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We report the synthesis of a series of novel polythiophenes with vinylene linked pendant carborane side-

chains. Polymers containing ortho, meta and para substituted carborane linked via a cis or trans double

bond are reported. The inclusion of carborane sidechains is demonstrated to afford soluble polymers

without the presence of any additional alkyl groups. The choice of carborane and double bond isomer is
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Introduction

Polythiophenes have been extensively studied as organic semi-
conductors suitable for use as the active layer components of
both organic photovoltaic (OPV)' ™ and organic field-effect
transistor (OFET)"” devices. For these applications it is impor-
tant that the polymer can be solution processed into thin,
homogeneous films.°® Most polythiophenes (and the vast
majority of conjugated polymers) achieve the required proces-
sability through the incorporation of long alkyl chains, both
linear and branched, onto the polymer backbone. In addition
to promoting solubility, the sidechains influence thermal be-
haviour and intermolecular interactions of the polymers.”'° As
such, the choice of sidechain can have an important role in
device performance. Recently it has been demonstrated that
the use of conjugated sidechains - solubilising units that are
linked to the conjugated backbone via a sp or sp> hybridised
group - is an effective way of tuning both processability and
the electronic structure of the polymer backbone. The resul-
tant polymers have been termed as two-dimensionally conju-
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shown to influence the optoelectronic, photovoltaic and charge-transporting properties of the polymer.
In particular the incorporation of ortho-carborane was shown to have a pronounced electron withdrawing
effect resulting in a substantial increase in polymer ionisation potential. Field effect transistors and solar
cells devices fabricated from the various isomers showed significant differences in performance.

gated structures, in which the choice of conjugated sidechain
can modify optical absorption, energy levels, solubility and
aggregation properties, all of which can be tailored to improve
optoelectronic device performance.'*

For example, research undertaken by Liu, Li and co-workers
demonstrated that polymeric absorption spectrum could be
broadened by replacing an hexyl sidechain with an hexy-1-enyl
unit, facilitating the improved absorption of incident photons
and therefore an improvement in photovoltaic power conver-
sion efficiency.’” They further noted that, in comparison to
main chain polythiophene vinylene polymers, both the HOMO
and LUMO energy levels were lowered, leading to a polymer
with increased oxidative stability and an open-circuit voltage
(Voc) approximately 0.2 eV greater than poly(3-hexyl)thiophene
(P3HT) upon employment in a photovoltaic device. Further
research by the same group showed that by expanding the
series to include a range of electron withdrawing and donating
conjugated pendant groups, it was possible to effectively
modulate polymer energetics and charge-transporting charac-
teristics, tailoring them for use in specific optoelectronic appli-
cations.”'* Additionally, consideration of the structure of -
and spacing between - pendant groups was shown to offer a
means of improving backbone planarity and material crystalli-
nity, further improving device performance.'>"”

We were interested to investigate the potential of carbo-
ranes as conjugated solubilising groups. Carboranes are excep-
tionally stable polyhedral clusters of carbon and boron that
exhibit an unusual three dimensionally delocalised electronic
structure (Fig. 1).'® We anticipated that the incorporation of
carborane, with its regular icosahedral shape, may promote
polymer solubility, whilst the conjugation of the inductively
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Fig. 1 Structures of (left—right): ortho-carborane, meta-carborane and
para-carborane. Unlabelled vertices represent BH units. Protons omitted
for clarity.

electron-withdrawing cage to the thiophene backbone via an
electronically communicative ethylene linker may allow
manipulation of the conjugated backbone properties.

Some research has been carried out into the effects of
pendant carborane cages on the properties of conjugated poly-
mers, although to date the carboranes have either been con-
nected via an alkyl chain linker, or directly fused to the
conjugated backbone.'”*° Hence polymers with pendant car-
borane units have been demonstrated to possess high stability
in thermally-annealed films, a feature anticipated to be inher-
ently useful for functional conjugated polymers whose appli-
cations are realised in the solid state.'® Furthermore,
polyfluorene derivatives incorporating silyl substituted ortho-car-
boranes, connected via an alkyl chain linker, have demonstrated
enhanced solubility and suppressed aggregation (which in this
instance was desirable), suggesting that the carborane cage may
be effective at promoting polymer solubility.*" In addition, the
inclusion of carborane led to a raise in the glass transition
temperature (T,) and enhanced oxidative and thermal stability.
Other examples show sensing properties, in which their photo-
luminescence emission spectra are bathochromically shifted
upon exposure to solvent vapours of increasing polarity,** and
some carborane containing small molecules have been shown
to exhibit interesting non-linear optical properties.**

However the previous work on pendant carborane groups
has focussed on ortho-carborane only, offering significant scope
for further research. Carborane exists in three isomers - ortho,
meta and para - distinguished by the spacing of carbon atoms
around the cage and the different properties that result from
varying polarities between the isomers (Fig. 1). The spacing of
the relatively electron-rich carbon atoms also determines the elec-
tron withdrawing effect of the isomers, which decreases from
ortho > meta > para. By connecting all three carborane isomers to
the polymer backbone by a conjugated yet flexible ethylene linker
group, we were interested to investigate the influence of the car-
borane regiochemistry, as well as the relative stereochemistry of
the ethylene unit, ie. cis or ¢rans, on the polymer properties.
Here we report, for the first time, a systematic study of the effects
of the incorporation of all three carborane isomers on the pro-
perties of a polythiophene backbone. We report the fundamental
optoelectronic properties, as well as the influence on field effect
transistor and organic solar cell device performance.

Experimental

Carborane isomers were purchased from Katchem and sub-
limed before use. All other reagents were purchased from
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Sigma-Aldrich, VWR, Alfa Aesar or Apollo scientific and were
used without further purification. Dry solvents for anhydrous
reactions were purchased from Sigma Aldrich. All reactions
were carried out under an inert Argon atmosphere unless
otherwise stated. 'H {''B} NMR, "'B {"H} NMR and *C NMR
spectra were recorded on a BRUKER 400 spectrometer in
CDClI; solution at 298 K unless otherwise stated. Proton NMRs
were recorded after boron decoupling and boron NMRs were
recorded after proton decoupling. Number-average (M,) and
weight-average (M,,) molecular weights were determined with
an Agilent Technologies 1200 series GPC in chlorobenzene at
80 °C using two PL mixed B columns in series, and calibrated
against narrow polydispersity polystyrene standards. UV-Vis
absorption spectra were recorded on a UV-1601 Shimadzu
UV-Vis spectrometer. Column chromatography was carried out
on normal-phase and reverse-phase (RP18) silica gel (VWR) on
a Biotage Isolera One. Microwave reactions were performed in
a Biotage initiator v.2.3. Photo Electron Spectroscopy in Air
(PESA) measurements were recorded using a Riken Keiki AC-2
PESA spectrometer with a power setting of 5 nW and a power
number of 0.5. Differential scanning calorimetry (DSC)
measurements were made using a TA instruments DSC TZero
Q20 instrument and analysed using TA universal analysis soft-
ware. Thermal Gravimetric analysis measurements were
recorded using a Perkin Elmer Pyris 1 TGA. X-Ray Diffraction
(XRD) measurements were carried out using a Panalytical
X’'pert-pro MRD diffractometer fitted with a nickel-filtered
Cu Ko 1 beam and an X’celerator detector using a current of
40 mA and an accelerating voltage of 40 kV.

1-Formyl-ortho-carborane

Freshly sublimed ortho-carborane (7.5 g, 52 mmol) was dis-
solved in anhydrous diethyl ether (150 mL) and cooled to
—78 °C. To this solution was added n-BuLi (36 mL of 1.6 M in
hexanes, 57.6 mmol) slowly, before the mixture was stirred at
—78 °C for 2.5 h. Anhydrous methyl formate (12.5 g,
208 mmol) was added and stirring continued at —78 °C for
2 h. The reaction was quenched by the addition of dilute
hydrochloric acid (4%, 100 mL) and allowed to warm to room
temperature overnight. The reaction mixture was poured into
water and extracted with diethyl ether. The organic layers were
combined and washed with saturated sodium hydrogen car-
bonate solution, water and brine before being dried over mag-
nesium sulphate and concentrated under reduced pressure.
Purification by column chromatography (eluent: chloroform)
and recrystallisation from hexane yielded the product as a
white crystalline solid (5.9 g, 34 mmol, 66%). Mp = 204-207 °C
(1it** = 208-209 °C). "H NMR (400 MHz, CDCl3): 6 9.28 (s, 1H),
4.06 (s, 1H), 3.04-1.63 (m, 10H); *C NMR (100 MHz, CDCl,):
5 184.14, 54.14; 'B {'"H} NMR (400 MHz, CDCl;) § 1.68, —8.56,
—12.14, —12.68, —13.65. MS (EL): m/z = 172.25 (M").

1-Formyl-meta-carborane

Freshly sublimed meta-carborane (6.0 g, 41.7 mmol) was dis-
solved in anhydrous diethyl ether (100 mL) and cooled to
—78 °C. To this solution was added »n-BuLi (28.8 mL of 1.6 M
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in hexanes, 46.1 mmol) slowly before the reaction mixture was
stirred at —78 °C for 2.5 h. Anhydrous methyl formate (9 g,
149 mmol) was added and stirring continued at —78 °C for
2 h. The reaction mixture was quenched by the addition of
dilute hydrochloric acid (4%, 75 mL) and allowed to warm to
room temperature overnight. The reaction mixture was poured
into water and extracted with diethyl ether. The organic layers
were combined and washed with saturated sodium hydrogen
carbonate solution, water and brine before being dried over
magnesium sulphate and concentrated under reduced
pressure. Purification by column chromatography (eluent:
chloroform) and recrystallisation from hexane yielded the
product as a white crystalline solid (3.98 g, 23.1 mmol, 55%).
Mp = 205-209 °C (lit*® = 213-214 °C). '"H NMR (400 MHz,
CDCl;): 6 9.04 (s, 1H), 3.08 (s, 1H), 2.91-2.20 (m, 10 H); *C
NMR (100 MHz, CDCly): § 185.48, 55.53; ''B {'H} NMR
(400 MHz, CDCl;) —6.29, —10.29, —12.63, —16.32. MS (EI):
mlz=172.29 (M").

1-Formyl-para-carborane

Freshly sublimed para-carborane (1.56 g, 10.8 mmol) was dis-
solved in anhydrous diethyl ether (10 mL) and cooled to
—78 °C. To this solution was added n-BuLi (7.4 mL of 1.6 M in
hexanes, 11.9 mmol) slowly before the reaction mixture was
stirred at —78 °C for 2.5 h. Anhydrous methyl formate (2.7 g,
44 mmol) was added and stirring continued at —78 °C for 2 h.
The reaction mixture was quenched by the addition of dilute
hydrochloric acid (4%, 15 mL) and allowed to warm to room
temperature overnight. The reaction mixture was poured into
water and extracted with diethyl ether. The organic layers were
combined and washed with saturated sodium hydrogen car-
bonate solution, water and brine before being dried over mag-
nesium sulphate and concentrated under reduced pressure.
Purification by column chromatography (eluent: chloroform)
and recrystallisation from hexane yielded the product as a
white crystalline solid (1.52 g, 8.8 mmol, 82%). Mp =
202-207 °C (1it** = 208.5-210 °C). "H NMR (400 MHz, CDCl,):
§ 8.75 ppm (s, 1H), 2.89 ppm (s, 1H), 2.34 ppm (s, 5H),
2.29 ppm (s, 5H); *C NMR (100 MHz, CDCl,): § 185.78, 63.24;
"B {"H} NMR (400 MHz, CDCl;) —14.56, —14.76. MS (EI):
mlz=172.20 (M").

3-(Bromomethyl)-2,5-dibromothiophene

2,5-Dibromo-3-methylthiophene (25 g, 98 mmol) was dissolved
in carbon tetrachloride (200 mL) before N-bromosuccinimide
(17.4 g, 98 mmol) and benzoyl peroxide (20 mg, 0.1 mmol)
were added. The resulting mixture was shielded from light and
heated to reflux for 3 h. After cooling to room temperature the
reaction was filtered. The filtrate was washed with water, satu-
rated sodium hydrogen carbonate solution and brine, dried
(MgS0,), filtered and concentrated under reduced pressure.
The resulting oil was distilled (115 °C at 0.5 mbar) to afford
the product as a colourless oil (23.2 g, 69.3 mmol, 71%). 'H
NMR (400 MHz, CDCl3): § 7.00 (s, 1H), 4.66 (s, 2H); "*C NMR
(100 MHz, CDCl3): § 141.9, 134.55, 115.52, 112.13, 20.94. MS
(EL, GC-MS): m/z = 334.80 (M").
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3-(Methyl-2,5-dibromothienyl)-triphenylphosphonium
bromide

3-(Bromomethyl)-2,5-dibromothiophene (23.15 g, 69 mmol)
and triphenylphosphine (36.4 g, 138 mmol) were dissolved in
anhydrous hexane (1000 mL) and stirred at 70 °C for 6 days.
After cooling to room temperature the mixture was filtered and
the precipitate was washed thoroughly with hexanes to yield a
white solid (28.2 g, 47.2 mmol, 68%). Mp > 300 °C. "H NMR
(400 MHz, CDCl,): § 7.85-7.65 (m, 15H), 6.94 (s, 1H), 5.62 (d,
J = 13.9 Hz, 2H); "*C NMR (100 MHz, CDCl3): § 135.3, 134.3,
131.9, 130.3, 128.0, 117.8, 117.0, 115.0, 112.4; 3!P NMR
(400 MHz, CDCl,): § 21.67. MS (EI) m/z = 597.13 (M").

3-Vinyl-o-carborane-2,5-dibromothiophene (cis (a) and trans (b))

3-(Methyl-2,5-dibromothienyl)-triphenylphosphonium bromide
(3.2 g, 5.3 mmol) was suspended in anhydrous THF (300 mL)
before potassium ¢-butoxide (5.8 mL of 1.0 M in THEF,
5.8 mmol) was added dropwise. The resulting mixture was
stirred at room temperature for 1 h before a solution of
1-formyl-ortho-carborane (1.0 g (5.8 mmol) in anhydrous THF
(10 mL)) was added, and the resulting mixture heated to reflux
for 3 h. The solution was allowed to cool to room temperature
and stirred for 16 h before being quenched with dilute hydro-
chloric acid (10%, 100 mL). The mixture was washed with water
and brine before the organic layers were dried over magnesium
sulphate and concentrated under reduced pressure. Purification
by column chromatography (eluent: hexane) yielded the cis-
isomer as a white solid (930.0 mg, 2.3 mmol, 43%) and the
trans isomer as a white solid (130.5 mg, 0.32 mmol, 6%). Excess
cis-product (400 mg, 0.98 mmol) could be converted quantitat-
ively to the trans isomer by UV irradiation (365 nm, 100 W) for
3 hours in chloroform (5 mL) in a quartz cuvette, with final
purification by column chromatography on silica (eluent:
hexane). (a) Mp = 52-55 °C. "H NMR (400 MHz, CDCl,): § 6.80 (s,
1H), 6.22 (d, J = 12.2 Hz 1H), 5.93 (d, J = 12.2 Hz 1H), 3.59 (s,
1H), 2.38-2.10 (m, 10H); **C NMR (100 MHz, CDCl,): § 135.12,
130.79, 129.62, 127.52, 112.28, 110.66, 63.25, 58.82; ''B {'H}
NMR (400 MHz, CDCl;) —2.06, —3.78, —9.16, —11.13, —12.96.
MS (EI, GC-MS): m/z = 410.44 (M"). Elemental analysis: calcu-
lated for CgH,4B,(Br,S,, C, 23.43; H, 3.44; found: C 23.51;
H 3.31. (b) Mp = 116-120 °C. '"H NMR (400 MHz, CDCl,): § 6.98
(s, 1H), 6.76 (d, J = 15.7 Hz, 1H), 6.12 (d, J = 15.7 Hz, 1H), 3.70
(s, 1H), 2.47-2.23 (m, 10H); *C NMR (100 MHz, CDCl,): &
135.99, 128.81, 126.94, 125.00, 113.81, 112.85, 73.38, 60.82; ''B
{'"H} NMR (400 MHz, CDCl;) —1.84, —4.75, —9.06, —11.00,
-11.79, —12.80. MS (EI, GC-MS): m/z = 410.37 (M"). Elemental
analysis: calculated for CgHy4B;0BI,S,, C, 23.43; H, 3.44;
found: C 23.54; H 3.34.

3-Vinyl-m-carborane-2,5-dibromothiophene (cis (a) and trans (b))
3-(Methyl-2,5-dibromothienyl)-triphenylphosphonium bromide
(3.0 g, 5.0 mmol) was suspended in anhydrous THF (300 mL)
before potassium ¢-butoxide (5.0 mL of 1.0 M in THEF,
5.0 mmol) was added dropwise. The resulting mixture was
stirred at room temperature for 1 h before a solution of

This journal is © The Royal Society of Chemistry 2014
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1-formyl-meta-carborane (760 mg in anhydrous THF (10 mL))
was added, and the mixture was heated at reflux for 3 hours.
The solution was allowed to cool to room temperature and
stirred for 16 h before being quenched with dilute hydrochloric
acid (10%, 100 mL). The mixture was washed with water and
brine before the organic layers were dried over magnesium sul-
phate and concentrated under reduced pressure. Purification by
reverse-phase column chromatography on RP18 (eluent: aceto-
nitrile) yielded the cis-isomer as a white solid (1.10 g, 2.7 mmol,
55%) and the trans isomer as a white solid (975 mg, 2.37 mmol,
43%). (@) Mp = 49-54 °C. 'H NMR (400 MHz, CDCl;): § 6.79
(s, 1H), 6.03 (d, J = 12.0 Hz, 2H), 5.73 (d, J = 12.0 Hz, 1H), 3.33
(s, 1H), 2.66-2.06 (m, 10H); *C NMR (100 MHz, CDCl,):
5 131.67, 131.24, 125.99, 110.77; "'B {"H} NMR (400 MHz,
CDCl;) 6 —6.31, —10.31, —13.44, —14.89, —16. 84. MS (EI,
GC-MS): m/z = 410.31 (M"). Elemental analysis: calculated for
CgH,4B1(B1,S,, C, 23.43; H, 3.44; found: C 23.52; H 3.42. (b)
Mp = 129-134 °C. '"H NMR (400 MHz, CDCl;): § 6.95 (s, 1H),
6.53 (d, J = 15.6 Hz, 2H), 5.98 (d, J = 15.6 Hz, 2H), 3.29 (s, 1H),
2.89-2.13 (m, 10H); *C NMR (100 MHz, CDCl;): § 136.90,
127.40, 127.13, 126.00, 112.27, 112.07, 61.69, 58.77; ''B {'H}
NMR (400 MHz, CDCl;) —5.50, —8.08, —10.38, —12.77. MS (EI,
GC-MS): m/z = 410.41 (M"). Elemental analysis: calculated for
CgH14B10B1,S,, C, 23.43; H, 3.44; found: C 23.54; H 3.55.

3-Vinyl-p-carborane-2,5-dibromothiophene (cis (a) and trans (b))

3-(Methyl-2,5-dibromothienyl)-triphenylphosphonium bromide
(4.6 g, 7.7 mmol) was suspended in anhydrous THF (300 mL)
before potassium ¢-butoxide (7.7 mL of 1.0 M in THEF,
7.7 mmol) was added dropwise. The resulting mixture was
stirred at room temperature for 1 h. To this was added a solu-
tion of 1-formyl-para-carborane (1.2 g in anhydrous THF
(10 mL)) before the mixture was heated at reflux for 3 h. The
solution was allowed to cool to room temperature and stirred
for 16 hours before being quenched with dilute hydrochloric
acid (10%, 140 mL). The mixture was washed with water and
brine before the organic layers were dried over magnesium sul-
phate and concentrated under reduced pressure. Purification by
reverse-phase column chromatography on RP18 (eluent: aceto-
nitrile) yielded the cis-isomer as a white solid (940 mg,
2.3 mmol, 33%) and the ¢rans isomer as a white solid (600 mg,
1.5 mmol, 21%). (a) Mp = 51-55 °C. "H NMR (400 MHz,
CDCL,): 6 6.71 (s, 1H), 5.83 (d, J = 12.0 Hz, 1H), 5.45 (d, J = 12.0
Hz, 1H), 2.90-1.55 (m, 11H); *C NMR (100 MHz, CDCl,):
5 136.17, 132.78, 131.75, 124.69, 110.56, 110.46, 60.71; "'B {'H}
NMR (400 MHz, CDCl;) —12.32, —15.04. MS (EI, GC-MS):
m/z = 41047 (M'). Elemental analysis: calculated for
CsH14B10BI,S,, C, 23.43; H, 3.44; found: C 23.34; H 3.34. (b) Mp =
145-149 °C. "H NMR (400 MHz, CDCl,): § 6.86 (s, 1H), 6.27 (d,
J = 16.0 Hz 2H), 5.71 (d, J = 16.0 Hz 2H), 3.01-1.61 (m, 11H);
3C NMR (100 MHz, CDCl,): § 136.95, 129.33, 127.11, 124.63,
112.10, 111.86, 59.05; *'B {"H} NMR (400 MHz, CDCl;) —12.64,
—15.20. MS (EI, GC-MS): m/z = 410.42 (M"). Elemental analysis:
calculated for CgH,,4B;(Br,S,, C, 23.43; H, 3.44; found: C 23.36;
H 3.34.
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Polymerisation procedure

A clean, dry microwave vial was charged with 2,5-bis-(tri-
methylstannyl)thiophene (300 mg, 0.73 mmol), 1.0 eq. of
dibrominated monomer, 2 mol% tris(dibenzylideneacetone)
dipalladium (0) and 8 mol% of tri(o-tolyl) phosphine. The vial
was sealed before anhydrous chlorobenzene (1.5 mL) was
added. The resulting solution was degassed with argon for
45 minutes before heating in the microwave reactor: 100 °C for
5 minutes, 140 °C for 5 minutes, 180 °C for 5 minutes and
finally 200 °C for 30 minutes. The mixture was allowed to cool
to room temperature before the crude polymer was precipi-
tated in acidified methanol and further purified by Soxhlet
extractions with methanol (24 hours), acetone (24 hours),
n-hexane (24 hours) chloroform (24 hours) and chlorobenzene
(24 hours). The chlorobenzene solution was stirred with an
aqueous solution of sodium diethyldithiocarbamate (ca. 0.25 g
in 50 mL) for 3 h at 50 °C with vigorous stirring. The organic
phase was separated from the aqueous phase and washed
several times with water. The polymer solution was concen-
trated under reduced pressure and precipitated into methanol.
The resulting precipitate was washed with acetone and dried
under high vacuum for 24 hours.

ortho/cis: Dark-red solid (127 mg, 0.38 mmol, 52%) M,, =
17 kg mol™", M,, = 22 kg mol™, b = 1.3. Elemental analysis:
calculated for C,,H;6B10S,, C, 43.35; H, 4.85; found: C 43.44;
H4.76.

ortho/trans: Dark-red solid (144 mg, 0.42 mmol, 59%) M,, =
15 kg mol™", M,, = 21 kg mol™, b = 1.4. Elemental analysis:
calculated for C,,H;6B10S,, C, 43.35; H, 4.85; found: C 43.24;
H 4.89.

metajcis: Dark-red solid (155 mg, 0.44 mmol, 60%) M, =
18 kg mol™", M,, = 27 kg mol™", b = 1.5. Elemental analysis:
calculated for C,,H;6B10S,, C, 43.35; H, 4.85; found: C 43.54;
H 4.79.

meta/trans: Dark-red solid (98 mg, 0.29 mmol, 40%) M,, =
12 kg mol™", M,, = 19 kg mol™, b = 1.6. Elemental analysis:
calculated for C,,H;6B10S,, C, 43.35; H, 4.85; found: C 43.49;
H 4.92.

parajcis: Dark-red solid (131 mg, 0.39 mmol, 54%) M, =
17 kg mol™", M,, = 20 kg mol™, b = 1.2. Elemental analysis:
calculated for C,4,H;6B10S,, C, 43.35; H, 4.85; found: C 42.51;
H 3.39.

parajtrans: Dark-red solid (65 mg, 0.19 mmol, 27%) M,, =
12 kg mol™", M,, = 20 kg mol™", b = 1.7. Elemental analysis:
calculated for C,,H;6B10S,, C, 43.35; H, 4.85; found: C 43.30;
H4.76.

Transistor fabrication details

All film preparation steps were carried out under inert atmos-
phere. Thin films (ca. 20 nm) of the polymers were spun-cast
from chlorobenzene solutions (5 m mL™") on glass substrates
with lithographically patterned and pentafluorobenzenethiol-
treated Au source/drain electrodes before a thermal annealing
at 160 °C for 10 min. A perfluorinated polymer (CYTOP
CTL-809M from Asahi Glass) was used as gate dielectric and
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applied via spin coating for 60 s at 2000 rpm and cured at
100 °C for 90 min. 50 nm aluminium was evaporated on top of
the dielectric as a gate electrode to complete the device.

Organic photovoltaic device fabrication

A conventional device configuration was employed: ITO/
PEDOT : PSS/polymer : PC,;BM/Ca/Al. The precoated ITO glass
substrates were cleaned by sonicating in water, acetone and
isopropanol successively, followed by drying and oxygen
plasma treatment. A 35 nm layer of PEDOT: PSS was spin-
coated onto the plasma-treated ITO substrate and baked at
150 °C for 20 minutes. The active layer consisting of a 1:2 in
weight ratio blend of polymer and PC,;BM dissolved in 1,2-
dichlorobenzene (DCB) at 10 mg ml™" of polymer was spin-
coated on the PEDOT:PSS layer and then Ca (25 nm)/Al
(100 nm) cathode was finally deposited by thermal evaporation
under high vacuum (10~° mbar) through a shadow mask. The
pixel size, defined by the spatial overlap of the ITO anode and
Ca/Al cathode, was 0.045 cm”. Current density-voltage (J-V)
characteristics were measured using a xenon lamp at AM1.5
solar illumination (Oriel Instruments) calibrated to a silicon
reference cell with a Keithley 2400 source meter, correcting for
spectral mismatch.

Results and discussion
Synthesis

The synthesis of ortho/cis and ortho/trans monomers is shown
in Scheme 1 and follows a Wittig strategy to attach carborane
to the thiophene monomer via a double bond.** The thio-
phene containing phosphonium salt was synthesised by
radical bromination of 3-methyl-2,5-dibromothiophene (1) to
3-bromomethyl-2,5-dibromothiophene (2) in 71% yield, fol-
lowed by reaction with triphenylphosphine to afford the phos-
phonium salt (3) in 68% yield. Subsequent treatment of (3)
with potassium tert-butoxide afforded the ylide which was
reacted directly with 1-formyl-ortho-carborane (5) to afford the
desired product as a mixture of cis (6) and trans (7) isomers in
49% yield. The cis and trans isomers could be readily separated
by column chromatography to afford 6 in 6% yield and 7 in

Br \S/ Br
C—=C.
@ 6
1 2 Br

s (iv)

H
=0
£28 (iii) €528 jil\\
& — < o e
4 5

Scheme 1 Synthesis of ortho/cis and ortho/trans monomers. (i) NBS,
benzoyl peroxide, 71%. (ii) Triphenylphosphine, hexane, 68%. (iii) n-BuLi
then methyl formate, 66%. (iv) Potassium tert-butoxide, THF, 6% (6),
43% (7).
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43% yield (E: Z = 1:7). In order to have sufficient ¢trans isomer
for the subsequent polymerisation, some of the cis product
was quantitatively converted to the ¢rans isomer by irradiation
with UV light (365 nm, 100 W). The overall synthetic scheme
was repeated for meta and para isomers of carborane,
affording the series of monomers investigated in this work
(Fig. 2).

In all cases the cis isomer predominated, although the
cis/trans ratio was much lower in the case of the meta (1.25:1)
and para (1.5:1) substituted carboranes, precluding the need
for UV-induced isomerisation for these isomers. The signifi-
cant differences in product ratio for the three carborane
isomers are likely due to a combination of steric and electronic
effects.

Stille polymerisation with 2,5-bis(trimethylstannyl)thio-
phene was performed under microwave-assisted coupling con-
ditions (Scheme 2).*> The crude polymers were precipitated
into acidified methanol and purified by sequential Soxhlet
extractions in methanol, acetone, n-hexane, chloroform and
chlorobenzene, the latter of which was retained. Palladium
salts were removed by treatment with sodium diethyldithiocar-
bamate and subsequent aqueous extraction.>® The yields of
the isolated soluble fractions were in the range of 40-60% for
all polymers (Table 1) except para/trans, which was substan-
tially lower at 27%, owing to reduced solubility in refluxing
chlorobenzene.

The molecular weights of all six polymers were measured by
GPC in hot (80 °C) chlorobenzene and reported as their poly-
styrene equivalents (Table 1). In all instances a soluble
polymer was obtained, suggesting that the inclusion of the

Br Br Br
SN\ SN\ ST\
Br — B Br
Ot " RS S
cK
\
o2
ortho/ cis meta/ cis para/ cis

Br—_S._Br Br—_S. _Br
paale <
=

C

ortho/ trans meta/ trans

Br—_S._Br
i
&
b,

para/ trans

Fig. 2 Structures of the six monomers investigated in this work. Non-
labelled cage-vertices represent BH units, protons omitted for clarity.

~ (i)
CEC

Scheme 2 Synthesis of ortho/trans polymer. (i) 2,5-bis(trimethylstan-
nyl)thiophene, Pd;(dba)s, P(o-tol)s, pw, 59%.
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Table 1 Polymer molecular weights
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Table 2 Optical properties

Polymer Yield M, “ (kg mol™) M, “ (kg mol™") D,”  Polymer Jmax SOL® (NM) Aoy film? (nm) A0 Ann. film?>© (nm)
ortho/cis 52% 17 22 51 ortho/cis 485 534 529
ortho/trans 59% 15 21 45 ortho/trans 470 533 527
metalcis 60% 18 27 54 metajcis 492 525 519
meta/trans 40% 12 19 36 meta/trans 477 535 524
para/cis 54% 17 20 51 paralcis 494 534 530
paraltrans 27% 12 20 36 para/trans 495 524 518

“Determined by GPC and reported as their polystyrene equivalents.
?Based on M,,.

vinyl carborane pendant group is an effective means of solubil-
ising the polythiophenes. The cis polymers were all substan-
tially more soluble than their trans counterparts, potentially
due to greater pendant group flexibility that results from
reduced p-orbital overlap across the double bond. Although
there was some variance in molecular weights across the
series, the degrees of polymerisation (D,) estimated from GPC
were sufficiently high to enable a meaningful comparison to
both existing materials and to each other.

For all polymers, attempts to assess backbone regioregular-
ity by "H NMR analysis were problematic. Only broad spectra
were obtained, which were ascribed to the propensity for the
polymers to aggregate in solution, as well as the restricted seg-
mental mobility for polymeric materials. From the synthetic
route utilised it was expected that regiorandom polymers
would be synthesised, however previous work has noted that
there can be a slight preference for oxidative insertion of the
palladium catalyst into either the 2 or 5 position, potentially
leading to some regioregularity of the sidechain.?”**

Optical properties

UV-vis absorption spectra of the polymers were recorded in
dilute chlorobenzene solutions and from spin-coated thin
films. In solution, it was observed that both the carborane
isomer and vinyl bond stereochemistry had an influence on
absorption maximum and peak shape (Fig. 3). Optical data is
summarised in Table 2. A number of trends are apparent,
firstly in all instances (cis and trans isomers), polymers con-
taining ortho-carborane exhibit the most blue-shifted Aax, fol-
lowed by the meta isomers, with the para isomers being the

1024
1014
1.00
0.99 4

0984

Normalised Absorbance
Normalised Absorbance

0.97 4

0.95 4

0.0

“Measured in dilute chlorobenzene solution. ? Spin-coated from 5 mg
mL~" chlorobenzene solution. ¢ Annealed at 160 °C.

most red-shifted. Secondly, for the ortho and meta-carboranes,
the trans isomers are consistently more blue-shifted than the
cis isomers. For para-carborane, both cis and trans isomers
have a similar absorption maxima. The trends in solution
seem to track with the electron-withdrawing strength of the
carborane isomer (ortho > meta > para), suggesting that the
electron-withdrawing carborane cage is influencing the HOMO
to a greater extent than the LUMO, such that the band gap is
increased for the most electron-withdrawing isomer. Similarly,
the fact that the trans isomers are more blue-shifted than the
cis isomers would imply that the trans isomers are better able
to conjugate with the backbone, more effectively withdrawing
electron density than the cis isomers. This may be expected for
steric reasons. Additionally, a long wavelength shoulder is
observed in all spectra, the intensity of which decreased with
increasing solution temperature, indicative of some degree of
aggregation, even in dilute solution. No apparent trend was
seen in the degrees of aggregation observed: in the cis poly-
mers the intensity was greatest in ortho > meta > para, with the
reverse true upon switching to the ¢rans isomer. The concen-
trations of all solutions were comparable, confirming that
these observations are a result of polymer structure rather
than simply dilution.

Upon moving to thin film, a red-shift in the absorbance
spectra of all six polymers was observed, implying the presence
of some degree of ordering in the solid state (Fig. 3). In
addition a clear shoulder around 600 nm was observed for all
polymer films. No notable changes were observed following
thermal annealing at 160 °C, implying that the as-cast mor-
phologies were not significantly changed by thermal treatment
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Fig. 3 Peak normalised UV-Vis absorption spectra of the polymers in (a) dilute chlorobenzene solution (b) a close-up of the solution Amax region (c)

as spun cast thin films.
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Table 3 Energetic properties

Polymer HOMO" (eV) LUMO? (eV) Ey“ (eV)
ortho/cis —5.88 —3.92 1.96
ortho/trans —5.89 -3.92 1.97
meta/cis —5.41 —3.44 1.97
meta/trans —5.44 —3.45 1.99
para/cis —5.48 -3.52 1.96
paraltrans —5.24 -3.25 1.99

“Measured as a thin film by PESA (error +0.05 eV). ”Estimated by
subtracting the optical band gap from the measured ionisation
potential. “ Determined from absorption onset in solid state.

and agreeing with observations made by Huang et al. on poly-
thiophenes with bulky pendant groups.'® All polymers exhibi-
ted a comparable A,,ay, suggesting that solid-state organisation
is largely independent of the pendant group regiochemistry.

Energetic properties

Polymeric ionisation potentials were measured by PESA analy-
sis of spin-coated films. In both the cis and trans derivatives,
the ionisation potentials of the ortho-carborane containing
polymers was significantly greater than the meta and para
equivalents (Table 3). This supports observations made in the
UV-Vis analysis, that the ortho-carborane polymers had a larger
electron withdrawing effect on the conjugated backbone. The
trend for meta and para isomers is less clear, with similar
values observed for all isomers except para/trans, which
appears anomalous. This may be due to the difficulties in
forming a homogeneous film of this polymer, which exhibited
the lowest solubility.

The optimised structures of all six polymers were predicted
by DFT calculations, performed using Gaussian09 with the
B3LYP/6-31G* basis set.>® In all cases only regioregular head-
to-tail sidechains were considered, although in reality it is
likely that head-to-head and tail-to-tail linkages were also
present. In the case of head-to-tail linkages, it was apparent
that for all isomers the presence of the vinyl-carborane moiety
induced a slight out-of-plane twist along the polymer back-
bone (Fig. 4 and Fig. S13-S161). However, upon visualisation
of the molecular orbitals (Fig. 5 and ESI S17-5207) it was
observed that this twist did not significantly impair electronic
delocalisation along the thiophene backbone. Additionally, the
models suggest that the out-of-plane displacements are greater
in the cis isomers than their trans counterparts, likely due to
the closer proximity of the carborane cage to the thiophene
backbone in the cis polymers.

Visualisation of the frontier molecular orbitals suggested
that neither the HOMO nor LUMO, despite their homogeneous
distribution along the polymer backbone, significantly
extended onto the pendant carborane groups, although there
is some delocalisation onto the vinylene groups. This is quite
different to results of Zhang and co-workers, who reported
localisation of the LUMO wavefunction on the side chain
rather than the backbone when an electron-withdrawing cyano
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Fig. 4 Energy minimised structures of ortho/cis and ortho/trans poly-
mers. Calculated in Gaussian09 with the B3LYP/6-31G* basis set.
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Fig. 5 Visualised frontier molecular orbitals of ortho/cis and ortho/
trans polymers. Calculated in Gaussian09 with the B3LYP/6-31G*
basis set.

containing pendant groups were incorporated onto the
polymer.”® In the present case the main effect of carborane
seems to be inductive electron withdrawal, corroborating
results on other reported carborane containing conjugated
polymers.>>2°

DFT-predicted HOMO and LUMO values show a similar
trend as those determined experimentally, with the ortho-car-
borane containing polymers exhibiting lower HOMO and
LUMO levels than those containing the meta and para isomers
(Table 4). DFT calculations also predict a difference in frontier
orbital energies between the cis and trans isomers, which we
do not observe experimentally. This may be due to the differ-
ences in regioregularity between the modelled oligomers and

Table 4 DFT-predicted energetic properties

Polymer HOMO (eV) LUMO (eV) Eq (eV)
ortho/cis —5.10 —2.67 2.43
ortho/trans —5.41 —2.65 2.75
metajcis —4.95 —2.50 2.45
meta/trans —5.17 -2.39 2.78
parajcis —4.97 —2.52 2.44
para/trans —5.15 -2.37 2.78

This journal is © The Royal Society of Chemistry 2014
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the actual polymers, in which the sidechains are not expected
to the regioregular.

Physical properties

The solid state morphology of the polymers was investigated
by XRD spectroscopy, analysing drop-cast films both as cast
and following annealing at 160 °C for five minutes (Fig. 6). A
weak and broad first order lamellar (dio0) reflection was
observed in all trans-vinylene polymers, whereas in the cis poly-
mers a comparable reflection was observed only in the pres-
ence of ortho-carborane. Polymer ordering was largely
unchanged following thermal treatment, with the low intensity
reflection peaks indicating a high degree of amorphous char-
acter for all polymers, potentially arising from the twisted
backbone and non-planar pendant groups, as well as the
regiorandom nature of the sidechains. These results are com-
parable to those reported by Zou and co-workers, who
observed high amorphous character when phenothiazine was
employed as a pendant group, suggesting that polymer mor-
phology is sidechain dependent.’”*" In all instances DSC ana-
lysis showed no obvious thermal transitions between 0 °C and
300 °C at a heating rate of 10 °C min~". Taken together with
the UV data these results suggest that although the polymers
have a tendency to aggregate, there is little long range order in
these aggregates. The thermal stability of all six polymers was
good, with 5% mass loss temperatures ranging from 330 °C to
400 °C (see ESI 521-5237).

Charge transport properties

Top gate, bottom contact (TGBC) organic field effect transis-
tors were prepared using pentafluorobenzenethiol treated gold
electrodes and an amorphous fluoropolymer dielectric layer.
For each device the polymer was spun-cast from chlorobenzene
solution before heating at 160 °C to ensure any residual
solvent was evaporated before completion of the device. The
OFET characteristics of all six polymers are summarised in
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— =Para/Trans
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- =S ="
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- - ~—-
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Fig. 6 XRD spectra of polymer films following annealing at 160 °C for
five minutes. Offset for clarity.
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Table 5 Summary of TG,BC OFET characteristics showing saturated
mobility, threshold voltage and on/off ratio

Polymer Hsar (cm> V7 sTh Vr (V) Ion/Iost
ortholcis 9.6 x 107" 66 ~10
ortho/trans 1.3x107* 90 ~10
metalcis 3.7x107* 50 ~10?
metaltrans 5.5x 107> 96 ~10
paralcis 1.4x107* 32 ~10>
para/trans 1.3x107* 37 ~10

Table 5 (see ESI S24-S291 for OFET transfer and output
curves).

In general, the transistor performance of all polymers was
relatively low, with charge carrier mobilities similar to those
exhibited by regiorandom P3HT.** In particular, the poor film-
forming abilities of the trans polymers led to difficulties in
device fabrication, with the devices showing high gate leakage,
which may result in an overestimation of the charge carrier
mobility if not taken into consideration. In all instances, the
device threshold voltages were rather large, and there were
clear issues with charge injection, particularly for the ortho
polymers (see output plots S24-5S257) which we attribute to the
high ionisation potentials of the polymers (Table 3). The
rather low mobilities of all six polymers can be explained by
the largely amorphous film morphology, as well as the non-
planarity of the conjugated backbones reducing n-n stacking
interactions between adjacent chains and impeding the long
range order necessary for charge transport.

Photovoltaic properties

OPV devices were prepared with a conventional device struc-
ture consisting of ITO/PEDOT-PSS/polymer/PCBM/Ca/Al and
tested under simulated AM1.5 illumination. Films were spun
from a 1:2 wt% (polymer : PC,,BM) chlorobenzene solution
and had comparable thickness in all cases. J-V curves of the
polymers are shown in Fig. 7 with the corresponding open-
circuit voltages (Voc), short-circuit currents (Jsc), fill factors
(FF) and power conversion efficiencies (PCE) shown in Table 6.

& 14
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= 34
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Fig. 7 J-V curves of OPV devices with active layer produced from
1:2 wt% polymer : PC70BM blend ratio.
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Table 6 Summary of OPV characteristics

Polymer Voc (V) Jsc (mAem™)  Fill factor ~ PCE” (%)
ortholcis 0.92 2.28 0.30 0.63 (0.59, 5)
ortho/trans 0.82 2.92 0.37 0.88 (0.86, 3)
metajcis 0.85 3.11 0.32 0.86 (0.80, 3)
meta/trans 0.56 4.34 0.42 1.01 (0.95, 4)
parajcis 0.85 5.44 0.44 2.03 (1.90, 4)
paraltrans — — — —

“Highest performing device reported. Average device performance and
sample size shown in parentheses.

Unfortunately no devices could be produced from the para/
trans polymer due to poor solubility, which led to problems
with film formation.

The device performance of all five polymers was relatively
low, mainly due to a combination of low fill factors and photo-
currents, although voltages were respectable. In common with
other largely amorphous donor polymers, relatively high load-
ings of PCBM were required to ensure reasonable perform-
ance, which can be related to the requirement to drive phase
segregation in the film.*> The overall low performance can
probably be related to the low degree of structural order and
low charge carrier mobilities, but nevertheless, differences
between isomers can be observed. Comparing the cis polymer
series, a slightly larger Vo was observed for ortho-carborane
containing polymers, over the meta and para, in agreement
with the trend in ionisation potentials. Although a larger
open-circuit voltage might have been expected for the ortho
polymer simply on the basis of ionisation potentials, the fact
this was not observed is likely due to the far from ideal device
characteristics, with high degrees of charge recombination
likely. Photocurrent and fill factor increased from ortho < meta
< para carborane, such that the para/cis polymer had the best
overall device PCE of 2%. As far as we are aware this is the best
efficiency so far reported for any carborane containing
polymer. In the ¢rans series, the same relative trend is seen as
for the cis, i.e. the ortho polymer has a higher voltage but lower
photocurrent and fill factor when compared to the meta
polymer. Finally, it is also possible to compare between the
ortho and meta substituted polymers for both ¢rans and cis
derivatives. In both cases we observed that the ¢rans polymers
have higher overall efficiency, due to higher fill factors and
photocurrent, but lower voltages. Such improvements could be
related to the reduction in backbone twisting for the trans
isomer versus the cis.

Conclusions

We report the synthesis of a novel series of soluble thiophene
moieties with carborane pendant groups. All three (ortho, meta
and para) isomers of carborane were employed via cis and
trans vinylene linker groups. The novel monomers were incor-
porated into semiconducting polymers whose solution-state
optical properties and crystallinities were shown to be deter-
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mined by pendant group stereochemistries. Analysis of OPV
devices showed that the presence of ortho-carborane led to an
increase in Voc whereas para-carborane enabled Jsc to be
maximised. The highest performing device offered a PCE of
2.03%, despite exhibiting a low fill factor of only 0.41. Further
optimisation of this class of material, for example by the syn-
thesis of regioregular polymers - which might exhibit
improved solid state ordering — may offer an opportunity to
further improve performance.
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