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Abstract 

We report on three novel n-type conjugated polymer semiconductors incorporating carborane in the 
polymer backbone and demonstrate their applicability in optoelectronic devices. Comparing the 
optoelectronic properties of para-, meta-, and ortho-carborane isomers revealed similar energetic 
characteristics between the different polymers, with the carborane unit acting as a “conjugation 
breaker”, confining electron delocalisation to the conjugated moieties. The fabrication of all-polymer 
organic photovoltaic (OPV) devices and thin-film transistors (TFTs) revealed some differences in device 
performance between the polymers, with the meta-carborane based polymer exhibiting superior 
performance in both OPV and TFT devices. 
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1. Introduction 

Carboranes are polyhedral clusters made of hydrogen substituted boron and carbon atoms, held 
together by three-centre, two-electron bonds in an unusual σ-conjugated fashion. The icosahedral 
C2B10H12 carborane exists as either the para (p), meta (m), or ortho (o) isomer, with an increasing 
polarity and electron withdrawing nature as the carbon atoms are positioned closer to each other.[1] 
The unique “3D aromaticity” of carboranes typically results in chemical species with high thermal and 
electrochemical durability, lending itself to a wide range of specialised applications, including the 
formation of heat-resistant and flame-retardant materials.[2–5] Such examples include carborane-
containing polysiloxanes, cyanate esters, polyimides, epoxy resin, and others.[6–10] Carborane 
derivatives are also highly relevant for medical applications, particularly for potential cancer 
treatments via boron neutron capture therapy (BNCT) due to their high concentration of 10B.[11–13] 
Furthermore, many aryl-substituted o-carborane species have been developed due to their unusual 
luminescent properties.[14] Over the past decade, the use of carboranes has received increasing 
attention within the scope of functional polymeric frameworks, such as conjugated polymers, 
macrocycles, and metal organic frameworks.[15,16] 

Conjugated polymers comprise a diverse mix of materials, with their semiconducting properties 
utilised in various optoelectronic applications, such as thin-film transistors (TFTs), organic 
photovoltaics (OPVs), and organic light-emitting diodes (OLEDs).[17] Within this context, a range of 
carborane-containing polymers have been demonstrated in literature. Early examples focussed mainly 
on the synthesis and characterisation of carborane containing thiophenes and pyrroles and their 
subsequent electropolymerisation, whilst their optoelectronic applications and properties were rarely 
investigated in detail.[5,18–20] Later years have seen an increase in the interest of conjugated 
polymers incorporating carborane in the polymer backbone, mainly thanks to their intriguing emissive 
properties. In particular, Carter and co-workers have studied the emissive properties of polyfluorene 
with o-carborane incorporated into the backbone.[21] For example, they showed that the emission 
wavelength of the polymer in the solid state was influenced by exposure to vapours of common 
laboratory solvents, enabling it for sensing applications.[22] The strong solvatochromism of the 
polymer was traced to the impact of solvent polarity on the rate of intramolecular charge transfer 
(ICT) between the fluorene and carborane unit upon excitation, and its subsequent radiative or non-
radiative decay.[23] The polymer was also successfully applied as the light-emitting layer in polymer 
light-emitting diodes (PLEDs).[24] Carter and co-workers also demonstrated the synthesis of a 
polyfluorene containing the isomeric p-carborane in the backbone.[25] Whilst this was 
photoluminescent in solution, no solvatochromism was reported. 

Another sub-set of conjugated polymers incorporating carborane into the backbone has been 
explored by Chujo and co-workers, focussing on diphenyl-m/o-carboranes with various aromatic co-
monomers, many of which demonstrated aggregation induced emission (AIE) behaviour.[26–28] The 
AIE behaviour was only observed in the o-carborane materials, with such properties absent in 
corresponding m-carborane or B-substituted polymers.[27,29,30] Importantly, the insertion of 
carborane into polymer backbones has, thus far, been noted not to extend the conjugation between 
conjugated units, although it may have an effect on bandgap energies and absorption spectra through 
other mechanisms, e.g. through its electron-withdrawing nature.[25,29] 

Additional strategies to incorporate carboranes into conjugated polymers have also been 
demonstrated. Several groups have reported monomers containing  annelated o-carborane 
derivatives such as benzocarborane or benzocarboranodithiophene, which could partake in the 
overall extended conjugation of the polymer, albeit  via the fused ring rather than the carborane.[31–
33] Pendant carboranes have also been introduced to polythiophenes and polyfluorene.[34–36] In the 
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case of polythiophene with sidechains consisting of p-, m-, or o-carborane linked via vinylene groups, 
the inductively electron-withdrawing effect of the various carborane isomers had a slight impact on 
frontier molecular orbital (FMO) energy levels.[35] 

Only a handful of examples exist where carborane-containing conjugated polymers have been 
employed in optoelectronic devices. In addition to the aforementioned PLED application of a fluorene 
derived polymer, it was also successfully used in TFTs, with a hole carrier mobility at ≈10-5 cm2V-1s-

1.[24] Polymers incorporating fused o-carborane monomers were also used in TFTs, with the polymer 
pBZTT-DPP demonstrating ambipolar behaviour, with hole and electron carrier mobilities of 1×10-3 
and 1×10-4 cm2V-1s-1 respectively.[31,32] Finally, polythiophenes with pendant carboranes 
demonstrated hole mobilities of ≈10-4 cm2V-1s-1, and were also tested in organic photovoltaic devices 
with PC70BM, achieving power conversion efficiencies (PCEs) of up to 2 %.[35] However to the best of 
our knowledge, the influence of the carborane isomer on the charge transport behaviour and solar 
cell performance has not been investigated for conjugated polymers containing the carborane in the 
mainchain. Motivated by their electron-withdrawing character, we proposed that the incorporation 
of carborane into the backbone of an n-type polymer would offer an interesting opportunity to 
systematically study the isomer influence. 

In this work, we present a series of prototypical n-type conjugated polymer semiconductors 
incorporating carborane directly into the polymer backbone, namely poly{[N,N'-bis(2-
octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-[1,12/7/2-bis(5-thiophen-2-
yl)-para/meta/ortho-carborane]} (pCbT2-NDI, mCbT2-NDI, and oCbT2-NDI, respectively). Polymers 
were prepared by coupling bis(thiophenyl)carborane monomers with a naphthalenediimide (NDI) 
monomer via Stille polymerisation, forming a carborane containing analogue of the well-known 
polymer NDI2OD-T2 (also known as N2200).[37] All resulting polymers demonstrated excellent 
thermal stability. In terms of optical and electronic properties, we found that the polymers were 
relatively similar, with such properties being dependent mainly on the conjugated units. However, in 
their device performance in both TFTs and as OPVs, the nature of the carborane isomer had a strong 
impact on device performance. Whilst functional OPV devices could be fabricated with all polymers, 
devices made with mCbT2-NDI showed the highest performance. Furthermore, the kinked structure 
of oCbT2-NDI prevented the observation of semiconducting behaviour in TFT devices. 
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2. Experimental 

2.1 Synthesis and characterisation 

The synthetic route is outlined in Scheme 1 and described in further detail in the Supplementary 
Information. Details of synthetic, analytical, and characterisation equipment and procedures, and 
theoretical calculations, are also outlined in the Supplementary Information. 

2.2 Device fabrication and measurement 

TFTs were fabricated with a bottom-contact top-gate structure, employing gold source/drain 
electrodes, a Cytop dielectric, and an aluminium gate electrode. Polymers were deposited by spin 
coating from a chlorobenzene solution and annealed for 30 min at 100 °C. Channel lengths and widths 
were 30 µm and 1000 µm respectively. OPVs were fabricated with an inverted structure with the 
configuration glass/ITO/ZnO/active layer/MoO3/Ag. The active layer was deposited by spin coating 
from a 10 mg/mL chlorobenzene solution of PM6 with respective n-type polymer in a 2:1 wt/wt ratio. 
Full fabrication and characterisation details can be found in the Supplementary Information. 
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3. Results and discussion 

3.1 Polymer synthesis and characterisation 

The synthetic route to all target polymers is outlined in Scheme 1. In the first step, dithiophenyl 
carboranes were synthesised, using para, meta, or ortho-carborane as starting material. The para (1) 
and meta (2) compounds were obtained following previously reported synthetic procedures via an 
Ullmann-type reaction.[5,20,38,39] Thus the carboranes were dilithiated by treatment with n-BuLi, 
followed by reaction of the resulting species with 2-iodothiophene in the presence of copper iodide 
in stoichiometric amounts, to afford a mixture of mono- and di-substituted products.[5,20,38,39] 
When attempting this approach with ortho-carborane, only the mono-substituted product was 
obtained. We initially speculated that the reason behind this may be an unfavourable dilithiation of 
adjacent carbon atoms on the o-carborane. To test this hypothesis, we reacted the mono-substituted 
product under the same conditions, which should allow for a second addition on the unsubstituted 
carbon. However, we were only able to recover the unreacted mono-substituted species. This led us 
to conclude that this behaviour is caused by steric limitations, rather than issues with the dilithiation. 

Instead, a Kumada-type reaction was performed, inspired by similar approaches to other diaryl 
species.[40–43]  To the best of our knowledge, this has never before been reported with a thiophene 
compound. Thus ortho-carborane was treated with a slight excess of the lithium chloride salt of iso-
propylmagnesium chloride (i.e. ‘turbo’ Grignard) and the resulting di-magnesium species was reacted 
with 2-bromothiophene in the presence of catalytic nickel(II) chloride, resulting in the formation of 
the target compound (3), albeit in low yield. By increasing the amount of 2-bromothiophene from 2.5 
to 4 eq., the yield was doubled, from 7 to 15 %, which was sufficient for our purposes. We note that 
the reaction of decaborane with a disubstituted alkyne is often a higher yielding approach to 1,2-
diaryl-ortho-carboranes.[5,20] 

With the thiophene substituted carboranes in hand, all materials were stannylated by treatment with 
a slight excess of n-BuLi, followed by trapping of the resulting dianion with trimethyltin chloride. The 
resulting compounds were purified by preparative gel permeation chromatography to avoid issues 
with destannylation known to occur during conventional chromatography of tin compounds.[44] The 
dibrominated NDI unit was prepared following literature procedures.[45]  

Polymerisations were performed under microwave heating using catalytic Pd2(dba)3 in the presence 
of P(o-tol)3.[46] The resulting polymers were purified by Soxhlet extraction with methanol, acetone, 
hexane, and chloroform, in that order. This revealed a difference in solubility between the polymers, 
as the majority of the pCbT2-NDI and mCbT2-NDI dissolved only in the chloroform fraction, whilst 
oCbT2-NDI was extracted with the hexane fraction. This is possibly caused by the higher exposure of 
the carborane units to the solvent environment as a result of the kinked polymer backbone 
conformation of oCbT2-NDI, as discussed in further detail under Section 3.2, although the different 
molecular weights may also play a role. Furthermore, analytical gel-permeation chromatography 
(GPC) performed in chlorobenzene at 80 °C pointed towards a strong correlation between monomer 
shape and molecular weights of the resulting polymers, with number average molecular weights (Mn) 
decreasing from 36 to 18 to 5 kDa, for para, meta, and ortho species respectively (Table 1). The same 
observation can be made from literature, where meta- and para-carborane monomers resulted in 
higher molecular weights than ortho-carborane monomers in the cases of Yamamoto and 
Sonogashira-Hagihara polymerisations respectively.[21,25,26,29] 

Differential scanning calorimetry (DSC) was performed to investigate the thermal properties of the 
polymers, but revealed no features between 25 and 350 °C over three heating cycles, indicating a 
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disordered amorphous packing of the polymers (Figure S1). This conclusion was reinforced by both X-
ray diffraction (XRD) and atomic force microscopy (AFM), which were measured for both pristine and 
annealed films. XRD measurements resulted in featureless broad patterns in all films, with no 
significant difference before and after annealing (Figure S2). Likewise, AFM images show amorphous 
topographies of all films, with no obvious trends in root mean square (RMS) roughness between 
polymers or pristine/annealed films (Figure S3).  

Thermal gravimetric analysis (TGA) was also performed to study the thermal stability of the polymers 
(Figure S4). Scans were run from 50 to 750 °C at 5 °C/min under nitrogen. All polymers exhibited 
excellent thermal stability, with degradation temperatures Td around 450 °C corresponding to a 5 % 
weight loss. Whilst this is very similar to the degradation temperature of NDI2OD-T2 (Figure S4), the 
carborane polymers exhibited a much higher residual mass RW at 700 °C, with values of 45, 49, and 56 
% for pCbT2-NDI, mCbT2-NDI, and oCbT2-NDI respectively, compared to 32 % of NDI2OD-T2. The 
general improvement in Rw upon the inclusion of carborane, whilst Td remains largely unaffected, has 
been observed for many other polymer examples.[8,10,47] 

 

 

Scheme 1. Synthetic route to the polymers featured in this work. 

 

Polymer Mn (kDa) Mw (kDa) Đ Td,5% (°C) Rw,700°C (%) 
pCbT2-NDI 36 53 1.47 450 45 
mCbT2-NDI 18 29 1.59 449 49 
oCbT2-NDI 5 9 1.73 445 56 
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Table 1. Polymer weights by GPC against polystyrene standards, degradation temperatures, and 
residual masses of respective polymer. 

3.2 Optical and electronic properties 

Absorption spectra were measured of each polymer, both in chloroform solution and as thin films, 
and emission spectra were measured in chloroform, as depicted in Figure 1. The spectra of the 
different polymers were largely unaffected by the nature of the carborane isomer, although there was 
a slight shift of the lowest energy peak, with λmax shifting from 493 to 486 to 468 nm for pCbT2-NDI, 
mCbT2-NDI and oCbT2-NDI solutions respectively. The absorption maxima are all significantly blue-
shifted compared to NDI2OD-T2, which exhibits a low energy peak at 620 nm in chloronaphthalene, a 
solvent in which it does not show appreciable aggregation.[48] This suggest that all carborane isomers 
effectively prevent delocalisation between the adjacent T-NDI-T segments. Indeed, the spectra are 
similar to those reported for NDI-TET co-polymers in which conjugation is deliberately impeded by the 
inclusion of a non-conjugated ethane linker.[49]   

Time-dependent density functional theory (TD-DFT) calculations were performed on the B3LYP/6-
31G** level to understand the origin of the absorption around 480 nm. The calculations demonstrate 
that the peak corresponds mainly to HOMO→LUMO and HOMO-1→LUMO+1 transitions, with 
additional HOMO→LUMO+1 and HOMO→LUMO+2 contributions in the case of oCbT2-NDI (Figure S5). 
The λmax of the emission peak follows the opposite trend to absorption, with a red-shift from 567 to 
578 to 586 nm for p-, m-, and o-carborane containing polymers respectively, with an increasing Stokes 
shift of 74, 92, and 118 nm respectively. Thin film absorption spectra were very similar to those 
measured in solution, with a very slight red-shift of the main peak, and a decreasing intensity of the 
peaks around 380 and 365 nm. The absence of a peak shoulder or an additional low-energy peak – 
otherwise typical for ordered conjugated polymers – once again suggests disordered amorphous 
films.[50]  

 

Figure 1. Normalised absorption (solid lines) and emission (dashed lines, λex = 375 nm) spectra of 
respective polymer in chloroform (solution) or spun-cast thin film. 

Bandgap energies were estimated from the thin film λonset of each polymer (Table 2), revealing 
relatively wide bandgaps, at 2.14 eV for pCbT2-NDI and mCbT2-NDI and slightly wider at 2.21 eV for 
oCbT2-NDI. To further investigate the energetic properties of the polymers, DFT calculations were 
performed for trimers of each polymer at the B3LYP/6-311G** level. These calculations resulted in 
similar bandgap energies between all polymers, in agreement with the experimental observation, 
although the absolute band gap values were ≈0.5 eV wider than those estimated from the λonset (Table 
2).  
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To further investigate the energetic properties of the polymers, cyclic voltammetry (CV) was used to 
measure the redox potentials of polymer films. CV was performed with 0.1 M tetrabutylammonium 
hexafluorophosphate electrolyte in acetonitrile, using a Pt counter electrode and Ag/Ag+ reference 
electrode, and films were drop cast directly onto a glassy carbon working electrode. Using ferrocene 
as an internal reference (added at the end of measurements), redox potentials could be detected with 
respect to the ferrocene/ferrocenium redox couple at 4.8 V. All polymers exhibited two reversible 
reduction peaks (Figure S6), with the absence of oxidation peaks within the electroactive window of 
the setup supporting their n-type character. The shape and position of the observed reduction peaks 
are reminiscent of those of other polymeric NDI species reported in literature, suggesting these 
reductions are associated with the NDI unit. [49,51] Electrochemical studies on substituted carboranes 
have reported that reduction occurs at much lower potentials, and that there are significant 
differences between the isomers.[2] As such it appears that reductions are centred on the NDI units. 
The reduction potentials provide a good estimate of the lowest unoccupied molecular orbital (LUMO) 
energy levels and were derived from the first reduction peak onset. Estimated LUMO energies were 
found to be very similar for all polymers, with values around -4.06 eV. We note this is slightly deeper 
than the value for N2200 (usually -3.9 to -4.0 eV[31,51]), or the related NDI-TET polymer in which 
conjugation is inhibited (-3.9 eV[49]), suggesting that the carborane may be exerting an inductively 
withdrawing effect. The experimental values are in  reasonable agreement with DFT calculated values, 
which resulted in a range between -3.71 to -3.98 eV, as detailed in Table 2. 

The DFT optimised structures of trimers, as shown in Figure 2, show the expectedly increasing kinked 
polymer backbone as carborane isomers move from para to meta to ortho. This also results in less 
planar conformations between adjacent NDI moieties. Furthermore, population analysis shows that 
the FMOs are heavily centred around the conjugated T-NDI-T segments, with little or no wavefunction 
concentrated on the carborane units. The highest occupied molecular orbitals (HOMOs) are localised 
more on the thiophenes, and LUMOs are centralised around the NDI units, as is also typical for the 
non-carborane analogue NDI2OD-T2.[52] Overall, this means that the carborane moieties act as 
“conjugation breakers”, with electron delocalisation limited to each π-conjugated T-NDI-T unit, rather 
than being delocalised across the entire polymer backbone. This means that, despite carborane having 
a σ-conjugated system of its own, this does not overlap with the π-conjugated systems of adjacent 
aromatic units. Similar behaviour has been observed for carboranes coupled to aromatic substituents 
and has been seen also for other polymers incorporating various carborane isomers in the polymer 
backbone.[25,29] The limited conjugation may explain the wide bandgap of these polymers, as an 
extended conjugation would have resulted in a narrowing of the band gap. Again, this can be 
compared to the non-carborane, fully conjugated analogue NDI2OD-T2, which has a ≈0.6V narrower 
bandgap, comparing to both calculated and UV-vis derived values.[51,52]  

 

Polymer HOMO (eV) LUMO (eV) Bandgap (eV) 
DFT DFT CV[a] DFT UV-vis[b] 

pCbT2-NDI -6.30 -3.71 -4.05 2.59 2.14 
mCbT2-NDI -6.42 -3.76 -4.06 2.66 2.14 
oCbT2-NDI -6.70 -3.98 -4.06 2.72 2.21 

Table 2. Energy levels and bandgaps of respective polymers as calculated using DFT, or measured 
with CV and UV-vis spectroscopy. [a]Estimated from the reduction potential at the peak onset. 
[b]Estimated from the absorption peak onset. 
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Figure 2. Optimised trimer structure and HOMO and LUMO distribution of the polymers featured in 
this work, as calculated with DFT on the B3LYP/6-311G** level. Alkyl chains have been replaced with 
methyl groups. 

3.3 Transistor and Photovoltaic device performance 

Bottom-contact, top-gate TFTs were fabricated to evaluate the charge transport properties of all three 
polymers. The active layers were deposited by spin-coating followed by thermal annealing at 100 °C 
to remove traces of solvent, prior to deposition of the gate dielectric. Both pCbT2-NDI and mCbT2-NDI 
exhibited typical n-type behaviour, with little hysteresis between the forward and reverse sweeps. 
The transfer and output curves are depicted in Figure 3, and performance indicators are summarised 
in Table 3. Devices made with oCbT2-NDI did not show any semiconducting character (Figure S7). The 
electron saturation mobility (μ) was approximately three times higher for mCbT2-NDI than for pCbT2-
NDI, at 1.22×10-3 cm2V-1s-1, with threshold voltages (Vth) and on/off current ratios (Ion/Ioff) at similar 
levels. 

In comparison to NDI2OD-T2, which typically achieves an electron mobility around 0.1 cm2V-1s-1 in our 
set-up, the inclusion of the carborane clearly has a detrimental effect on overall device 
performance.[53] Because π-conjugation is localised at each individual conjugated T-NDI-T moiety, 
rather than delocalised fully along the polymer backbone (as discussed under Section 3.2), we believe 
that charge transport is predominantly intermolecular, and thereby limiting the charge transport 
mobility. Furthermore, this may be an important contributing factor as to why devices made with 
oCbT2-NDI do not exhibit any semiconducting behaviour, as both the extremely kinked polymer 
backbone and out-of-plane conjugated units may prevent efficient π-π overlap between polymers. 
Consequently, this would prevent any intermolecular charge transport, which would be detrimental 
to the semiconducting properties of any material dependent on such charge transport mechanisms. 
Whilst the overall performance is lower than the fully conjugated NDI2OD-T2, these are nevertheless 
the first examples of electron transporting behaviour in a polymer incorporating carborane directly in 
the main chain, to the best of our knowledge. Furthermore, they compare reasonably in terms of 
charge transport in comparison to other classes of fully amorphous polymers, for example p-type 
poly(aryl)amines which exhibit hole mobilities on the order of 5×10-3 cm2V-1s-1 in TFT devices.[53] 
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Figure 3. Transfer (left) and output (right) curves of spin-coated TFTs employing pCbT2-NDI (top) and 
mCbT2-NDI (bottom) in the semiconductor layer. Channel widths/lengths are 30/1000 µm 
respectively. 

 

Polymer μ (cm2V-1s-1) Vth (V) Ion/Ioff 
pCbT2-NDI 4.2×10-4 7.0 4×103 
mCbT2-NDI 1.22×10-3 10.4 7×103 

Table 3. TFT characteristics of devices employing mCbT2-NDI and pCbT2-NDI in the semiconductor 
layer. 

In addition to TFT devices, each polymer was also employed as the electron accepting material in all-
polymer organic photovoltaic (OPV) devices.[54,55]  We utilised PM6 as the donor material, since that 
had previously been demonstrated as a compatible donor for  bulk heterojunction (BHJ) blends with 
NDI2OD-T2, and likewise has the structurally similar polymer PBDB-T (also known as PCE12).[56–58] 
Thus devices were fabricated using an inverted structure of glass/ITO/ZnO/active layer/MoO3/Ag 
utilising a 2:1 donor:acceptor ratio as optimised for NDI2OD-T2. Gratifyingly, all devices exhibited 
typical photovoltaic behaviour under one equivalent illumination (AM1.5G), as depicted in Figure 4, 
with OPV parameters of the optimised devices summarised in Table 4. Similar to the TFT devices, 
mCbT2-NDI achieved the highest overall performance, with an average PCE of 1.8 %, compared to 1.3 
% for both pCbT2-NDI and oCbT2-NDI, respectively, due to higher short circuit current density (JSC) and 
open circuit voltage (VOC). To confirm the higher Jsc in mCbT2-NDI based devices, we carried out 
external quantum efficiency (EQE) measurements. As depicted in Figure 4, we obtained the highest 
light-to-current conversion in PM6:mCbT2-NDI devices. Regarding device optimisation, solar cells 
were measured either as-cast or after annealing the BHJ layer at 120 °C for 10 min (Figure S8, Table 
S1). However, annealing only had a marginal effect on device performance, reflecting the largely 
unchanged morphology of the polymers upon annealing, as discussed under Section 3.1. 

Curiously, devices employing oCbT2-NDI were fully functional, despite the lack of semiconducting 
behaviour in TFT devices. OPV devices made with oCbT2-NDI also exhibited a higher fill factor (FF) than 
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the other polymers, which is partially related to the charge transport mobility of the blend. We ascribe 
this partly to the different direction of charge transport in the two devices, with TFT probing in-plane 
two-dimensional charge transport, whereas in OPV devices the charge direction is the out-of-plane 
lateral direction. While the overall performance is modest in comparison to N2200, the high thermal 
stability and glass transition of many carborane containing polymers suggest that such polymers may 
be useful additives in ternary OPV devices,[59] and future work will investigate this direction further.

 

Figure 4. J-V plots of optimised photovoltaic devices using each polymer as acceptor material (left), 
and corresponding EQE (right). 

Polymer Voc (V) Jsc (mA cm-2) FF (%) PCE (%) 
pCbT2-NDI 0.95 3.60 0.37 1.3 
mCbT2-NDI 0.99 4.24 0.41 1.8 
oCbT2-NDI 0.80 3.47 0.46 1.3 

Table 4. Photovoltaic parameters of highest performing optimised devices employing each polymer 
as the electron acceptor material in a 2:1 blend with PM6. 
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4. Conclusion 

In summary, we report three new n-type co-polymer semiconductors, incorporating each of the para-
, meta-, and ortho-carborane directly in the polymer backbone, namely pCbT2-NDI, mCbT2-NDI, and 
oCbT2-NDI. Stille polymerisation afforded polymeric materials in all cases, although the ortho-
carborane containing polymer had a noticeably lower molecular weight, possibly due to increased 
steric effects. All three polymers exhibit high thermal stability. Optical and electronic properties were 
largely unaffected by the choice of carborane isomer, as seen through absorption and emission 
measurements, cyclic voltammetry, and DFT calculations. This is explained by the fact that conjugated 
systems are localised on the aromatic (T-NDI-T) segments with the carboranes acting as “conjugation 
breakers”, minimising their impact on the frontier molecular orbitals of the polymers, and preventing 
full electron delocalisation across the polymer backbone but exerting an inductive, electron 
withdrawing effect. Nevertheless, both pCbT2-NDI and mCbT2-NDI showed n-type semiconductor 
behaviour in thin-film transistor devices, with reasonable mobility values of up to 1.22×10-3 cm2V-1s-

1for fully amorphous films. Furthermore, all three polymers could be used as the acceptor material in 
all-polymer organic photovoltaics, with power conversion efficiencies of up to 1.8 %. This is, to the 
best of our knowledge, the first comparison of all three carborane isomers incorporated directly into 
the backbone of conjugated polymers, in the context of their optoelectronic properties and 
applications. These results suggest that the inclusion of such borane clusters can be  useful to tune 
mechanical and semiconducting behaviour in such materials 
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