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Abstract

We report the synthesis of the mnovel acceptor, 4,7-di(thiophen-2-yl)-5,6-dicyano-2,1,3-
benzothiadiazole (DTDCNBT) and compare its properties to that of the previously reported 4,7-
di(thiophen-2-yl)-5,6-difluoro-2,1,3-benzothiadiazole (DTDFBT). Co-polymers of both monomers
with the donor monomers indacenodithiophene (IDT) and dithienogermole (DTG) were prepared and
investigated. The DTDCNBT unit was found to be a much stronger electron acceptor than DTDFBT.
The electron affinity of the cyanated polymers was increased by up to ~0.4 eV, resulting in red-shifted
absorptions and reduced optical band gaps. In field effect transistors it was found that replacing the
fluorine substituents of the polymers with cyano groups changed the charge transport from unipolar P-

type to unipolar N-type.
1.0 Introduction

Research into organic field-effect transistors (OFETSs) has accelerated over the past decade due to
their potential to provide low cost, light weight and flexible circuitry.”> Low cost, large area
electronics could be realised by using soluble semiconducting materials in high through-put roll-to-

roll processing techniques.*® Organic semiconductors (OSC) can be readily chemically modified
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allowing properties such as the materials crystallinity, energy levels and optical band gap to be
tuned.” ' Modifying these properties influences charge transport, charge injection etc. which are
critical to device performance. Understanding the relationship between chemical structure, material
properties and device performance allows materials to be designed in order to manipulate their

properties and optimise device characteristics.

N-type and ambipolar OSCs are hugely important for applications such as complementary
logic circuits and organic solar cells. Although dramatic advancements have been made in the
performance of P-type OSCs'' ", N-type materials have generally lagged in terms of mobility,

stability and the variety of structures available.”'

One general issue with N-type materials is the
sensitivity of electron transport to charge trapping in the film, particularly in the presence of oxygen
and/or water. In order to promote stability and charge injection from common electrodes, electron-
transporting materials with low lying LUMO levels are required, with a level below approximately -4

eV having been shown to promote ambient stability.'> " Therefore the development of new strongly

electron accepting co-monomers is important as a method to tune the polymer LUMO level.

4,7-Di(thiophen-2-yl)-2,1,3-benzothiadiazole (DTBT) is very commonly used as the electron
withdrawing unit in donor-acceptor based small molecules and polymers for both OPV and OFET
a&pplications.“g’20 Different derivatives of the 2,1,3-benzothiadiazole unit, such as naphtho[1,2-c:5,6-
c]bis[1,2,5]thiadiazole (NBT)*" *, benzobisthiadiazole (BBT)* > and thiadiazoloquinoxaline (TQ)*"
*! have been synthesised in order to increase the electron deficiency. Polymers containing TQ units
have shown ambipolar charge transport with electron mobilities up to 0.04 cm’V's'> BBT
containing polymers also show high performance ambipolar characteristics with electron mobilities up
to 1.2 cm?V™'s" when co-polymerised with diketopyrrolopyrrole (DPP).” Another method to increase
the electron deficiency of DTBT is to replace the flanking thiophene rings with thiazole units
(DTABT). Polymers containing DTABT were found to have a lower LUMO level and an electron
mobility two orders of magnitude higher than equivalent polymers containing DTBT.** One of the
most widely explored strategies to increase the electron affinity and ionisation potential of DTBT

containing polymers has been to fluorinate the BT acceptor. Although this has been shown to improve
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the performance of photovoltaic donor polymers™”, it has not been shown to promote electron

transport in polymeric systems°

and in some instances reduces p-type mobility compared to the
non-fluorinated analogues.”’ The absence of electron transport is most likely due to the modest

increase in electron affinity upon fluorination.

Herein, we present a simple synthetic approach to obtain the novel acceptor moiety 4,7-
di(thiophen-2-yl)-5,6-dicyano-2,1,3-benzothiadiazole (DTDCNBT) through the nucleophilic aromatic
substitution (SyAr) of the fluorine substituents in 4,7-di(thiophen-2-yl)-5,6-difluoro-2,1,3-
benzothiadiazole (DTDFBT) with cyanide. In order to investigate the potential of this new acceptor in
polymeric systems, we chose to co-polymerise it with two recently reported donor monomers, namely
a tetraalkylated indacenodithiophene (IDT)’’™® and a long chain branched dialkylated
dithienogermole (DTG)** derivative. Both monomers were chosen partly due to the high alkyl chain
density, which we believed would be important in promoting solubility due to the absence of alkyl
sidechains on the DTDCNBT unit. In order to further investigate the influence of the cyano group, we
compare and contrast the properties of the cyanated polymers with those of the polymers containing
the analogous fluorinated benzothiadiazole monomer (DTDFBT). We demonstrate the inclusion of
the DTDCNBT results in an increase in polymeric electron affinity by ~0.4 eV and that substituting
the fluorine substituents with cyano groups results in a switch from P-type to N-type transport in

transistor devices.
2.0 Results and discussion
2.1 Synthesis of monomers and polymers

The synthesis of 5,6-dicyano-2,1,3-benzothiadiazole has previously been reported by the Rosenmund
von Braun cyanation of 5,6-dibromo-2,1,3-benzothiadiazole in moderate yield.43 However the
subsequent electrophilic bromination of such an electron poor heterocycle appeared problematic,
especially given the harsh conditions required to brominate the analogous 5,6-difluoro-2,1,3-
benzothiadiazole™ (refluxing in fuming sulfuric acid) and the reported tendency for 5,6-dicyano-

2,1,3-benzothiadiazole to hydrolyse under acidic conditions.* Therefore encouraged by our recent
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finding that DTDFBT could undergo mild nucleophilic aromatic substitution with alkyl thiols*, we
investigated the direct substitution of fluorine with cyanide on the preformed DTDFBT monomer
(Scheme 1). After some experimentation, we found that treatment of DTDFBT 1 with potassium
cyanide in the presence of 18-crown-6 in refluxing THF afforded the dicyano derivative DTDCNBT 2
in a good yield of 76%. Excess KCN was used to increase the rate of reaction and ensure the complete

substitution of the fluorine substituents with cyano groups.

The subsequent bromination of product 2 required much harsher conditions than the
fluorinated analogue (1). Whilst adding two equivalents of NBS at RT was sufficient to dibrominate
molecule 1, an excess of molecular bromine with heating (50°C) over 2 days was required to
brominate molecule 2 in 66% yield. The reduced reactivity of the 5 and 5’ positions of the cyanated
precursor (2) in comparison to the fluorinated precursor (1) is the result of the stronger electron

withdrawing nature of the cyanated BT unit, reducing electron density at these positions.
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Scheme 1: Synthetic procedure of monomer 3 and polymers P(Ge-DTDCNBT), P(Ge-DTDFBT),

P(IDT-DTDCNBT) and P(IDT-DTDFBT)
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The donor comonomer 4,4’-bis(2-octyldodecyl)-5,5’-bis(trimethyltin)-dithieno[3,2-5:2,3’-d]|germole
(5) was prepared as previously reported.”’ 2,7-Bis(trimethylstannyl)-4,9-dihydro-4,4,9.9-
tetrahexadecyl-s-indaceno[ 1,2-b:5,6-b']-dithiophene (6), was prepared by the addition of 4 equivalents
of LDA to a solution containing 4,9-dihydro-4,4,9,9-tetrahexadecyl-s-indaceno[1,2-b:5,6-b']-
dithiophene™ and 4 equivalents of trimethyltin chloride at 0 °C. The large excess of LDA and
trimethyltin chloride was required to promote good yields of the distannylated monomer, since
separation from the mono-stannylated species was difficult due to the poor stability of the stannyl
species upon attempted chromatography over silica. The acceptor monomer DTDCNBT (3) was co-
polymerised with 4,4’-bis(2-octyldodecyl)-5,5’-bis(trimethyltin)-dithieno[3,2-b:2",3’-d]germole** (5)
and 2,7-bis(trimethylstannyl)-4,9-dihydro-4,4,9,9-tetrahexadecyl-s-indaceno[ 1,2-b:5,6-b']-dithiophene
(6) via Stille coupling under microwave heating to produce the low band gap polymers P(Ge-
DTDCNBT) and P(IDT-DTDCNBT). Microwave-assisted Stille coupling was used as it has
previously been shown to improve polymer properties by increasing molecular weight and lowering
dispersity in comparison to those synthesised using conventional heating.*” The fluorinated analogues,
P(Ge-DTDFBT) and P(IDT-DTDFBT) were synthesised in an analogous manner by the
polymerisation of DTDFBT 4. All four polymers were purified by Soxhlet extraction (methanol,
acetone, hexane, chloroform) to remove low molecular weight oligomers and catalyst residues.
P(IDT-DTDFBT) had a crude molecular weight of 27.7 kDa (P 1.8). In order to obtain a higher
molecular weight fraction for comparison with P(IDT-DTDCNBT) the polymer was washed with a
hexane/chloroform mix (72/28), which forms a constant boiling azeotrope, before it was extracted into
chloroform. The resultant chloroform fraction had a molecular weight of 51.9 kDa, suitable for
comparison with P(IDT-DTDCNBT). The crude polymers were then washed with sodium
diethyldithiocarbamate dihydrate solution to remove possible palladium residues.”® The molecular
weights of all polymers were determined by gel permeation chromatography in chlorobenzene at
80°C, and are shown in Table 1. The molecular weight of P(Ge-DTDCNBT) was somewhat lower
than P(Ge-DTDFBT), although we believe both are sufficiently high to be in the plateau region in

terms of molecular properties, allowing a reasonable comparison of properties.
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2.2 Optical properties

The absorption spectra of P(Ge-DTDFBT) and P(Ge-DTDCNBT) in chlorobenzene solution and thin
film are shown in Figure 1. In solution P(Ge-DTDFBT) had an absorbance maximum at 651 nm
whilst the absorbance of P(Ge-DTDCNBT) peaked at 754 nm, resulting in a red-shift of 103 nm as
the fluorine groups are replaced with cyano groups. P(Ge-DTDFBT) displays a clear shoulder at 698
nm in chlorobenzene solution, which becomes more defined in thin film (see Figure 1b). This
suggests the fluorinated polymer is starting to aggregate in solution and aggregates further in thin
film. In contrast a very broad, featureless absorption spectra is observed for P(Ge-DTDCNBT)
suggesting replacing the fluorine groups for cyano groups reduces polymer aggregation. This
observation is corroborated by an investigation into the conformation of the monomers and polymers
(see section 2.4). DFT calculations predicted a planar conformation for both fluorinated polymers
whilst the cyanated polymers showed significant conformational disorder between the BT and
thiophene units due to steric clash with the larger cyano groups. This is likely to reduce aggregation
between polymer chains. In thin film, P(Ge-DTDFBT) had an absorbance maximum very similar to
solution at 647 nm, whilst the absorbance of P(Ge-DTDCNBT) peaked at 833 nm, giving a large red-
shift of 186 nm between the two polymers. This large red-shift suggests the cyanated polymer is able
to planarise in the solid state. The optical band gaps of P(Ge-DTDFBT) and P(Ge-DTDCNBT),
measured from the absorption onset of the polymers in thin film, were 1.61 and 1.27 eV respectively.
Replacing the fluorine groups on the BT unit for cyano groups therefore lead to a lowering in the

optical band gap of 0.34 eV, due to the increased strength of the cyano-BT acceptor unit.

Table 1: Molecular weights and optical properties of polymers.

Material Mna Mwa b A abs, max, 1M A abs, max, Eg(opt) eVd
(sol)’ nm (film)
P(Ge-DTDCNBT) 20.5 44.4 2.17 754 833 1.27
P(Ge-DTDFBT) 40.0 92.0 2.30 651 (698)° 647 (703)° 1.61
P(IDT-DTDCNBT) 473 81.2 1.72 716 769 1.40
P(IDT-DTDFBT) 519 74.2 1.43 615 650 1.75

“ Molecular weights measured using gel permeation chromatography (against polystyrene standards)
in chlorobenzene at 80°C. ” Determined from solution UV-vis absorption spectroscopy in
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chlorobenzene. © Shoulder peak in absorption. ¢ Determined from the absorption onset of the polymers
in thin film

The absorbance spectra of P(IDT-DTDFBT) and P(IDT-DTDCNBT) in chlorobenzene solution (see
Figure 2) have a maximum absorbance at 615 nm and 716 nm respectively, giving a similar red shift
of 101 nm as the fluorine substituents are replaced with cyano groups. Both polymers red-shifted
upon film formation with absorption maxima at 650 nm and 769 nm for P(IDT-DTDFBT) and P(IDT-
DTDCNBT) respectively (see Figure 2). The optical band gaps of P(IDT-DTDCNBT) and P(IDT-
DTDFBT) were 1.40 and 1.75 eV respectively. The optical band gap of the cyanated IDT polymer is
reduced by 0.35 eV in comparison to the fluorinated IDT polymer — a very similar reduction to that
observed between the cyanated and fluorinated dithienogermole polymers. In both cases we note that
the strength of the optical absorptions in solution are similar for both the fluorinated and cyanated

polymers (see Figure 1a and 2a).

3.5¢10°
1.0

£ 3.0x10* a) b)
§
S 25x10' > %8
:
3 20x10° 2 064
= £
g 3
2 1.5x10" o 044
: :
s 1.0x10" - S 02
s 4

500 —— P(Ge-DTDCNBT) ao] ——P(Ge-DTDCNBT)

o —— P(Ge-DTDFBT) —— P(Ge-DTDFBT)
T ¥ T ¥ T 5 T T ¥ T T T ¥ T
400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure 1: a) Optical absorption spectra of P(Ge-DTDCNBT) and P(Ge-DTDFBT) in chlorobenzene

solution (16.6 mg/dm’) and b) in spun-cast thin film.
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Figure 2: a) Optical absorption spectra of P(IDT-DTDCNBT) and P(IDT-DTDFBT) in

chlorobenzene solution (16.6 mg/dm’) and b) in spun-cast thin film.
2.3 Polymer Electrochemistry

The oxidation and reduction potentials of the polymers were obtained using cyclic voltammetry (CV)
measurements of the spun-cast polymer films on fluorine doped tin oxide (FTO) substrates in
anhydrous, degassed solutions of acetonitrile with tetrabutylammonium hexafluorophosphate (0.1M)
electrolyte. The cyclic voltammograms of the four polymers are shown in Figure 3 (potentials were
measured against an Ag/Ag" reference electrode). The HOMO levels were estimated by the onset of
the first oxidation potential (E,, ... — see Table 2), assuming the ferrocene/ferrocenium reference
redox system is 4.8 eV below the vacuum level®. The ionisation potentials of the polymers in thin
film were also measured using photoelectron spectroscopy in air (PESA)™ (see Table 2). Although
PESA measurements estimated higher ionisation potentials for all the polymers compared to CV*',
very similar trends in the movement of the HOMO level were observed with both techniques. Both
CV and PESA measurements showed that replacing the fluorine substituents in P(Ge-DFDTBT) with
cyano groups leads to an increase in the ionisation potential of approximately 0.1 eV. Both
techniques also showed a smaller increase in the ionisation potential of 0.02-0.03 eV as the fluorine

substituents in P(IDT-DTDFBT) were replaced with cyano groups.

The LUMO of P(Ge-DTDFBT) could not be directly measured by CV, however the reduction

potential of all other polymers was observable. The LUMO levels were also estimated in all cases by
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adding the optical band gap of the polymer to the ionisation potential determined by PESA (see Table
2). Although this does not account for the exciton binding energy it does allow for a relative
comparison between poylmers. In both cases it is clear that the replacement of the fluorine
substituents with cyano groups resulted in a substantial increase in the electron affinity of the
polymer. In the case of the IDT polymers, this was around 0.3 eV by electrochemical measurements
and slightly larger at 0.37 eV using the optical band gap estimation. For the cyanated dithienogermole
polymer the estimated increase in electron affinity was 0.44 eV. Of further note was the fact that the
cyclic voltammograms of both of the cyanated polymers showed clearly reversible reduction peaks in

contrast to the fluorinated IDT polymer (see Figure 3).

Table 2: Electronic properties of polymers

Material HOMO, eV | LUMO, eV | Eg@e) | LP., eV LUMO®, eV
(on, onset V)a (Ered, onset V)a (PESA)b LP. + Eg (opt)
P(Ge-DTDCNBT) 514 (0.82) | 3.7 (-0.55) | 137 1530 403
P(Ge-DTDFBT) 507 (0.75) | - - 2520 3.59
P(IDT-DTDCNBT) -5.34 (1.02) -3.67 (-0.65) | 1.67 -5.44 -4.04
P(IDT-DTDFBT) -5.31(0.99) -3.39 (-0.93) | 1.92 -5.42 -3.67

“ Determined by thin film cyclic voltammetry. ” Determined by photoelectron spectroscopy in air
(PESA) on thin films, error £ 0.05 eV. © Estimated by adding E, (, to the ionization potentials

determined by PESA.
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Figure 3: Cyclic voltammograms of thin films of a) PGeDCNDTBT and PGeDFDTBT b) P(IDT-
DTDCNBT) and P(IDT-DTDFBT) in acetonitrile/ [n—BuyN]PF¢ solutions (0.1M) at a scan rate of

100 mVs™)
2.4 Backbone Conformation

To compare the preferred conformation of the molecules DTDFBT (1) and DTDCNBT (2), potential
energy scans were calculated by systematically changing one of the thiophene-
difluorobenzothiadiazole (T-DFBT) or thiophene-dicyanobenzothiadiazole (T-DCNBT) dihedral bond
angles and allowing the rest of molecule of relax to its energy minimum using density functional
theory (DFT) with a B3LYP level of theory and a basis set of 6-31G(d). The potential energy curves
are shown in Figure 4. In agreement with literature calculations® a near planar trans conformation
(thiophene sulfurs pointing in an opposite direction to the BT sulfur) is predicted as the lowest energy
conformation for the DTDFBT monomer, whilst a cis conformation (thiophene sulfurs pointing in
same direction as BT sulfur) approximately 30° from planarity is the lowest energy conformation for
the DTDCNBT monomer (see Figure 4a). This agrees with single crystal analysis of the DTDCNBT
monomer which shows that the main conformation of DTDCNBT is cis (see Figure 4b). It is
interesting to note that the energy difference between frans and cis conformations is higher for
DTDCNBT (~5 kJ/mol) than for DTDFBT (~2 kJ/mol) however the barrier to rotation is much lower
at ~13 kJ/mol compared to ~20 kJ/mol for DTDFBT. Potentially due to this relatively low barrier to

rotation (~13 kJ/mol) the orientation of the thiophene rings is somewhat disordered in the DTDCNBT
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single crystal. For each thiophene two orientations were identified of ca. 88:12 and 86:14%
occupancy for the S11 and S18-based rings respectively, the major occupancy orientations of each
thiophene ring are shown in Figure 4b. The crystal structure of DTDCNBT shows the molecule to
have adopted a conformation with approximate C, symmetry about an axis that passes through S1 and
bisects the C5—C6 bond, with the dihedral angles between the DCNBT unit and the S11- and S18-
based thiophene rings (ca. 35 and 24° respectively) putting the two sulfurs on opposite sides of the

plane of the DCNBT unit.

The optimised geometry of DTDCNBT was calculated using DFT with B3LYP level of
theory and a basis set of 6-31G(d). Calculations predicted both T-DCNBT dihedral angles to be ca
30° i.e. close to those predicted in the potential energy scan (see Figure S2 for optimised geometries).
However, these calculations are performed on a single molecule in the gas phase which likely

explains the slight discrepancy from the dihedral angles measured in the crystal structure.

The HOMO and LUMO molecular orbital energies, electron density plots and optimised
geometries of all polymers were also calculated using DFT (B3LYP level of theory and a basis set of
6-31G(d)) and are shown in Figure S3 and S4. As predicted with the monomers, the fluorinated
polymers had planar conformations whilst introduction of the larger cyano groups resulted in an
increased dihedral angle between the thiophene and BT units reducing the planarity of the backbone.
Theoretical HOMO and LUMO energy levels, as well as the polymer band gaps were also predicted
using DFT (see Table S1). Experimentally measured HOMO and LUMO levels were found to be
deeper than those predicted using DFT, however DFT calculations predicted similar trends to those
observed experimentally. For both the DTG and IDT based polymers replacing the fluorine
substituents with cyano groups resulted in a large deepening of the calculated LUMO, and a smaller

deepening of the HOMO, and reduced band gaps.

The thermal behaviour of the polymers was also investigated using DSC (differential
scanning calorimetry), cycling between 30 and 300 °C. All of the thermograms were featureless with

no obvious thermal transisitons, except P(IDT-DTDFBT) which showed a small, broad endotherm on
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heating at ~200°C and a small exotherm upon cooling, with an onset of 116°C and peak at ~105°C

(see Figure S13).
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Figure 4: a) Potential energy scan of the T-BT dihedral angle in a DTDCNBT unit (black) and a

DFDTBT unit (red) b) Crystal structure of DTDCNBT.
2.5 OFET devices

The charge carrier mobilities of the polymers were measured in either bottom gate, top contact
(BG/TC) or top gate, bottom contact (TG/BC) devices. In BG/TC devices the Si/SiO, substrates were
treated with octadecyltrichlorosilane (OTS) in order to minimise the concentration of charge traps due
to the presence of hydroxyl groups. In TG/BC devices made with P(Ge-DTDFBT) the Au
source/drain electrodes were treated with pentafluorobenzene thiol (PFBT) to aid hole injection,
however untreated Au was used for devices made with P(Ge-DTDCNBT). CYTOP was used as the
gate dielectric in both cases. For both IDT polymers, the films were annealed at 200°C near the
thermal transition observed in DSC, and for the DTG polymers an annealing temperature of 160°C
was used. The charge carrier mobilities (calculated in saturation) of the polymers measured from these

device configurations are summarised in Table 3.
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TG/BC transistors based on P(Ge-DTDFBT) were found to function as p-channel devices
yielding a peak hole mobility of 6.2 x 107 cm®V™'s™". Replacing the fluorine substituents in P(Ge-
DTDFBT) with cyano groups in P(Ge-DTDCNBT) resulted in a change in the dominant carrier from
holes (p-type) to electrons (n-type), with an electron mobility of 2.8 x 107 cm*V™'s” in the TG/BC
device configuration. In these devices Au source/drain electrodes were left untreated and P(Ge-
DTDCNBT) showed no hole transport when tested under negative gate voltages (see Figure S5).
Treatment of Au electrodes with PFBT had little effect on the electron transport, however it induced
weak ambipolar transport, with hole mobilities an order of magnitude lower at ~10* cm*V™'s™. We
ascribe the emergence of electron conduction in P(Ge-DTDCNBT) to the substantial lowering of the
LUMO in comparison to P(Ge-DTDFBT), which facilitates electron injection. The decrease in hole
mobility may relate to the increase in ionisation potential for P(Ge-DTDCNBT) which increases the

barrier to hole injection.

BG/TC transistors made with the fluorinated IDT polymer P(IDT-DTDFBT) were found to
operate as p-channel devices with a peak hole mobility of 6.1x10? cm*V™'s™. Similarly to the DTG
based polymers, the introduction of the cyano groups to the polymer backbone induced a change in
the type of dominant charge carrier from holes (p-type) to electrons (n-type). For optimised BG/TC
transistors made with P(IDT-DTDCNBT) an electron mobility value of 4.9x10™* cm’V's' was
calculated. Both cyanated polymers showed a reduction in charge mobility in comparison to their
fluorinated analogues, P(Ge-DTDCNBT) had a charge mobility approximately an order of magnitude
lower whilst P(IDT-DTDCNBT) had a charge mobility approximately two orders of magnitude lower.
This reduction in the charge mobility may be due to reduced planarity of the backbone upon
cyanation. This might be more significant in the IDT based polymers than the DTG case because in
the later, the long and branched 2-octyldodecyl chains may already case some backbone disorder by
interacting with the adjacent thiophene monomers. We have observed similar effects in bridged
dithienogermolodithiophene based polymers with 2-octyldodecyl sidechains.”> For full device

characterisation, including threshold voltages and on/off ratios see Table S2.
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Table 3: Field-effect mobilities measured from transistors based on the different polymers in either
BG/TC or TG/BC device configurations.

Polymer Device Electrode treatment, Field-effect carrier mobility
configuration dielectric type (em*V's™
Holes Electrons
P(Ge- TG/BC Au, CYTOP Not observed 2.8x10”
DTDCNBT)
P(Ge-DTDFBT) | TG/BC Au-PFBT, CYTOP 6.2x 107 Not observed
P(IDT- BG/TC Au/Al, Si/Si0,-OTS Not observed 4.9x10™
DTDCNBT)
P(IDT-DTDFBT) | BG/TC Au/Al, Si/Si0,-OTS 6.1x10™ Not observed
a) 10° b) 03
1074
10° 0.2
~, 10°4 E;
10™ 0.14
10"
10 0.0+

Figure 5: Transfer (left) and output (right) characteristics of P(Ge-DCNDTBT), under positive

voltages in the TG/BC device configuration.

In order to examine the difference in mobilities between the polymers further, the morphology of the
spin coated films were investigated using atomic force microscopy (AFM). Films of P(Ge-
DTDCNBT) and P(Ge-DTDFBT) were spun onto glass under the same conditions as for the TG/BC
devices. The topography and phase images of P(Ge-DTDCNBT) and P(Ge-DTDFBT) are shown in
Figure 6. The films of the both polymers look fairly similar with a uniform polymer grain size. Both
films had a very low surface roughness with a route mean square (RMS) roughness of 0.72 nm and
0.92 nm for P(Ge-DTDCNBT) and P(Ge-DTDFBT) respectively. Both polymers have a similar
morphology in thin film, which may be one of the reasons they have a closer performance in OFET

devices than the IDT-based polymers.
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Figure 7 shows the topography and phase images of P(IDT-DTDCNBT) and P(IDT-
DTDFBT), films were spun onto OTS treated Si/SiO, substrates as BG/TC device mobilities are
compared. In this case the surfaces look quite different, large terraces seem to be present in the film of
P(IDT-DTDCNBT) giving a less continuous film than P(IDT-DTDFBT). These observations are
reflected in the surface roughness of the films. The surface of P(IDT-DTDFBT) is fairly smooth with
an RMS of 0.93 nm whilst the surface of P(IDT-DTDCNBT) is approximately three times as rough
with an RMS of 2.94 nm. The less continuous morphology of the P(IDT-DTDCNBT) film and
rougher surface may help to explain the greater reduction in device mobility of POIDT-DTDCNBT) in
comparison to P(IDT-DTDFBT). However, it should be noted that it is the morphology of the bottom
of the film, in contact with the dielectric that is more relevant for charge transport in the BG/TC

device architecture.

150.0 deg

120.0

Figure 6: AFM topography (left) and phase (right) of a) P(Ge-DTDCNBT) and b) P(Ge-DTDFBT)
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Figure 7: AFM topography (left) and phase (right) of a) P(IDT-DTDCNBT) and b) P(IDT-DTDFBT)

3.0 Conclusion

Here we report the synthesis of a new electron accepting monomer, 4,7-di(thiophen-2-yl)-5,6-
dicyano-2,1,3-benzothiadiazole (DTDCNBT) in which cyano groups are incorporated onto the 2,1,3-
benzothiadiazole. The cyano groups can be readily introduced from a fluorinated precursor 4,7-
di(thiophen-2-yl)-5,6-difluro-2,1,3-benzothiadiazole DTDFBT through substitution of the fluorine
substituents under SyAr conditions. Co-polymers of both DTDCNBT and DTDFBT with electron rich
dithienogermole (DTG) and indacenodithiophene (IDT) co-monomers were prepared and
investigated. Replacing the fluorine substituents with cyano groups in both the DTG and IDT based
polymers was found to significantly red-shift the absorbance of the polymers in both solution and
thin-film. Such large red-shifts (up to 186 nm) were a surprising result given the fairly subtle structure
change. In both cases the cyanated polymers showed a small reduction in HOMO energy (<0.1 eV)
and a large reduction in LUMO energy (~0.4 eV) in comparison to the fluorinated analogues,

explaining the large reduction in band gap.

Investigating the charge mobility of the polymers in OFET devices, it was found that
replacing the fluorine substituents of the polymers with cyano groups changed the predominant charge

transport from p-type to n-type. This work demonstrates a facile approach to switching the type of
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charge transport through a relatively subtle change in chemical structure. The large stabilisation of the
LUMO levels, increased electron mobility and reversible reduction processes may also make these

cyanated polymers interesting candidates for acceptor materials in all polymer solar cells.
Experimental

General: All solvents and chemicals, were purchased from Sigma-Aldrich and used without further
purification. 4,7-Bis(thiophen-2-yl)-5,6-difluoro-2,1,3-benzothiadiazole*® and monomer 5* and were
synthesised using literature procedures. P(Ge-DTDFBT) were prepared as reported.”” Microwave
reactions were performed in a Biotage initiator V 2.3. in constant temperature mode. Nuclear
magnetic resonance (NMR) spectra were recorded on Bruker AV-400 (400 MHz) spectrometers in
chloroform-d solutions. Number-average (M,) and weight-average (M,,) molecular weights were
determined with an Agilent Technologies 1200 series GPC detected using the refractive index signal
in chlorobenzene at 80°C using two PL mixed B columns in series, and calibrated against narrow
polydispersity polystyrene standards. UV-Visible absorption spectra were measured using a
Shimadzu UV-1800 UV-Vis Spectrophotometer. 16.6 mg/dm’ polymer solutions in chlorobenzene
were used for solution spectra whilst 5 mg/ml polymer solutions in chlorobenzene were used to spin
coat thin films at 1000 rpm for 60 seconds. Solutions and films were not de-oxygenated for these
measurements. Preparative GPC used a customer build Shimadzu recSEC system comprising a DGU-
20A3 degasser, an LC-20A pump, a CTO-20A column oven, an Agilent PLgel 10 pm MIXED-D
column and a SPD-20A UV detector. Ionisation potentials were measured by Photo-electron
Spectroscopy in Air (PESA) on a Riken Keiki AC-2 PESA spectrometer. Polymer thin films were
prepared by spin-coating from 5 mg/ml polymer solutions in chlorobenzene onto glass substrates. The
PESA samples were run with a light intensity of 5 nW and data processed with a power number of
0.5. Density functional theory using a B3LYP functional and basis set of 6-31G(d)*" was used to
calculate the ground state geometries and electron density plots of monomers and trimer molecules.
All calculations were carried out using Gaussview 5.0.%° Cyclic voltammograms were recorded using
a Metrohm Autolab PGStat101 Potentiostat/Galvanostat. The experimental set-up consisted of an

Ag/Ag" reference electrode, a platinum wire counter electrode and an FTO working electrode, all
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measurements were carried out under argon at room temperature (~25°C). Measurements of the
polymers were done on spun-cast films in anhydrous, degassed solutions of acetonitrile with
tetrabutylammonium hexafluorophosphate (0.1M) electrolyte. Thin films were spin coated onto FTO
on glass substrate from a 5 mg/ml solution. A ferrocene internal standard was used to calibrate the
results. Atomic force microscopy images were obtained with a Picoscan PicoSPM LE scanning
probe in tapping mode under ambient conditions. Thin films of polymers were fabricated identically
to the OFET devices except that the evaporation of the contact electrodes in the BG/TC configuration
was not performed and films were spun directly onto glass for the TG/BC configuration. Preparative
Gel Permeation Chromatography was performed in hexane at 40 °C. The system consists of a
DGU-20A3 degasser, an LC-20A pump, a CTO-20A column oven, an Agilent PLgel 10 pm MIXED-

D column and a SPD-20A UV detector.

OFET device fabrication

Transistor characterization was carried out under nitrogen using a Keithley 4200 parameter analyzer.
All films were prepared and characterized under inert atmosphere. Bottom gate/top contact devices
were fabricated on heavily doped n"-Si (100) wafers with 400 nm-thick thermally grown SiO,. The
Si/SiO, substrates were treated with trichloro(octadecyl)silane (OTS) to form a self-assembled
monolayer. Both polymers (P(IDT-DTDFBT) and P(IDT-DTDCNBT)) were dissolved in
chlorobenzene (5 mg/ ml) and spun cast at 2000 rpm for 60s from hot solution before being annealed
at 200 °C for 10 minutes. Au/Al (30/30 nm) source and drain electrodes were deposited under vacuum
through shadow masks, where the asymmetric bilayer electrodes enables ambipolar injection in a
single device, as previously described.’® The channel width and length of the transistors are 1000 um

and 40 pm, respectively. Mobility was extracted from the slope of Ip'?vs. V.

Top gate/bottom contact devices were fabricated on glass substrates using Au (30 nm) source-drain
electrodes and CYTOP dielectric. Devices made with P(Ge-DTDFBT) used Au electrodes treated
with pentafluorobenzene thiol (PFBT) SAM to increase the work function. The channel width and

length of the transistors are 1000 pm and 30 um, respectively. Both polymers (P(Ge-DTDFBT) and
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P(Ge-DTDCNBT)) were dissolved in chlorobenzene (5 mg/ ml) and spun cast at 2000 rpm from a hot
solution for 60 s before being annealed at 160°C for 30 min. Mobility was extracted from the slope of

12
ID VS. VG.

Synthesis of monomer and polymers
3,6-dicyano-4,7-di(thiophen-2-yl)-2, 1,3-benzothiadiazole (2)

1 (258 mg, 0.768 mmol), KCN (299 mg, 4.61 mmol) and 18-crown-6 (20 mg, 0.077 mmol) were
added to a round bottom flask before being flushed with Argon. Anhydrous THF (20 mL) was added
and the mixture refluxed for 12 h. THF was removed under reduced pressure and the residue
dissolved in DCM (100 mL) and washed with water (2 x 100 mL). The aqueous extracts were treated
with ammonia solution (28 %) to destroy any residual cyanide present. The organic extracts were
dried (MgSQ,), filtered and concentrated under reduced pressure. The crude product was purified by
column chromatography over silica (eluent: DCM/hexane 7:3 (v:/v)) giving an orange powder (210
mg, 0.6 mmol). Yield: 76%; mp 249-250°C. "H NMR (400 MHz, CDCl;) & 8.18 (dd, J=3.8, 1.1 Hz,
2H), 7.79 (dd, J = 5.1, 1.1 Hz, 2H), 7.32 (dd, J = 5.1, 3.8 Hz, 2H). "C NMR (101 MHz, CDCl;) &
153.48, 133.37, 133.17, 132.63, 132.38, 128.03, 116.34, 111.09. Anal. Calcd. for C;sH4Br,N4S;5: C,

54.84%; H, 1.73%; N, 15.99%. Found: C, 54.83%; H, 1.77%; N, 15.91%.
4,7-bis(5-bromothiophen-2-yl)-5,6-dicyano-2, 1,3-benzothiadiazole (3)

To a well stirred solution of 2 (210 mg, 0.599 mmol) in chloroform (100 mL) at 50°C was added
excess bromine (0.18 mL, 3.59 mmol) and the mixture stirred at 50°C in the dark. The reaction was
monitored by "H NMR until completion (~2 days). The reaction mixture was poured into a saturated
solution of sodium sulfite to remove all residual bromine and then extracted with chloroform. Re-
crystallisation from chloroform afforded the product as dark red needles (200 mg, 0.394 mmol).
Yield: 66%; mp 256-257 °C. 'H NMR (400 MHz, CDCl;) 8 'H NMR (400 MHz, CDCl;) & 8.03 (d, J
= 4.2 Hz, 2H), 7.28 (d, J = 4.2 Hz, 2H). "C NMR (101 MHz, TCE, 130°C) & 152.77, 134.65, 132.70,

131.74, 130.73, 120.81, 115.49, 110.60. IR (cm™): 2221.39 (CN). UV/Vis (DCM) A o 473 nm.
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MALDI-MS: m/z = 507.3 (M") Anal. Calcd. for C,H,Br;N,S;: C, 37.81%; H, 0.79%; N, 11.02%.

Found: C, 37.72%; H, 0.78%; N, 10.91%.

2,7-Bis(trimethylstannyl)-4,9-dihydro-4,4,9,9-tetrahexadecyl-s-indaceno[1,2-b:5,6-b '] -dithiophene
(6):

A solution of LDA (5.2 mL of a 2 M solution in THF/heptanes/ethylbenzene, 10.4 mmol) was
added dropwise to a mixture of trimethyltin chloride (10.3 mL of a 1 M solution in THF, 10.3 mmol)
and 4,9—dihydr0—4,4,9,9—tetrahexadecyl—s—indaceno[1,2—b:5,6—b']—dithi0phene38 (3.0 g, 2.58 mmol) in
THF (150 mL) at 0 °C and stirred for 2 h at this temperature. Then the reaction was allowed to warm
to RT and stirred for 16 h at this temperature. H,O (50 mL) was added, and the mixture extracted (3 x
50 mL hexane). The combined organics were dried (MgSO,), filtered and concentrated under reduced
pressure. The residue was purified by preparative GPC (eluent:hexane) to afford a pale green oil (3.2
g, yield: 83%). 'H NMR (CDCls, 400 MHz), § (ppm): '"H NMR (400 MHz, CDCl;) § 7.25 (s, 2H),
6.97 (s, 2H), 2.00 — 1.89 (m, 4H), 1.87 — 1.77 (m, 4H), 1.30 — 1.08 (m, 104H), 0.88 (m, 20H), 0.40 (s,

18H). MALDI-MS: m/z = 1489.6 (M)

Poly[(4,4’-bis(2-octyldodecyl)dithieno[3,2-b:2",3'-d] germole)-2, 6-diyl-alt-4, 7-bis(2-thienyl)-5,6-

biscyano-2,1,3-benzothiadiazole-5,5 -diyl P(Ge-DTDCNBT)

Monomer 5 (320 mg, 0.284 mmol), monomer 3 (144 mg, 0.284 mmol), Pd,(dba); (5.2 mg, 0.006
mmol), P(o-tol); (6.9 mg, 0.023 mmol) and a stirrer bar were added to a 2 ml high pressure
microwave reactor vial. The vial was sealed with a septum and flushed with argon, before degassed
chlorobenzene (1 mL) was added. The whole solution was then degassed for 20 min under argon and
the argon inlet removed. The vial was heated to 100°C for 2 min, 140°C for 2 min, 160°C for 2 min,
180°C for 10 min and 200°C for 25 min. The polymer was cooled to RT and precipitated in methanol
(100 mL), stirred for 30 min and filtered through a soxhlet thimble. The polymer was extracted using
soxhlet apparatus (methanol, acetone, hexane, hexane/chloroform 28:72, chloroform) under argon.
The chloroform fraction was concentrated to ~60 mL in a round bottom flask, a solution of aqueous

sodium diethyldithiocarbamate dihydrate solution (~100 mg in 60 mL) was then added. The round



Page 21 of 26

Journal of Materials Chemistry C

bottom flask was equipped with a reflux condenser and the mixture stirred vigorously at 60°C for 1 h
to allow palladium extraction. The chloroform layer was then separated and washed with water (3 x
100 mL). The solution was then concentrated to ~8 mL, precipitated in methanol (100 mL) and
filtered. This precipitation was repeated to yield the dark green polymer PGeDCNDTBT (190 mg,
yield: 63%) as long fibres. Chloroform fraction: M,;: 20.52 kDa, M,,: 44.42 kDa, M,/M,, (D): 2.16. 'H
NMR (400 MHz, TCE) § 8.38 (m, 3H), 7.51 — 7.42 (m, 3H), 1.71 (m, 4H), 1.47 (m, 4H), 1.40 — 1.24

(m, 62H), 0.96-0.91 (m, 12H).
PADT-DTDCNBT)

Monomer 6 (190 mg, 0.128 mmol), monomer 3 (65 mg, 0.128 mmol), Pd,(dba); (2.3 mg, 0.0026
mmol) and P(o-tol); (3.1 mg, 0.010 mmol) were reacted using the same procedure as P(Ge-
DCNDTBT). The polymer was purified using a Soxhlet extractor (methanol, acetone, hexane,
chloroform). The chloroform fraction was washed with aqueous sodium diethyldithiocarbamate
dihydrate (to remove palladium) then concentrated and precipitated in methanol (100 ml) to yield
P(IDT-DCNDTBT) as a dark green fibres (175 mgs, 90 %). GPC: Chloroform fraction: M,, = 47.3
kDa, M,, = 81.2 kDa, M,/M, (D) = 1.7. '"H NMR (500 MHz, TCE-d,) & 8.45 — 8.35 (m, 2H), 7.50 —
7.32 (m, 6H), 2.13 (m, 4H), 2.04 (m, 4H), 1.37 — 1.25 (m, 104H), 1.13 (m, 4H), 1.06 (m, 4H), 0.98 —

0.93 (m, 12H).
PADT-DTDFBT)

Monomer 6 IDT (168 mg, 0.113 mmol), monomer 3 (56 mg, 0.113 mmol), Pd,(dba); (2.1 mg, 0.0022
mmol) and P(o-tol); (2.8 mg, 0.0090 mmol) were reacted using the same procedure as P(Ge-
DTDCNBT). The polymer was purified using a Soxhlet extractor (methanol, acetone, hexane,
hexane/chloroform 28:72, chloroform). Both the chloroform/hexane and chloroform fractions were
washed with aqueous sodium diethyldithiocarbamate dihydrate (to remove palladium) then
concentrated and precipitated in methanol (100 mL) to yield P(IDT-DTDFBT) as a dark blue fibres
(135 mgs, 80 %). GPC: Chloroform/hexane fraction (72/28) (111 mgs): M, = 25.4 kDa, M,, = 38.0

kDa, My/M, (D) = 1.5, Chloroform fraction (12 mgs): M, = 51.9 kDa, M,, = 74.2 kDa, M,/M, (PDI)
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= 1.4. "H NMR (500 MHz, TCE-d,) 5 8.33 (m, 2H), 7.46 — 7.31 (m, 6H), 2.13 (m, 4H), 2.04 (m, 4H),

1.36 — 1.24 (m, 104H), 1.13 (m, 4H), 1.05 (m, 4H), 0.95 (m, 12H).
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BT T
Increasing electron affinity

The displacement of fluoride by cyanide offers a simple route to strongly electron accepting cyano
substituted benzothiadiazole monomers. Copolymerisation with electron rich donors leads to low
band gap polymers which exhibit electron transporting behaviour.



