
previous report, treatment of la/b with PrMgCl leads to
quantitative metalation at the S-position, and the corresponding
AB-bifunctional Grignard species 7-Mg, ,, are formed (Scheme 1b,
Figure 1). Treatment of 7-Mg, with copper(Il) chloride results
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Figure 1. '"H NMR spectra of (a) hydrolyzed 7-Mg, and (b) la in
CDCl,.

in oxidative homocoupling and formation of the head-to-head-
coupled 2,2'-dichloro-5,5'-bithiazole 8 (Scheme 1c). Yamamo-
to-polymerization of 8 yields the head-to-head—tail-
to-tail regioregular polybithiazole PBTzTIP (M, = 5.9 kDa,
PDI = 2.06), which served as reference material to corroborate
the regioregularity of PTzTIP and PTzDIBO.

Polymerization of 7-Mg,;, could be performed according
to different preparative protocols (methods A through C in the
Supporting Information) with Ni(dppe)- or Ni(dppp)-based
catalysts (dppe, 1,2-bis(diphenylphosphino)ethane; dppp, 1,3-
bis(diphenylphosphino)propane), which furnished the polymers
PTzTIP and PTzDIBO, respectively, as bright orange fluo-
rescent solids. However, the bulk of PTzTIP was found to be
soluble only in high boiling haloarenes such as hot 1,2-dichloro-
benzene (ODCB) or 1,2,4-trichlorobenzene. The chloroform-
soluble trace fractions of PTzTIP gave maximum number-
averaged molecular weight of M,, = 2.7 kDa (PDI = 1.30, DP, ~
10—11), while the molecular weight of the insoluble bulk material
is presumed to be higher. PTzDIBO, on the other hand, is fully
soluble in common organic solvents, including hexane, and readily
gave molecular weights exceeding 100 kDa (DP,, > 200), as deter-
mined via GPC relative to polystyrene standards.”*~>® Unless
stated otherwise, analytical studies reported in the following have
been carried out with the insoluble bulk material of PTzTIP,
synthesized with a Ni(cod),/dppp-catalyst system (method B in
the Supporting Information, cod =1,5-cyclooctadiene), and with
two batches of PTzDIBO with number-average molecular weights
of 111.6 kDa (PDI = 2.13), and 93.0 kDa (PDI = 2.19), that were
synthesized with Ni(dppp)Cl, (method A in the Supporting
Information) and Ni(cod),/dppp as catalyst, respectively. The
polymerization proceeds quickly, and was generally complete
within 40 min even when carried out at 0 °C (see Figures S3 and
S4 in the Supporting Information). The high reaction speed is
insofar surprising as a formally less reactive aryl chloride is
employed. The lower reactivity seems offset, however, by the
known high reactivity of the 2-position of the thiazole ring.®
Furthermore, nickel is generally more active in the cross-
coupling of aryl chlorides compared to palladium.””

Regiostructure. The head-to-tail structure of the polymers
can be inferred from the characteristic chemical shift of
the benzylic a-methylene group (TzCH,OSiR,, Figure 2A).”*
In 'H NMR spectra of PTzDIBO and PTzTIP recorded in
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Figure 2. (A) 'H NMR spectra of polythiazoles recorded in 1,2-
dichlorobenzene-d, (ODCB-d,) at 100 °C (PTzDIBO, PBTZTIP)
and at 150 °C (PTzTIP). * = end groups and low molecular weight
oligomers. (B) Close-up of the peak of PTzDIBO (M, = 93.0 kDa) at
100 °C in ODCB-d,.

ODCB-d, at 100 and 150 °C, respectively, the corresponding
signals are observed at 5.27 and 5.28 ppm. The corresponding
signal in the head-to-head—tail-to-tail regioregular PBTzTIP
appears at 5.00 ppm in the same solvent. This signal offset is
similar but somewhat smaller than the one previously reported
for head-to-head- and head-to-tail-dyads of oligo- and poly-
(4-alkylthiazole)s (ca. 0.4 ppm).** A close-up of the signal of high
molecular weight PTzDIBO (Figure 2B, see also and Figures S30
and $33 in the Supporting Information) shows only trace signals
associated with possible head-to-head-defects. While this indicates
a high degree of regioregularity, tail-to-tail-defects may still
be present. Signals associated with inherent regio-defects can be
unambiguously observed only in lower molecular weight samples
(M, < 15 kDa, e.g,, Figure 7c). Here two individual peaks can be
resolved at 5.09 and S.11 ppm (recorded at 50 °C in CDCly),
that can be observed as a shoulder only for higher molecular
weight samples. Since the minor signal is not detectable in high
molecular weight samples, we tentatively attribute it to chain-end
dyads. However, it may also be associated with regio-defects
generated in the initiation steps. The regioregularity of PTzDIBO
can also be inferred from C NMR data that shows four well-
resolved signals for the thiazole ring and the a-methylene-group at
157.0, 154.7, 131.7, and 60.0 ppm (Figure S34 in the Supporting
Information). Extensive regio-defects are expected to lead
to multiple signals in the *C NMR,* or cause severe signal
broadening.*

Optical and Electronic Properties. The electronic prop-
erties of PTzDIBO and PTzTIP have been studied via UV—vis-
and fluorescence spectroscopy. For brevity only the properties
of PTzDIBO will be discussed. In THF solution PTzDIBO
exhibits a longest wavelength absorption maximum (/) at
503 nm and an absorption onset at 568 nm. In absorption
spectra of thin films, spin coated from THF, the main absorption
maximum exhibits a marginal blueshift to 502 nm, and new maxi-
mum emerges at 533 nm along with a concurrent shift of the
absorption onset to 590 nm, corresponding to an optical band
gap of 2.10 eV. Annealing of the film of PTzDIBO at up to
120 °C did not alter the absorption spectrum, while upon
annealing above 140 °C the maximum at 533 nm is reduced to
a shoulder band, and a new shoulder centered on ca. 477 nm
emerges (see Figures SS through S7 in the Supporting
Information). Overall, only a minor bathochromic shift of the
absorption onset is observed, when moving from solution to
the solid state. This is in contrast to the optical properties of
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1r-P3ATs” and recently reported PTTz/PTTTz'® that exhibit
substantial bathochromic shifts in the film compared to spectra
recorded in solution. The bathochromic shift is associated with
m—r stacking of the conjugated polymer backbone, and is
generally more pronounced for regioregular golymers than for
random polymers containing regio-defects.””" In the present
case, however, the limited bathochromic shift is attributed to the
bulk of the side-chains preventing aggregation, rather than to the
presence of regio-defects. PTzDIBO fluoresces with a quantum
yield of 26% in THF solution; within the same range commonly
observed for regioregular polythiophenes.>* The emission
spectrum in solution revealed only a narrow Stokes shift and
well-defined vibronic structuring. In solution emission maxima
are observed at 550 and 590 nm along with two additional
shoulder bands. Fluorescence also persists in the thin film,
although the 550 nm transition is not observed and the vibronic
structure is less pronounced. The marginal Stokes shift and
the vibronic structuring indicate a rigid conformation of the
conjugated polymer backbone of PTzDIBO in solution. Indeed,
the vibronic structuring is more pronounced than what is
observed for rr-P3HT,>>** but rather reassembles more rigid
conjugated z-systems that contain, e.g., fluorene®* or ladder-type
polymer structures.*® This observation may be explained by a
recent report by Bronstein and co-workers who demonstrated
that a coplanar conformation of head-to-tail-linked thienyl-
thiazole-dyads is stabilized through interaction of the lone pair
on nitrogen with the antibonding o*-orbitals of the C—S-bonds
in the adjacent ring."® In order to substantiate the presence of
this stabilizing interaction in thiazole-homopolymers, the above
calculation has been reproduced with in a head-to-tail-linked
bithiazole-dyad (see section 1.3 in the Supporting Information
for details). The calculations showed the rotational barrier in a
bithiazole-dyad to be very close in energy to the one previously
reported for thienyl-thiazole, and substantially greater what is
found for bithiophenes. Other researchers have reported O---S-
based weak interactions to also promote a coplanar conformation
of adjacent rings in conjugated polymers, and to thereby affect
the bulk morphology of the material.** However, while the stabi-
lizing interaction clearly affects the electronic properties of
PTzDIBO in solution, a possible influence on the solid state
morphology of rr-PTzs still remains to be established.
Analyses of PTzTIP and PTzDIBO via cyclic voltammetry
showed the two polymers to have very similar electrochemical
properties (Figure 3b, Table 1). For reference purposes,
previously reported electrochemical data for rr-P3HT, PBTz,
and Cy-PTz, recorded under similar experimental conditions,
are also included in Table 1.** Both PTZTIP and PTzDIBO
undergo quasi-reversible reduction while oxidation was irrever-
sible with oxidation-onsets observed at +0.95 and +0.99 V
relative to the ferrocene/ferrocenium redox couple (Fc/Fc").
These latter values are very close to those previously observed
for Coy-PTz and PBTz, and correspond to energy levels for
the highest occupied molecular orbitals (HOMO) of —6.05 eV
for PTzTIP and —6.09 eV for PTzDIBO, based on the HOMO
of ferrocene (—5.10 eV).** The onsets of the reduction waves
at —1.69 V and —1.74 V lead to electrochemical band gaps of
2.64 eV (PTzTIP) and 2.73 eV (PTzDIBO). The difference
between the electrochemical and optical band gaps of the
polymers reported herein (ca. 0.6 V) is significantly less than
what was observed for C4-PTz and PBTz (0.9-1.0 V).> As a
consequence, the energy levels for the lowest unoccupied
molecular orbitals (LUMO) of PTzTIP and PTzDIBO derived
from the electrochemical and optical band gaps either appear
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Figure 3. (a) UV—vis absorption- and fluorescence-spectra PTzDIBO
in THF solution and as thin film. Absorption spectrum in solution
recorded at 19.8 pig/mL, fluorescence spectrum recorded at 0.5 pg/mL.
(b) Cyclic voltammograms of PTzDIBO and PTzTIP. Recorded as
rub-coated films in acetonitrile, 0.1 M [NnBu,][PF;] at 50 mV/s. % =
Fc/Fc* standard.

to be stabilized (electrochemical, LUMO®Y) or destabilized
(optical, LUMO®"), compared to Cy-PTz and PBTz. In a study
on the properties of regioregular poly[3-(n-butyloxymethyl)-
thiophene] (P3MBT) Zoombelt and co-workers found that the
introction of alkoxymethyl-groups does not affect the frontier
orbital levels of the polymer compared to P3HT.*” In agreement
with this finding, the HOMO-levels of all reported polythiazoles
are virtually identical. Hence, the differences in LUMO-levels are
rather attributed to packing effects in the solid state and the
quasi-reversible nature of the electrochemical reductions
observed for PTzTIP and PTzDIBO.

Thermal Analyses and Solid State Properties. Thermal
analyses were carried out on PTzTIP and PTzDIBO, as well
as on the previously reported polymers C,;-PTz and Cy-PTz
(see Figures S8 and S9 in the Supporting Information).
Thermogravimetric analyses (TGA) showed C;;-PTz and Cy-
PTz to be equally thermally robust up to 440 °C, where rapid
degradation sets in. The silyloxy-substituted polymers were found
to be somewhat less durable and decomposed above 410 °C. In
differential scanning calorimetry (DSC) Co-PTz was found to
decompose without melting, while melting of PTzTIP set in at
ca. 425 °C but appeared irreversible due to concurrent decompo-
sition. In contrast, C,3-PTz exhibited a melt endotherm at
386 °C upon heating, complemented by a crystallization exo-
therm at 362 °C in the cooling cycle, while for PTzDIBO a
reversible phase transition was observed with a melting endo-
therm at 145 °C upon heating and a sharp crystallization exo-
therm at 140 °C (scan rate 20 °C/min). No phase transitions
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Table 1. Electrochemical Potentials Given in V Relative to Fc/Fc* with Orbital Energies Given in eV

polymer e Eohset Ef B
Cy-PTz¢ -191 1.00 -2.09 1.90
PBTz° -1.92 093 —2.03 1.90
rr-P3HT* -2.32 045 -2.34 1.90
PTZTIP —1.69 095 d 2.09
PTzDIBO —1.74 0.99 d 2.10

EY HOMO"” LUMO™* LUMO®"*
291 —6.10 —4.20 -3.19
2.85 -6.03 —4.13 -3.18
277 =555 -3.65 -278
2.64 -6.05 -3.96 -341
273 -6.09 -3.99 -3.36

“Derived from the absorption onset of the thin film UV—vis spectra. *Derived from the oxidation onset and the HOMO-energy of ferrocene (—5.10 eV),
and the optical (LUMO®") and electrochemical (LUMO®Y) band getps."’8 “Data adapted from ref 22. “PTZTIP and PTzDIBO showed only quasi-

reversible reduction waves.

could be observed for PTzDIBO at higher temperatures. The
higher temperature melting events observed for PTzTIP and
C3-PTz are attributed to melting of the polymer main-chain,
while the reversible phase transition observed for PTzDIBO
is rather associated with melting of the side-chains.

In order to further elucidate the structures of the polymers
in the solid state, samples of Cy-PTz, C3-PTz, PTzTIP, and
PTzDIBO have been investigated via wide-angle X-ray
scattering (WAXS). The refractograms of Cy-PTz and C,3-PTz
(Figure 4, A1/A2) are dominated by broad peaks centered on ca.
25° and 20°, corresponding to distances of ca. 3.7 and 4.7 A,
attributed to the densely 7-stacked polymer backbone,*”*'® and
amorphous regions,21b respectively. PTzTIP shows a significantly
different refraction pattern that becomes better resolved upon
prolonged heating of a suspension of the polymer in chloro-
benzene (Figure 4, B1/B2). Maxima associated with 7-stacking
at 23.2° and 24.8° (3.9 and 3.7 A) are present. Still, the most
prominent features are maxima at 13.6°, 14.9°, and 16.5°
(6.6, 6.0, and 5.4 A), that do not correspond to a readily identi-
fiable repeat-structure in the polymer. PTzDIBO exhibits an
again altered refraction pattern (Figure 4, C1/C2). In the refrac-
togram of a compacted pellet prominent peaks are visible at
14.5° 20.7° and 21.5° (62, 4.4, and 4.2 A), along with other
signals (Figure 4, C1). Heating of the polymer to 150 °C,
followed by slow cooling led to partial crystallization of the
sample and gave a better resolved refractogram (Figure 4, C2).
The signals observed in the original sample are still present at
14.6°, 20.7° and 21.7° (6.2, 44 and 4.2 A). The peak at 14.6°
may be associated with the side-chain-repeat height,*" while the
peaks at 20.7° and 21.7° most likely correspond to densely
packed alkyl chains.*® A peak at 25.5° (3.6 A), that may be
associated with 7-stacking also emerges in the crystallized sample.

These findings indicate, that in the insoluble polymers C,-
PTz, C;3-PTz extensive m-stacking is prevalent, while due to
the increased bulk of the side-chains in PTzTIP z-interactions
are less predominant. The solid state structure of PTzDIBO,
on the other hand, appears to be dominated by the packing of
the octadecyl-side-chains, which is corroborated by the low
melting point and the high solubility of the polymer.

Evidence for Chain-Growth in the Polycondensation
Process. A key hurdle in our syntheses of polythiazoles is the
need to employ “reversed” thiazole-monomers (ie., 7-Mg, )
that are metalated at the sterically hindered S-position, since
“regular” metalation at the highly reactive 2-position leads to
rapid decomposition of the monomer.”* As a consequence,
initiation of the polymerization process is crucially different
from the initiation of regular monomers (Scheme 2a). According
to our current working hypothesis, initiation most likely proceeds
through the sterically unfavorable formation of a head-to-head-
dyad (10) via Yamamoto-coupling or disproportionation of an
intermediate aryl-nickel complex (9) generated from either a

A1 CgPTz
A2 C,-PTz
B1 PTzTIP

B2

/|
/N

¢c1 PTDIBO , /
/‘/,’lvu/\"/ \/\W

Cc2

20/°

Figure 4. WAXS refraction patterns of different polymer samples: (A1)
pellet of Co-PTz; (A2) pellet of C,3-PTz; (B1) PTzTIP as precipitated;
(B2) PTZTIP after thermal treatment; (C1) pellet of PTzDIBO; (C2)
PTzDIBO cooled from 150 °C. For details on the sample preparation,
see the experimental section in the Supporting Information.

thiazolyl-Grignard species and Ni** or by oxidative addition
(OA) of nonmetalated monomer onto Ni’** This is a significant
difference to the polymerization of “reversed” thienyl-monomers,
wherein the necessity to form an initial head-to-head-linkage
reportedly hampers polymerization.®*® Polymerization of 7-Mg;,
could be performed with either dichloro nickel precatalysts
(Ni(L,)Cly; L, = dppp, dppe, method A), or with L,/Ni(cod),
as a Ni(0) source (method B). Both methods reliably furnish
regioregular PTzDIBO, with either dppp or dppe as ligand. The
polydispersities achieved with dppp were comparatively high
(1.8—22 for M, ~ 100 kDa), while dppe-based catalysts
performed better under similar conditions (up to M, = 99.3 kDa,
PDI = 1.51, method B). Still, a correlation between the
monomer/catalyst-ratio and the obtained molecular weights was
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Scheme 2. Initiation Pathways and Model Compounds
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not observed, and the molecular weight generally far exceeded A 78, 52, 39, 26[19/16[

the value theoretically expected from the monomer/catalyst ratio
(see e.g. Figure S10 in the Supporting Information). While these
observations point toward the presence of a step-growth process,
another reason may be that due to the complex initiation-steps
and heterogeneous conditions (method A), initiation is sluggish
and only a fraction of the introduced catalyst is actually involved
in the polymerization. Furthermore, in method B formation of
catalytically inactive Ni(dppp),/Ni(dppe), may inadvertently
lower the effective catalyst loading. In follow-up experiments
these issues could be alleviated, however, by the use of aryl-nickel
precatalysts that serve as external initiators (Scheme 2).

External initiation has been very successful in the synthesis of
poly(thiophene)s,**** and poly(dialkoxyphenylene)s,' "¢
leading to essentially defect-free polymers, lower PDIs, and
better control over molecular weight and end-groups. Fur-
thermore, tailored precatalysts allow the in-depth study of the
polymerization mechanism,'®*" and the introduction of func-
tional end-groups. 4 In the present case, external initiation
would allow to alleviate the steric hindrance in the first cross-
coupling step, and would make it possible to employ a well-
defined precatalyst in homogeneous solution.

Two aryl—nickel(dppe) complexes with o-methoxyphenyl
(0-anisyl, C1) and m-xylyl substituents (C2) have been
synthesized according to a modified procedure based on a
previous report by McNeil and co-workers (Scheme 2, see
Supporting Information for details).'® The o-anisyl-complex
C1 was chosen because the methoxy-substituent is sterically
less demanding than an alkyl-group, while still providing some
steric protection of the metal center.*' The m-xylyl-complex C2 is
less sterically encumbered and initiation should therefore be faster,
while the additional methyl groups improve solubility. C1 was
found to be chemically robust and could be completely
characterized by 'H and *'P NMR, and mass spectrometry. The
molecular structure of C1 could also be confirmed through single
crystal X-ray diffraction (crystallographic data included in the
Supporting Information). Catalyst C2 proved to be more sensitive
to decomposition and was characterized via "H and *'P NMR.

Series of batch polymerizations were then carried out with both
C1 and C2, according to method C with different monomer-
to-catalyst-ratios (Figures S and 6). Both catalysts showed a linear
correlation between the molecular weight determined via GPC
and the monomer/catalyst ratio (Figures 6A and 6B) and furnished
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28 30

100/1 67/1 50/1 33/1 25/1 20/1 13/1
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T T T T u
20 22 24 26 28
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Figure 5. GPC chromatograms of batch-polymerization experiments
(method C) and monomer/catalyst ratios: (A) catalyst C1; (B) catalyst C2.

material with low polydispersities (<1.4 up to M, > 100 kDa), in
accordance with a chain-growth process. C2 performed particularly
well with polydispersities below 1.2 up to molecular weights
around 80 kDa. (monomer/catalyst-ratio =50/1). Only at very
low catalyst loading (C2, monomer/catalyst ratio = 67/1 and
100/1) did the PDI begin to rise. The GPC-chromatograms
typically showed a bimodal mass-distribution with shoulder bands
and individual peaks that correspond to approximately twice the
molecular weight of the main peak. The bimodal mass-distribu-
tion may be attributed either to high molecular weight species
generated through chain—chain- cou})hng, as is commonly ob-
served in polythiophene syntheses,™ or possibly to competing
initiation pathways that lead do two different types of polymer.
The reaction mixtures were quenched with methanol acidified
with hydrochloric acid, which should prevent oxidative coupling
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Figure 6. Plots of M, and PDI vs monomer/catalyst to monomer ratio from batch polymerization experiments: (A) catalyst C1; (B) catalyst C2.
Part A includes M, -values both determined via GPC (M, cpc) and derived from NMR-data (M, nug)-

of the polymer chains during the work-up.6b Chain-chain-
coupling via disproportionation after consumption of the
monomer may still have occurred. In order to further elucidate
this matter different polymer-fractions from a batch polymeri-
zation with catalyst C2 (catalyst/monomer ratio of 20:1; Figure SB)
were separated via semipreparative GPC (see Figure S11 in the
Supporting Information). The individual polymer-fractions
exhibited number-average molecular weights of M, = 20.5 kDa
(PDI = 1.06) and M, = 42.8 kDa (PDI = 1.05), respectively, in
agreement with chain—chain-coupling after monomer consump-
tion. Notably, the very low PDIs of the individual batches would
indicate, that the polymerization process follows a well-controlled
chain-growth-process.

Attempts to further elucidate the polymerization process by
an analyses of the polymer-chain-end via mass spectrometry met
with mixed results. Polymeric species of up to m/z = 12 kDa
(batch: M, cpc = 8.6 kDa, catalyst C1, see Figure S12 in the
Supporting Information) could be observed at low resolution via
linear mode MALDI-ToF MS. The mass-spectra inadvertently
showed different types of polymeric species that could not be
assigned to specific end-groups due to the low resolution.

However, the incorporation of the precatalyst can be inferred
from NMR data, in combination with a model compound syn-
thesized via Negishi-coupling of two anisyl-moieties to monomer
la (11, Scheme 2c). In 'H NMR spectra of o-anisyl-capped
polymers two characteristic singlets appear at 3.86 and 4.71 ppm,
that are attributed to the methoxy group of the anisyl end-group,
and the a-methylene group of the adjacent “head-to-head”-linked
thiazole ring (Figure 7a—c). The '"H NMR-spectrum of the
model compound (Figure 7d) shows two signals for the chemi-
cally inequivalent methoxy groups of the head-to-tail- and head-
to-head-linked anisole-rings at 4.01 and 3.86 ppm, respectively,
and a signal at 4.83 ppm assigned to the a-methylene group on
the thiazole ring. Using the signal of the methoxy group as
reference, the molecular weights of the respective polymer
samples were calculated (Figure 6A, see also Figure S13 in the
Supporting Information). The thus derived molecular weights for
low molecular weight fractions were in good agreement with the
ones determined via GPC, while at higher molecular weights
(>30 kDa) NMR gave higher molecular weights than GPC-
analyses. The good agreement of the 'H NMR-properties of the
model compound with the polymer samples clearly indicates
incorporation of the anisyl-moiety into the polymer. At this point,
we cannot confirm quantitative chain-end functionalization.
Indeed, small amounts of head-to-head-defects are clearly
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Figure 7. "H NMR spectra of batches of anisyl-capped PTzDIBO (a—c)
and model compound 11 (d).

present in low molecular weight batches (Figure 7c) that might
originate from initiation via the pathway outlined in Scheme 2a.

B CONCLUSION

A synthetic access to reversed silyloxymethyl functionalized
thiazole-monomers has been developed, which can be poly-
merized via Kumada-coupling polycondensation to furnish
head-to-tail regioregular polythiazoles (rr-PTzs, PTzTIP,
PTzDIBO). Owing to the incorporation of highly solubilizing
diisobutyloctadecylsilyl-side-chains PTzDIBO is the first fully
soluble polythiazole, and readily gave number-average molec-
ular weights exceeding 100 kDa, corresponding to a degree of
polymerization greater than 200. The presence of the bulky
silyloxy side-chains affects the solid state structure of the polymers,

dx.doi.org/10.1021/ma501213g | Macromolecules XXXX, XXX, XXX—XXX



Macromolecules

and leads to a lesser prevalence of m-stacking and a widened
optical band gap, compared to 4-alkyl-substituted polythiazoles
(Cy- and Cy5-PTz). Still, cyclic voltammetry indicates largely
similar electrochemical properties, in agreement with the
isoelectronic nature of the conjugated 7-systems. The great
bulk of the side-chains required to render PTzDIBO soluble
is likely detrimental for the performance of the polymer in
organic electronic devices. Still, starting from the versatile
intermediate 6 other side-chains may be introduced that
furnish soluble PTzs better suited for device fabrication.

The investigation of the polymerization process through
batch polymerizations with externally initiating aryl-nickel
precatalyst indicated the presence of a chain-growth mecha-
nism, as evidenced by very low polydispersities and a linear
correlation between the obtained molecular weight and the
monomer/catalyst ratio. Furthermore, the incorporation of the
precatalyst-aryl moiety into the polymer chain could be proven
and the molecular weights could thereby be independently
derived via '"H NMR. The good correlation between molecular
weights derived from GPC and NMR corroborates both the
proposed initiation pathway and the presence of a chain-growth
mechanism. Given the very limited number of polyarenes that
can be accessed via quasi-living polycondensation, the likely
occurrence of chain-growth in the synthesis of head-to-tail
regioregular polythiazoles constitutes a significant progress in
the development of polymeric semiconductors.

B ASSOCIATED CONTENT
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Experimental details, additional analytical data, and crystallo-
graphic information. This material is available free of charge via
the Internet at http://pubs.acs.org.
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