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The synthesis of a novel electron-deficient fused pyrrolo[3,2-d:4,5-d"|bisthiazole is reported from 2-bromothiazole. This was copolymerized
with thiophene, selenophene, thienothiophene, and bithiophene by microwave-assisted Stille polycondensation. The resulting polymers exhibited
small optical band gaps combined with low-lying HOMO energy levels and demonstrated semiconducting behavior in organic field effect

transistors.

The development of new st conjugated polymers has received
considerable attention in the past decade, especialy for
applications such as organic photovoltaic cells (OPV) and
field effect transistors (FETS), since they can potentialy be
processed in more cost-effective ways than their inorganic
counterparts.* A promising strategy to improve the perfor-
mance in FETs and OPVs has been the inclusion of fused
aromatic heterocyclesinto the conjugated polymer backbone.
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One such fused heterocycle of considerable recent interest

and promise is dithieno[3,2-b:2’,3'-d]pyrrole (DTP).?
Several groups have reported that soluble, low band gap

copolymers of N-alkylated or N-arylated DTPs show promise
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as the active components in OPV and FETs.® However, their
device performance has been limited by the propensity for
the DTP to be readily oxidized.?** In addition to limiting the
ambient stability of FETs under operating conditions, the
low ionization potential of DTP-containing polymers limits
the available open circuit voltage available in bulk hetero-
junction OPV devices, thus limiting efficiency.”

We were interested in developing analogues of DTP which
would demonstrate improved oxidative stability, by replace-
ment of the flanking thiophene groups with more electron-
deficient thiazole groups to produce a fused pyrrolo[3,2-d:4,5-d]-
bisthiazole (PBTZ). The incorporation of eectron-deficient fused
thiazole heterocycles, such as thiazolothiazole® and benzo-
bisthiazole,” into thiophene copolymers has been reported as a
promising approach to high ionization potentia polymers.
However, in these cases the poor solubility of both of the fused
thiazole monomers necessitated the use of either high comono-
mer loadings,®° diluting the effect of the electron-deficient unit,
or comonomers with bulky, branched side chains® to ensure
the resulting polymers had sufficient processability in organic
solvents. In contrast, PBTz contains a bridging N atom which
serves as a point of attachment for a solubilizing substituent,
potentially allowing copolymerization with a variety of unsub-
stituted comonomer units. We hereby report the synthesis of
PBTz and demonstrate that it can be readily incorporated into
conjugated polymer backbones.

Our initial synthetic strategy to PBTz is shown in Scheme
1 and was based upon the oxidative dimerization of com-
mercialy available 4-bromo-2-trimethylsilylthiazole 1. How-
ever, lithiation of 1 with LDA followed by oxidative coupling
with CuCl; resulted in an unexpected rearrangement to afford
4,4’-dibromo-5,5"-bis(trimethylsilyl)-2,2’-bithiazole 3 instead
of the desired 4,4’-dibromo-2,2’-bis(trimethylsilyl)-2,2’-
bithiazole 2 (Scheme 1).
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Scheme 1. Unexpected Rearrangement During Lithiation
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The structure of 3 was confirmed by single-crystal X-ray
analysis (Figure S1, Supporting Information). Zambon et al.
recently reported similar migrations of trimethylstannyl and
trimethylsilyl groups in thiazole systems,® and in analogy
to their work we propose that the initially formed 5-thiazole
anion reacts in an intramolecular fashion by nucleophilic
attack on the trimethylsilyl group, which generates the more
thermodynamically stable 2-thiazole anion. This then oxi-
datively dimerizes upon treatment with CuCl, to afford 3.
We note that Getmanenko and Marder recently reported that
replacement of the TM S group with the more sterically bulky
tri(isopropyl)silyl (TIPS) group suppressed silyl migration
under similar reaction conditions.®

Due to the high expense of 1, we therefore developed an
alternative route based upon readily available 2-bromothia-
zole (Scheme 2). As reported by Knochel, reaction with

Scheme 2. Synthesis of Pyrrolo[3,2-d:4,5-d"|bisthiazole (PBTz)
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compound with chloranil, afforded 2,2’-dibromo-5,5"-bithia-
zole 4 in good yield without any competing rearrangement
products.*® Now taking advantage of the fact that -lithiated
thiazoles readily rearrange to the more thermodynamically
stable a position by the base-catalyzed halogen dance
mechanism,™* we observed that treatment of 4 with 2 equiv
of LDA, followed by quenching with either tri(isopropyl)-
chloride (TIPSCI) or water, afforded 5 or 6 in yields of 74%
and 80%, respectively.

The structures were confirmed by single-crystal X-ray,
which demonstrates both molecules pack in the transoid
configuration. Our structure of 5 matches that recently
published.® Interestingly, we observe significant differences
between the crystal structures of 5 and 6, especially with
regard to the torsion angle between the two thiazole rings
which is 45.45° for 6, but only 0.44° for 5. In addition,
compound 6 crystallizes into a columnar arrangement in
which four molecules of 6 form a cyclic tetramer (Figure
1). These rings are characterized by an intermolecular H

Figure 1. Crystal structure images of compound 7 showing
intramolecular interactions.

bonding interaction between H(1) of one dimer and N(2) of
an adjacent dimer [C(1)H(1)N(2) bond angle 168.85°,
H(1)-*N(2) 2.444 A, which is significantly shorter than the
sum of the van der Waals radii 2.75 A]. The tetramers stack
on top of one another to form a columnar structure with a
central void of 3.82 A, which isfilled by a water molecule.
In contrast, any possible H-bonding is suppressed in 5 by
the attachment of the silyl group, and the molecule is
characterized by intramolecular noncovalent interactions
between the S and Br atoms, in addition to intermolecular
Br--Br contacts.’

PBTz 9 was synthesized via a Buchwald—Hartwig cou-
pling between silylated bromide 5 and a branched alkyl
amine in 69% yield.'> Branched amines were chosen to
ensure solubility of the resulting polymers. We found that
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higher yields were obtained by heating in a sealed tube at
170 °C, with mainly the monoaminated product obtained in
refluxing toluene. Subsequent deprotection using TBAF
afforded compound 8, which was directly brominated with
NBS in DMF to afford 9 in a combined yield of 71% from
5. Attempts to synthesize compound 8 directly from 6 under
the same reaction conditions resulted in a complex mixture
in which the dibromide 6 was fully consumed, but no desired
product could be detected by GCMS or NMR. This may be
due to competing direct Pd-catalyzed arylation reactions at
the 2-positions of the thiazole ring. Similar reactions have
been observed in the presence of Pd, aryl bromides, and
base.™®

Compound 9 was copolymerized with the respective
bis(trimethylstannyl) monomers of thiophene, bithiophene,
thieno[3,2-b]thiophene, and selenophene by microwave-
assisted Stille polycondensation* (Scheme 3), to afford

Scheme 3. Synthetic Route for the Preparation of Polymers
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PTZT, PTzBT, PTZTT, and PTzSe, respectively, in good
yields. Initial attempts involving Stille cross coupling
between 9 and bis(trimethylstannyl) thiophene using Pd,dbay/
P(o-tol); as the catalyst system afforded relatively low
molecular weight products, and modifying the catalyst to
Pd(PPhs), resulted in higher molecular weight polymers.

All polymers were purified by Soxhlet extraction with
methanol, acetone, and hexane to remove catalyst residues
and low weight oligomers, followed by precipitation of a
chloroform solution of the polymer into methanol. The
resulting polymers were all soluble in common organic
solvents such as THF, toluene, chloroform, and chloroben-
zene at room temperature and readily formed uniform dark
blue films by either spin coating or drop casting at room
temperature.

(13) (a) Liegault, B.; Lapointe, D.; Caron, L.; Vlassova, A.; Fagnou,
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Table 1. Optical and Electrochemical Properties of the Polymers PTzT, PTzBT, PTZTT, and PTzSe

M, M, Amax Amax Aonset E,ort HOMO* LUMO?
polymer (g/mol) (g/mol) PDI (CHCIl3, nm) (film, nm)* (film, nm) (film, eV)® (eV) (eV)
PTzSe 32000 24000 1.3 632 645, 725 (sh) 795 1.56 -5.25 —3.69
PTzT 29000 15000 1.5 616 760 1.63 -5.30 —3.67
PTzTT 33000 23000 1.4 566 750 1.65 —5.20 —3.55
PTzBT 74000 43000 1.7 577 613, 675 (sh) 725 1.71 -5.15 —-3.45

@ Drop cast from chloroform solution, shoulder (sh). ® Band gap estimated from Agee Eg® = 1240/Anse. © HOMO levels measured by photoelectron
spectroscopy in air. “ LUMO levels of the polymers were obtained from the equation LUMO = HOMO + E,.

The polymers all exhibited good molecular weights as
determined by GPC, with M,, in the range of 29—74 KDa
(Table 1). The optical properties of the polymers were
measured in solution at room temperature and at 100 °C, as
well as in thin films prepared by drop casting. The spectra
are shown in Figure S3 (Supporting Information) and the
data summarized in Table 1. All polymers exhibited relatively
broad absorption at room temperature in chloroform solution,
with absorption maximain both solution and solid state that
are significantly red-shifted compared to thiophene ho-
mopolymers like P3HT,*® which we attribute to the presence
of the rigid PBTz unit in the polymer backbone, leading to
amore planar polymer backbone with enhanced delocaliza-
tion. In addition, PBTzBT exhibits a significant red shift
compared to the DTP bithiophene polymer, which absorbs
at 492 and 527 nm in solution and thin film, respectively.®

The drop cast films exhibited a small red shift in Apg of
between 7 and 36 nm compared to the solution spectra,
suggesting the polymers may already be in an extended chain
conformation in solution, similar to that observed for DTP
polymers.?®® Longer wavelength vibronic shoulders were ob-
served for PTZTT and PTzSe, suggesting interchain delocal-
izationin the solid state. PTZTT and PTzSe dso exhibited signs
of aggregation in room-temperature solutions, with longer
wavelength shoulders appearing in the spectra. The intensity
of these shoulders was reduced by heeating the solutions. In
agreement with previous observations, the salenophene copoly-
mer exhibited the lowest band gap due to the stabilizing effect
of sdenophene on the polymer LUMO.Y” The HOMO energy
levels were estimated by measuring the ionization potential of
athin film in air using the PESA technique,*® confirming the
relatively low-lying HOMO energy levels.

The charge transport properties of the polymers were
investigated in transistor devices. Devices were fabricated
onto bottom gate, bottom contact (Au) devices using heavily
doped Si++ substrates as the gate electrode and a 200 nm
thermally oxidized SO, layer asthe gate dielectric. The SIO,
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layer was treated with the primer hexamethyldisilazane
(HMDS) to passivate the surface. Polymers were then
deposited by spin coating and dried at 120 °C for 30 min
before measurement. The results are summarized in Table
2. Only p-type transport was observed, with modest charge

Table 2. Charge Carrier Mobilities («) and Current On/Off
Ratios (Ion:loff) Of the Polymers

Hlin HUsat
polymer Tonot em?vls! ecm? v ls™!
PTzSe 104 4.8 x 107° 5.5 x 107°
PTzT 10* 2.20 x 107° 7.5 %x 1075
PTzTT 104 5.6 x 1075 6.7 x 1075
PTzBT 10° 1.5 x 107 1.1 x 1073

carrier mobilities. The transfer and output plots for the best
performing polymer PTZTT are shown in Figure S2 (Sup-
porting Information). They demonstrate negligible hysteresis
between the forward and reverse transfer sweeps, with no
significant evidence of contact resistance in the output
characteristics at low drain voltages. The relatively low
charge carrier mobilities observed could be related to the
bulky side chains used in this study, which may suppress
close packing of the polymer backbones; nevertheless, they
should be sufficient for photovoltaic applications.

In conclusion, we have developed a route to novel
dithiazolopyrrole monomers and incorporated them in
donor—acceptor copolymers. The resulting polymers dem-
onstrate high ionization potential, low band gap, and good
solubility in most common organic solvents and show
promise for use in optoelectronic devices. Further investiga
tions into their photovoltaic performance are ongoing.
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