Systematic tuning of 2,1,3-benzothiadiazole acceptor strength by mono-functionalization with alkylamine, thioalkyl or alkoxy groups in carbazole donor-acceptor polymers
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ABSTRACT:  A simple route to the preparation of alklyamine, thioalkyl and alkoxy mono-functionalized 4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole) based monomers is reported from a common fluorinated precursor.  Copolymerization with a carbazole co-monomer under Suzuki conditions yielded a series of analogous donor-acceptor co-polymers in which the only difference was the nature of the heteroatom (N, O or S) on the benzothiadiazole core. This was shown to have a significant impact on the wavelength and intensity of the intramolecular charge transfer (ICT) absorption peak due to a combination of electronic and steric factors. Substantial differences were also observed in the solar cell performance of blends with PC71BM, with the octylamino substituted polymer exhibiting significantly lower performance than the other two polymers. This polymer also exhibited a reversible change in the optical spectra upon exposure to acid, suggesting potential as a sensing material.  
1. INTRODUCTION
There has been much effort in the development of low band gap conjugated polymers for their interesting optoelectronic properties.  For example, low band gap conjugated polymers have been demonstrated to display promising ambipolar behavior in thin-film transistor devices,1 whereupon either holes or electrons can be transported under appropriate gate biasing.  They have also shown near-IR emission in organic electroluminescent devices (OLEDs)2–4 and have attracted much attention as donor materials in organic photovoltaic (OPV) devices.5 There have been many approaches reported to the development of low bad gap polymers, but one of the most successful has been the donor-acceptor approach, in which an electron-accepting monomer is co-polymerized with an electron-donating monomer.6  The origin of the low band gap is usually explained either via the occurrence of a charge transfer band via a (partial) intramolecular charge transfer (ICT) from the donor to the acceptor, or via frontier molecular orbital theory as a result of hybridization of -orbitals along the backbone.7  The strength of the electron accepting co-monomer therefore has a strong correlation to the optical band gap and polymer energetics, and as such the development of new electron accepting co-monomers continues to attract much interest.8–10 
The ideal acceptor should be straightforward to synthesize, have a readily tuneable electron affinity and convey sufficient solubility to render the resulting co-polymer processable.  In the context of acceptor co-monomers,  2,1,3-benzothiadiazole (BT) meets many of these requirements, and its derivatives have been extensively investigated as co-monomers in the development of low band gap polymers.11  One attractive feature of the BT unit is the opportunity to introduce substituents on the 5 and/or 6 positions to tune its properties.  For example the incorporation of fluorine onto the 5/6 positions has been shown to significantly boost the solar cell efficiency of low band gap polymers containing the BT unit.12–14  This has been related to a combination of the highly electronegative fluorine increasing both the ionization potential and electron affinity of the polymer, which helps to increase the open circuit voltage (Voc) of solar cell blends, as well as promoting aggregation of the polymer via increased inter- and intramolecular interactions.15,16  The incorporation of strongly electron accepting cyano groups results in an even more pronounced increase in electron affinity, such that the polymers become dominant n-type semiconductors.17  The number of cyano groups can be used to tune the electron affinity of the polymer and therefore solar cell performance.18  Similarly fusing additional aromatic units to the BT groups, such as an additional thiadiazole or pyrazine unit can result in a substantial reduction in polymer band gap.19  However in many of these derivatives the lack of a solubilizing alkyl sidechain on the BT group can be an issue such that the resultant polymer exhibits low solubility. 
In order to try and solve this solubility issue, alkyl chains have been incorporated onto the 5,6 positions of  the benzothiadiazole.  However this resulted in significant torsional twisting with the adjacent thienyl groups, and therefore a significant decrease in the effective conjugation length of the polymer.20 Functionalization of the BT unit has also been extensively explored with alkoxy substituents.  The introduction of one-alkoxy group in combination with one fluorine, reduced the negative (from a solar cell perspective) decrease in ionization potential, and high solar cell efficiencies have been reported for co-polymers containing this acceptor.21,22  The incorporation of two octyloxy groups onto the BT unit of the carbazole co-polymer poly(2,7-carbazole-alt-dithienylbenzothiadiazole) (CPDTBT) gave little compromise in efficiency whilst vastly improving the solubility of the polymer.23,24  In our previous work we expanded on this by introducing thioalkyl groups onto the same polymer.  The thioalkyl groups significantly affect the optical properties in comparison with the analogous alkoxy polymer, which we attributed to the larger size of the thioalkyl substituents introducing torsional twisting with the adjacent thienyl group, decreasing backbone planarity and increasing the optical band gap.25  In blend solar cell devices, this polymer gave a very high open circuit voltage (VOC) of over 1 V but a relatively low photocurrent (JSC).  The use of alkoxy groups afforded a more planar backbone but donation of electron density into the BT unit also reduced the ionization potential in comparison to PCDTBT, the non-substituted analogue.26  This resulted in a lower VOC but a much higher JSC, compared to the thioalkyl analogue. Thus, the position, length and type of substituent on the BT core clearly has an important role in the opto-electronic properties of the resulting polymer. Surprisingly however, very little work has been performed with mono-substituted BT acceptors and we can find only one example of a co-polymer containing a BT with a single alkoxy subsitutent.27  To the best of our knowledge, there have been no systematic studies looking at the effect of different mono-functional substituents on the acceptor strength of BT in donor-acceptor polymers before now.. 
 In this study we report the ready synthesis of a series of mono-functionalized BT co-monomers with mono-alkoxy, thioalkyl and alkylamino groups.  All three co-monomers are available in two steps from a common precursor, and the thioalkyl and alkylamino functionalized BT’s are reported for the first time.  In order to probe the properties of these substituents, we co-polymerized all three acceptors with a common carbazole co-monomer to afford donor-acceptor co-polymers.  We report here how the addition of the different heteroatoms substituent affects the optoelectronic properties and relate this to nature of the substituent and the conformation of the polymer using DFT calculations.  Finally we report how all three polymers perform in OPV devices in blends with [6,6]-phenyl C71 butyric acid methyl ester (PCM), demonstrating how the VOC and JSC can be tuned with addition of the various functional groups.
2.  RESULTS AND DISCUSSION
2.1 Synthesis and Characterization of Monomers and Polymers


[bookmark: _Ref457991276]Scheme 1: Synthetic route to monomers BT-NHR, BT-OR and BT-SR.  i) NBS, CHCl3, ii) C8H17OH, THF, KtOBu, iii) C8H17SH, DMF, K2CO3, iv) C8H17NH2, NMP.
Previously we reported that the fluorine substituents of 5,6-difluoro-4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole (dTdFBT) could be substituted by alkylthiol or cyanide nucleophiles via a SNAr type mechanism.17,25  More recently we have shown that the mono-fluorinated BT derivative 5-difluoro-4,7-di(thiophen-2-yl)-2,1,3-benzothiadiazole (dTFBT) is also receptive to nucleophilic substitution with cyanide, despite the reduced electron deficicency compared di-fluorinated analogue.18  Here we build upon that work to demonstrate that the mono-fluorinated BT analogue is also reactive to nucleophilic substitution with alkylthiols, alkylalcohols and alkylamines.  The synthesis of all monomers was possible from a common precursor, 4,7-bis(thiophen-2-yl)-5-fluoro-2,1,3-benzothiadiazole (2), itself prepared via the Negishi coupling of  2-thienylzinc bromine with 4,7-dibromo-5-fluoro-2,1,3-benzothiadiazole (Scheme 1).  Treatment of 2 with octanol in THF in the presence of KOtBu afforded 71% of the substituted BT 4, whereas treatment with octanethiol in DMF in the presence of Na2CO3 gave almost quantitative substitution of the fluoride.  Both materials could be readily brominated with NBS at room temperature in reasonable yield to afford BT-OR and BT-SR. 
A similar reaction was attempted with octylamine, initially in THF, but the reaction was slow under these conditions.  Attempts to increase the rate of reaction using DMF as an aprotic co-solvent at 90 ⁰C, resulted in some byproduct resulting from the substitution with dimethylamine, presumably arrising from the decomposition of DMF.28 Changing to the solvent to DMSO solved this issue, and the octylamino product was isolated in 98% yield.  However, attempted bromination of this monomer proved problematic, with the reaction affording a complex mixture of products under a variety of conditions.  It appeared that undesired oxidation of the amine was a competing process. Therefore an alternative route was developed in which precursor 2 was initally brominated to afford (4,7-bis(5-bromothiophen-2-yl)-5-fluoro-2,1,3-benzothiadiazole) (3).  Reaction of 3 with one equivalent of octylamine in a mixed solvent of toluene and NMP afforded the desired product BT-NHR but in relatively low yield (21%), due to competing substitution of the bromine substituents with octylamine.

[bookmark: _Ref457991325]Scheme 2: Synthesis of P-NHR, P-OR and P-SR by Suzuki polymerization.  
Polymers were prepared by the Suzuki polymerisation of monomers BT-NHR, BT-OR and BT-SR with 9-(9-heptadecanyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester using Pd(PPh3)4 in a mixed solvent of toluene and aqueous sodium carbonate.  The reaction was performed in a sealed tube at 120 °C for 3 days, using a phase transfer agent to help mixing of the two phases.  The polymers were endcapped with bromobenzene and phenylboronic acid before precipitation into methanol. Low weight oligomers were removed by washing with methanol and acetone, and the polymer was extracted in chloroform before washing with sodium diethyldithiocarbamate dihydrate to sequester Pd residues.29  A final re-precipitation afforded P-NHR, P-OR and P-SR in good yields (85-89%) (Scheme 2).  
All polymers had good room temperature solubility in non-chlorinated solvents such as toluene and THF.  The molecular weight of the final polymer was determined by gel-permeation chromatography (GPC) (against polysterene standards) in chlorobenzene at 80 ⁰C.  Both P-OR and P-SR had a comparable molecular weight and dispersity values, whereas crude P-NHR  had a lower molecular weight (Mn) of 15 kg mol-1.  To try to limit molecular weight issues in the subsequent studies, P-NHR was fractionated using preparative GPC to give a higher molecular weight fraction of 19 kg mol-1 (see Table 1).  Since preparative GPC may also remove some very low weight impurities or catalyst residues,30 P-OR and P-SR were also passed through the preparative GPC but not fractionated, to enable a fair comparison.  Note the molecular weight was not changed by this treatment. 
	Polymer
	Mn (kg mol-1)
	Mw (kg mol-1)
	DPn
	DPw
	Ð

	P-SR
	24
	53
	28
	62
	2.25

	P-OR
	28
	49
	34
	59
	1.75

	P-NHR
	19
	36
	23
	43
	1.90



[bookmark: _Ref454833282]Table 1:  Molecular weights and degree of polymerization measured using gel permeation chromatography (against polystyrene standards) in chlorobenzene at 80 °C.
2.2 Absorption Spectra
The absorption spectra of P-NHR, P-OR and P-SR in chloroform solution are shown in Figure 1 and summariszed in Table 2.  All three polymers exhibit the classic ‘dual band’ absorption observed for most donor-acceptor type polymers.8 The two peaks are often explained  to result from a higher energy -* transition located on the donor, and a lower energy peak resulting from a (partial) charge transfer between donor and acceptor co-monomers.7,31  Alternative explanations suggest the peaks originate from hybridisation of the frontier molecular orbitals to afford low- and high-lying energy bands spread over the donor and the acceptor.32  In the current case, the molar absorptivity for all three polymers in solution is shown in Figure 1a, as estimated using the molecular weight of the repeat unit.  Although such an estimation does not account for the fact that the effective conjugation length of the chromophore is longer than the repeat unit, it does allow for a ready comparison between the three polymers.  It is immediately evident that the nature of the substituent has a significant impact on the strength of the low energy absorption around 500 nm.  As discussed above this peak is usually ascribed to an intramolecular charge transfer (ICT) band,33 and this assignment is supported by fact that the photoluminensce emission wavelength varies according to solvent polarity (vide infra).  Accordingly the energy of the ICT transition would be expected to vary according to the strength of the acceptor, with weaker acceptors leading to a higher energy transition (blue shift).  In the current example, all three polymers are blue shifted when compared to the non-substituted analogue, PCDTBT, which has absorbtion maxima at 547 and 392 nm in chloroform.23  P-OR has a small blue shift of 6 nm in the low energy band, whilst P-NHR and P-SR have larger blue shifts of 46 and 43 nm respectively.
With the exception of the thioalkyl polymer, this trend can be qualitatively explained by a consideration of the electron donating/withdrawing effects of the substituent.  Thus an alkylamine is generally considered to be a stronger electron donor than an alkoxy group, as supported by the Hammett parameters for –OMe and -NHMe (p -0.27, -0.7 & m 0.12, -0.21 respectively).34–36  Substitution of the BT with the alkylamine clearly reduces the electron accepting nature of the BT, increasing the energy of the ICT band as well as reducing its intensity.  Interestingly the higher energy band around 390 nm is hardly affected by the nature of the substituent in agreement with the suggestion it is largely associated with the donor.  
However this explanation does not hold for the thioalkyl substituted polymer, since a thioalkyl group is generally considered to be a very weak donor on the basis of its Hammett parameters (-SMe, p 0.0 and m 0.15) and therefore might be expected to give the BT more electron accepting character than either of the other groups.  The fact that this is not observed is in agreement with our previous report on a di-thioalkyl substituted BT containing polymer in which we found that the thioalkyl groups introduced considerable torsional strain along the polymer backbone, reducing backbone delocalisation and weakening the intensity of the ICT transition.  

	Polymer
	λabs,max nm (α, M-1 cm-1),
solution
	λem,max nm, solution
	Δλ nm (eV), solution
	λabs,max nm,
film
	λem,max nm, film
	Δλ nm (eV), film
	Eg(opt), eV
	I.P., eV (PESA)
	HOMO, eV (DFT)

	P-SR
	377 (2.7 x 104), 504 (1.8 x 104)
	682
	178 (0.64)
	384, 534
	707
	173 (0.57)
	1.96
	5.39
	-4.90

	P-OR
	391 (3.2 x 104), 541 (3.3 x 104)
	693
	152 (0.50)
	396, 564
	727
	163 (0.49)
	1.91
	5.29
	-4.67

	P-NHR
	389 (2.9 x 104), 501 (2.0 x 104)
	705
	204 (0.72)
	386, 516
	702
	186 (0.64)
	1.91
	5.29
	-4.73



[bookmark: _Ref458069703][bookmark: _Ref458069698]Table 2: Optical properties of P-NHR, P-OR and P-SR in chloroform solution and as thin films.  aΔλ is the difference between the low energy absorption peak and the emission peak.
Upon film formation, the absorption peaks of all three polymers showed a red shift, with a larger shift observed for the ICT band versus the high energy absorption.  The red shift can be related to enhanced backbone planarity as the polymer enters the solid state, as well as a possible increase in intermolecular ICT transitions.37


[bookmark: _Ref456106900][image: ]
Figure 1: UV-vis absorption spectra of P-NHR, P-OR and P-SR in a) chloroform solution (1.67 x 10-2 g dm-3) and b) normalised  as-spun thin films
To further rationalise the role of the different substitutents on the optical properties of the polymers, density function theory (DFT) calculations were performed to calculate the optimised ground state geometries, electron density plots and frontier molecular orbital energies of all polymers using a B3LYP38 functional and a 6-31G(d) basis set.  In order to simplify calculations, trimers of the carbazole-dTBT repeat unit was used, with methyl groups instead of longer side chains. 
We initially focus our discussion on the planarity of the acceptor co-monomer. The thiophene-benzothiadiazole-thiophene (T-BT-T) unit.  All trimers were initially allowed to relax to their equilibrium geometry starting from either cis (sulfur atom on flanking thiophene groups pointing toward thiadiazole group) or trans (sulfur on thiophene pointing away from thiadiazole group) geometry, and the lowest energy conformations are shown.  In order to visualise the influence of the substituent more readily, only the central T-BT-T of the trimer is shown in Figure 2.  We measured the dihedral angles of the central BT unit of the optimised trimer with the adjacent thiophene on the substituted and non-substituted side.  The bond angles between the thiophene and BT unit on the non-substituted side of the BT unit were 4-6° in all cases.  There was however a noticable difference in planarity between thiophene at the substituted side of the BT unit (Figure 2).  P-OR was almost completely planar with a bond angle of ca. 1° whereas P-NHR and P-SR were more twisted at 39° and 44° respectively.  In addition the lowest energy conformation changes for the later two substituents versus OR, with the thiophene preferentially in the trans-trans conformation for P-OR and trans-cis for P-SR and P-NHR.  The appreciable deviation from planarity and change in conformation suggests that the NH and S groups introduce steric hindrance with the adjacent thiophene.  This is expected to reduce effective conjugation along the polymer backbone, resulting in a wider band gap and blue shifted absorption.  This suggests the that the reduction in the acceptor strength for the aminoalkyl substituted BT is a combination of electronic and steric effects, whereas for the thioalkyl polymer the effect is mainly steric.  As P-OR is almost co-planar, the observed blue shift in comparison to the unsubstituted polymer PCDTBT is likely to be predominantly due to electron donation from the –OR group reducing the strength of the electron accepting BT unit.  Finally we note the the bond angles between the carbazole and thiophene units were similar for all three polymers at 26°-28° (see table S1). 
It is worth noting that the introduction of additional backbone torsion does not always result in a wider band gap. For example it has been shown that introducing additional steric bulk onto the flanking thiophenes rather than the BT unit itself can subtly decrease backbone co-planarity, and result in an increased polymer ionisation potential without a significant change in optical absorption.39,40 In these examples the substitutents (either hexyl or cyclohexyl) were introduced to the 4-position of the flanking thiophene (i.e. pointing away from the BT unit and towards the thiophene of the donor co-monomer).
[image: ]
Figure 2: Side view of the central T-BT-T unit for the trimer for P-NHR, P-OR and P-SR with the T-BT bond angle at the substituted side as calculated by DFT with a B3LYP level of theory and a basis set of 6-31G(d).
The frontier molecular orbitals for the trimer are shown in the supporting information (figure S1).  It can be seen that the highest occupied molecular orbital (HOMO) is effectively delocalised over both the carbazole and the T-BT-T unit of the backbone, whereas the lowest unoccupied molecular orbital is mainly located on the BT and the adjacent thiophenes.  As such the substituent clearly influences the predicted energy level of the HOMO (Table 2).  Notably the HOMO of P-OR is predicted to be higher lying than P-NHR, despite the amino group being a stronger donor than alkoxy.  We again rationalise this on the basis of the increase in torsional twisting that the aminoalkyl group induces in the backbone, which somewhat reduces effective conjugation along the backbone.  The calculated HOMO levels are in reasonable agreement with the measured  ionisation potentials (I.P) (Table 2) of P-NHR, P-OR and P-SR.  Measurements were performed on thin films using photoelectron spectroscopy in air (PESA) with an error of ±0.05 eV.
2.3  Photoluminescence spectra
The photoluminescence spectra (PL) of P-NHR¸ P-OR and P-SR in chloroform solution are shown in Figure 3 and detailed in Table 2.  All three polymers are red emitters with emission maxima at 705, 693 and 682 nm for P-NHR¸ P-OR and P-SR respectively, resulting in a Stokes shift of 0.72 eV for P-NHR, 0.50 eV for P-OR and 0.64 eV for P-SR.  Interestingly the trend in emission wavelength now appears to track with the electron donating ability of the substitutent, with P-NHR exhibiting the longest wavelength emission and P-SR the shortest.  The emission spectra of the three polymers was also measured in toluene and compared to chloroform at the same concentration (figure S2).  All polymers exhibited a blue-shifted emission maxima in toluene; a less polar solvent.  The emission solvatochromism suggests that the excited state has polar character, in agreement with lowest energy absorption and emission having ICT character.
[image: ]
[bookmark: _Ref456166876]Figure 3: Normalized absorbance and photoluminescence of a) P-NHR, b) P-OR and c) P-SR In chloroform solution (1.67 x 10-2 g dm-3).
In order to try to understand the observed trend and to investigate the unusually large Stokes shifts of these polymers, the excited state (ES) and ground state (GS) geometries of the different polymer repeat units were calculated using TD-DFT (ES) and DFT (GS) respectively, with a CAM-B3LYP functional and a basis set of 6-31G(d).  Optimization and frequency calculations were carried out on single polymer repeat units (i.e. donor-acceptor repeat unit) instead of trimers due to computational restrictions.  The GS and ES geometries of the different polymer monomers (donor-acceptor repeat unit) were therefore used as estimates of the polymer ES and GS.  The CAM-B3LYP functional was used as it provides long range corrections allowing more accurate modelling of electron excitations.41  Similar to the trimer calculations of the ground state (GS), methyl-hetero groups were used on the BT unit and 2-propyl groups were used on the carbazole unit instead of the full alkyl chains in order to simplify calculations. The GS and ES geometries of the different monomers are shown in Figure 4.  Note that slight differences in torsional angles are related to the fact that only one repeat unit is calculated, versus a trimer for Figure 2.  One factor that contributes to the Stokes shift is the conformational change that the molecule undergoes between the GS and the ES.  Assuming the conformation of the monomer is reflective for that of the polymer, we would expect that the larger the difference in conformation between the ground and excited state, the larger the Stokes shift associated with emission.  All polymers were more planar in the excited state, suggesting the excited state has quinoidal character, as shown in Figure 4.  The dihedral angles around the carbazole-thiophene bond showed very similar change from ground to excited state for all three polymers, at 12°-15°.  However a large difference in conformation occurs around the thiophene-BT bond when comparing all three polymers (Table 3).  P-OR shows very little change in conformation from ground to excited state whilst P-NHR and P-SR both exhibit a dihedral angle change of over 25°.  This shows agreement with the trend in Stokes shift observed as both P-NHR and P-SR have a larger shift of 0.72 eV and 0.64 eV compared to the lower shift of 0.50 eV for the alkoxy polymer.  
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[bookmark: _Ref458067789]Figure 4: Ground state (GS) and Excited State (ES) optimized geometries for donor-acceptor monomers of P-NHR, P-OR and P-SR.
	Angle (°)
	P-NHR
	P-OR
	P-SR

	
	GS
	ES
	GS-ES
	GS
	ES
	GS-ES
	GS
	ES
	GS-ES

	(C-T)
	31.2
	19.1
	12.1
	31.3
	16.9
	14.4
	31.6
	17.8
	13.9

	(BT-T)
	44.5
	18.7
	25.7
	0.2
	0.6
	-0.3
	49.2
	20.4
	28.8

	


Table 3: T (thiophene)-BT (benzothiadiazole) and C (carbazole)-T (thiophene) dihedral angles (°) in optimized geometries for donor-acceptor monomers of P-NHR, P-OR and P-SR, calculated using DFT for Ground state (GS) and TD-DFT for Excited State (ES).
2.4 OPV performance
Finally the photovoltaic performance of all polymers was investigated in blends with PC71BM.  All polymers were tested in devices with the configuration of glass/ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al.  Blends of P-SR were tested in chlorobenzene with weight ratios of 1:2, 1:3 and 1:4 at various spin speeds upon spin coating, the optimized blend was found to be at 1:3 ratio with a spin speed of 4000 rpm.  These optimized conditions were then used for P-NHR and P-OR.  Figure 5 shows the J-V device curves and external quantum efficiency (EQE) for the best devices made from 10 mg/mL solutions of P-NHR, P-OR and P-SR.  A post anneal at 120 °C was found to have a positive influence on device efficiency for all polymers.  The performance of the devices is summarized in Table 4.  
P-SR exhibited the largest open circuit voltage (Voc) of 0.93 V which was expected from the large ionization potential (~5.4 eV).  P-OR had a lower Voc of 0.87 V, the difference between these values is comparable to the difference between ionization potentials (0.1 V) for the polymer films.  However, P-NHR gave a lower Voc of 0.77 V which was somewhat unexpected as it shares the same ionization potential as P-OR.  The Voc could be reduced due to increased charge recombination or energetic disorder leading to high trap density,42 as well as possible differences in polymer conformation for the pristine and blend devices.43  Jsc was highest for P-OR which is in agreement with its low band gap and high extinction coefficient in the 400-600 nm region (Table 2), compared to P-SR and P-NHR which both exhibited a lower Jsc.  The fill factor was also highest for P-OR, this could be due to the largely planar nature of the polymer leading to more efficient π-interactions, compared to the more twisted P-NHR and P-SR.
b)
a)

[bookmark: _Ref456209414]Figure 5: a) JV curves and b) external quantum efficiency (EQE) for P-NHR (blue), P-OR (red) and P-SR (black).


	Polymer
	Voc (V)
	Jsc (mAcm-2)
	FF (%)
	PCE (%)

	P-SR
	0.93 ±0.01 (0.95)b
	6.34 ±0.08 (-6.41)b
	36.31 ±0.48 (37.00)b
	2.14 ±0.06a (2.20)b

	P-OR
	0.87 ±0.00 (0.87)b
	7.70 ±0.08 (-7.83)b
	43.59 ±0.45 (44.17)b
	2.92 ±0.02a (2.94)b

	P-NHR
	0.77 ±0.02 (0.79)b
	2.95 ±0.05 (-3.00)b
	30.18 ±0.30 (30.61)b
	0.68 ±0.02a (0.71)b


     aAverage device efficiency over five devices.  bBest device efficiency.	
[bookmark: _Ref457922063][bookmark: _Ref457922058]Table 4: Performance parameters of P-NHR, P-OR and P-SR in a device configuration of glass/ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al.
Previous studies have shown that surface protonation of basic groups in the polymer backbone by the  excess polystyrene sulfonic acid (PSS) present in the PEDOT:PSS hole-transporting layer can lead to reduced device performance as a result of interfacial traps and poor charge extraction44,45  To investigate that possibility for P-NHR which contains a basic secondary amine group, we also fabricated inverted devices using a glass/ITO/ZnO/polymer blend /MoO3/Ag structure (figure S3). A modest increase in PCE to 1.1% was observed, mainly as a result of increased photocurrent although the devices still had low FF (0.3) and Voc (0.78 V). To further investigate the possibility of surface protonation, the UV-Vis absorption of polymer solution was measured in the presence of methanesulfonic acid (MsOH) as a proxy for PSS.  Both P-SR and P-OR exhibited no shift in absorption maxima upon the addition of an excess of MsOH (figure 6).  However, P-NHR exhibited a gradual color change from orange to pink (a 10 nm red shift in absorption maxima) upon the addition of 0.5 and 1 eq. of MsOH (figure 6 and S4; polymer concentration kept constant at 1.67 x 10-2 g dm-3).  The red shift is most likely due to (partial) protonation of the secondary amine, which would change the amine from an electron donating to an electron accepting substituent, resulting in a smaller band gap.  We note that the change in absorption was fully reversible upon addition of a base, in this case excess tetra-n-butylammonium fluoride (TBAF), as shown in Figure 6.  We further note that sensitivity of P-NHR to acid and the reversibility of the reaction could be potentially interesting as a sensing mechanism for acidic or basic species.  
[image: ]
Figure 6: Normalized UV-Vis absorption of a) P-NHR with increasing quantities of MsOH and b) P-SR and P-OR with excess MsOH.
4. CONCLUSION
In summary we have reported a systematic study on the mono-functionalization of a 2,1,3-benzothiadiazole based monomer by alkylamine, thioalkyl or alkoxy sidechains.  We developed a simple synthetic procedure to all three monomers from a common fluorinated BT precursor by nucleophilic substitution of the fluorine group.  Donor-acceptor co-polymers of all three co-monomers were prepared by Suzuki polymerization with an electron rich carbazole monomer.  All polymers exhibited the classic dual band absorption associated with donor-acceptor polymers.  The wavelength and intensity of the long wavelength intramolecular charge transfer peak was found to vary significantly depending on the nature of the substituent.  This was ascribed to a combination of electronic and steric factors, with alkylamine and thioalkyl substituents in particular calculated to result in significant torsional twisting of the conjugated backbone.  Solar cell devices were fabricated from blends of all three co-polymers with PC71BM.  The nature of the substituent was found to have a significant impact on solar cell performance, significantly impacting open circuit voltage of the devices.  Finally the optical spectra of novel alkylamino substituted BT co-polymers were found to be reversibly sensitive to presence of acid, suggesting a possible pathway to the development of sensing materials.
3. EXPERIMENTAL
General.  All solvents and chemicals were purchased from either Sigma-Aldrich, VWR, Alfa Aesar or TCI and used as received.  Fluorinated starting material 1 was synthesized, using an existing literature procedure,46 from starting material 5-fluorobenzo-[2,1,3]-thiadiazole, which was purchased from Fluorochem.  The 9-(9-heptadecanyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester co-monomer was purchased from Sigma-Aldrich.  All reactions were carried out under an inert argon atmosphere using standard Schlenk line techniques, with dry solvents, purchased from Sigma-Aldrich.  A Biotage initiator V 2.3., in constant temperature mode, was used for all microwave reactions.  Nuclear magnetic resonance (NMR) spectra were recorded on Bruker AV-400 (400 MHz) spectrometer.  Weight-average (Mw) and Number-average (Mn) 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.  A Shimadzu UV-1800 UV-Vis Spectrophotometer was used to measure UV-Visible absorption.  Preparative GPC was used to fractionate polymers which consisted of a customer build Shimadzu recSEC system comprising a DGU-20A3 degasser, an LC-20A pump, a CTO-20A column oven, an Agilent PLgel 10 μm MIXED-D column and a SPD-20A UV detector.  Photo-electron Spectroscopy in Air (PESA) on a Riken Keiki AC-2 PESA spectrometer was used to measure ionization potentials.  Polymer thin films were prepared by spin-coating from 5 mg/mL polymer solutions 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.  
Organic Photovoltaic Device Fabrication.  The solar cells were prepared on commercial glass slides coated with patterned indium tin oxide (25mm × 25mm patterned ITO glass, sheet resistance of 15 Ω/sq from Kintech, HK) which were cleaned with ultrasonic bath in turns of using detergent solution, deionized water, acetone and isopropanol.  Then, an ~100 nm thick active layer was spin-coated on top of a ~40 nm thick PEDOT:PSS (Clevious P VP AI 4083 from H.C.Starck) layer on the cleaned patterned ITO glass substrate from a chlorobenzene solution (10 mg/mL with respect to the polymer) of polymer:PC71BM with a weight ratio of 1 : 3 at spin speed of 4000 rpm.  Finally, 20 nm of Ca followed by 100 nm of Al was thermally deposited in a vacuum of 1.5 x 10-7 Torr to form the top electrode.  Devices were then annealed for 10 min at 120 ⁰C.  The working area of each cell was 0.10 cm2. Inverted cells with a device architecture of glass/ITO/ZnO/Polymer: PC71BM/MoO3/Ag were fabricated and annealed under identical conditions. The active area was 0.045 cm2. 
DFT and TD-DFT setup.  The HOMO and LUMO molecular orbital energies, electron density plots and optimized geometries of trimer forms of P-NHR, P-OR and P-SR were calculated using DFT (density functional theory) with a basis set of 6-31G(d) and a B3LYP38 level of theory.  Calculations were performed using gaussian 09 software (revision d.01).47  For each structure trans (sulfur on thiophene pointing away from thiadiazole group), cis (sulfur atom on flanking thiophene groups pointing toward thiadiazole group) and cis-trans conformations were allowed to relax to the equilibrium geometry; the lowest energy conformations are shown.  Frequency calculations were performed on the lowest energy conformations to ensure an energy minimum had been reached.  This method was also used to determine the optimised geometries of the ground state (GS) monomers.  TD-DFT calculations, with the CAM-B3LYP level of theory and a basis set of 6-31G(d), were used to predict excited state (ES) geometries of monomers.  CAM-B3LYP uses a long-range corrected function, making it appropriate for modeling electron excitations to higher orbitals.41
Synthesis of monomers and polymers.  (5-Fluoro-4,7-di(thiophen-2-yl)- 2,1,3-benzothiadiazole) (2) modified literature procedure.25   5-Fluoro-4,7-dibromobenzo[c][1,2,5]thiadiazole (1) (0.500 g, 1.603 mmol) and Pd(PPh3)4 (104 mg, 0.090 mmol) were added to a 20 mL high pressure microwave reactor vial, with a stirrer bar.  The vial was then sealed with a septum, degassed and 2-thienylzinc bromide solution in THF (7.04 mL of a 0.5 M solution, 3.527 mmol) was added.  The solution was flushed for 20 min before the reaction was heated for 30 min at 100 °C in a microwave reactor.  The reaction mixture was allowed to cool to room temperature, diluted with THF and passed through a silica plug (10×5×5 cm).  Solvent was removed under reduced pressure, the residue was purified by column chromatography using hexane/THF 4:1 (v:v).  The product was then recrystallized from chloroform to afford 2 as an orange solid (443 mg, 1.39 mmol).  Yield 87%; Mpt. 115°C; 1H NMR (400 MHz, CDCl3) δ 8.25 (d, J = 3.7 Hz, 1H), 8.11 (dd, J = 3.7, 1.2 Hz, 1H), 7.74 (d, J = 12.8 Hz, 1H), 7.56 (dd, J= 5.1, 1.2 Hz, 1H), 7.50 (dd, J = 5.1, 1.2 Hz, 1H), 7.26 – 7.22 (m, 1H), 7.21 (dd, J = 5.1, 3.7 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 158.98 (d, J = 254.0 Hz), 153.56 (d, J = 10.9 Hz), 149.86 (s), 138.07 (s), 132.60 (d, J = 5.4 Hz), 130.23 (d, J = 8.1 Hz), 128.51 (s), 128.25 (s), 128.07 (s), 128.02 (s), 127.36 (s), 126.01 (d, J = 11.3 Hz), 117.08 (d, J = 32.5 Hz), 111.32 (d, J = 15.3 Hz); 19F NMR (377 MHz, CDCl3) δ -108.35 (d, J = 12.8 Hz); MS (EI): m/z = 318 [M+]. 
(4,7-Bis(5-bromothiophen-2-yl)-5-fluoro-2,1,3-benzothiadiazole) (3) modified literature procedure.25  To a solution of 2 (430 mg, 1.350 mmol) in chloroform (200 mL) was added N-bromosuccinimide (NBS) (532 mg, 2.97 mmol) and the reaction stirred in the dark for 16 h.  The reaction mixture was then added to a saturated solution of sodium sulfite to remove all residual bromine and extracted with chloroform.  The organics were combined, dried (MgSO4), filtered, and concentrated under reduced pressure.  The residue was recrystallized from heptane to afford the product (3) as a red solid (307 mg, 0.644 mmol).  Yield 48%; Mpt. 196.5 °C; 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 4.1 Hz, 1H), 7.83 (d, J = 4.1 Hz, 1H), 7.72 (d, J = 12.9 Hz, 1H), 7.25 – 7.18 (m, 2H); 19F NMR (377 MHz, CDCl3) δ -108.03 (d, J = 12.9 Hz); MS (EI): isotopic cluster at m/z = 476 [M+]. 
(4,7-Bis(5-bromothiophen-2-yl)-5-octylamino-2,1,3-benzothiadiazole) (BT-NHR).  To a solution of 3 (307 mg, 0.645 mmol) in anhydrous toluene (4 mL) and anhydrous NMP (1 mL) under argon was added 1-octylamine solution in NMP (2 mL of a 0.323 M solution).  The mixture was stirred at 90 °C for 18 h.  After cooling, the toluene was removed under reduced pressure.  The resulting mixture in NMP was poured into cold water and the product was extracted with DCM.  The DCM was removed under reduced pressure, dissolved in hexane and passed through a silica plug (10×5×5 cm) followed by EtOAc to yield the product.  The product was then recrystalised from heptane to yield BT-NHR as a dark red solid (80 mg, 0.137 mmol); Yield: 21%; Mpt 66-67 °C; 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 4.0 Hz, 1H), 7.46 (s, 1H), 7.17 (dd, J = 5.7, 3.9 Hz, 2H), 7.07 (d, J = 3.7 Hz, 1H), 4.84 (m, 1H), 3.34 (q, J = 6.7 Hz, 2H), 1.66 (p, J = 7.2 Hz, 2H), 1.44 – 1.24 (m, 10H), 0.88 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 156.15, 146.94, 146.81, 140.66, 137.42, 130.84, 130.39, 128.87, 128.03, 126.67, 115.11, 114.87, 113.59, 102.72, 44.36, 31.94, 29.94, 29.42, 29.37, 27.13, 22.82, 14.29; MS (EI): isotopic cluster at m/z = 584 [M+]. 
(4,7-Bis(thiophen-2-yl)-5-octyloxy-2,1,3-benzothiadiazole) (4).  To a solution of 2 (473 mg, 1.49 mmol) and KOtBu (200 mg, 1.78 mmol) in THF (50 mL) under argon was added 1-octanol (1.17 mL, 7.45 mmol).  The mixture was heated at reflux for 3 days.  The resulting mixture was diluted with DCM and washed with water (3 x 100 mL).  The organic phase was dried (MgSO4), filtered and the solvent removed under reduced pressure.  The resulting solid was disolved in hexane and passed through a silica plug (10×5×5 cm) to removed excess octanol, the product was then extracted with EtOAc.  The solvent was removed under reduced pressure yielding 4 as a red solid (430 mg, 1.05 mmol); Yield: 71%; Mpt 69-70 °C; 1H NMR (400 MHz, CDCl3) δ 8.58 (dd, J = 3.8, 1.2 Hz, 1H), 8.10 (dd, J = 3.7, 1.2 Hz, 1H), 7.75 (s, 1H), 7.48-7.46 (m, 2H), 7.25-7.20 (m, 2H), 4.32 (t, J = 6.6 Hz, 2H), 2.08 – 1.95 (m, 2H), 1.45 – 1.23 (m, 10H), 0.94 – 0.86 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 154.91, 154.21, 148.83, 139.04, 134.87, 129.68, 128.06, 127.87, 127.02, 126.56, 125.35, 116.16, 112.12, 71.04, 31.82, 29.57, 29.35, 29.22, 26.15, 24.60, 22.68, 14.14; MS (EI):  m/z = 429 ([M+H]+).
[bookmark: _GoBack](4,7-Bis(5-bromothiophen-2-yl)-5-octyloxy-2,1,3-benzothiadiazole) (BT-OR).  To a solution of 4 (260 mg, 0.606 mmol) in chloroform (5 mL) was added N-bromosuccinimide (NBS) (208 mg, 1.170 mmol) and the reaction stirred in the dark for 18 h.  The reaction mixture was then poured into a saturated solution of sodium sulfite to remove all residual bromine and extracted with chloroform.  The organics were combined, dried (MgSO4), filtered, and concentrated under reduced pressure.  The residue was recrystallized from methanol/toluene 9:1 (v:v) followed by heptane to afford the product (BT-OR) as a red solid (146 mg, 0.249 mmol); Yield: 41 %; Mpt 83.3 °C; 1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 4.1 Hz, 1H), 7.76 (d, J = 4.0 Hz, 1H), 7.59 (s, 1H), 7.15 (dd, J = 4.1, 2.5 Hz, 2H), 4.29 (t, J = 6.6 Hz, 2H), 2.05 – 1.96 (m, 2H), 1.47 – 1.27 (m, 10H), 0.96 – 0.86 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 154.62, 153.45, 140.19, 136.46, 130.73, 129.93, 129.44, 127.58, 124.48, 115.06, 114.84, 114.60, 111.52, 110.00, 71.13, 31.82, 29.46, 29.34, 29.22, 26.13, 22.69, 14.14; MS (EI): isotopic cluster at m/z = 585 ([M+H]+).
(4,7-Bis(thiophen-2-yl)-5-octylthio-2,1,3-benzothiadiazole) (5).  To a suspension of 2 (401 mg, 1.26 mmol) and Na2CO3 (650mg, 6.13 mmol) in DMF (6 mL) under argon was added 1-octanethiol (1.3 mL, 7.50 mmol).  The reaction mixture was stirred at 60 °C overnight, left to cool and added to cold water.  The product was extracted with chloroform, dried (MgSO4), filtered, and solvent was removed under reduced pressure.  The residue was purified by column chromatography using hexane, yielding 5 as a yellow solid (513 mg, 1.15 mmol); Yield: 92 %; Mpt 74 °C; 1H NMR (400 MHz, CDCl3) δ 8.13 (dd, J = 3.7, 1.2 Hz, 1H), 7.94 (s, 1H), 7.58 (dd, J = 5.1, 1.2 Hz, 1H), 7.50 – 7.47 (m, 2H), 7.25 – 7.22 (m, 2H), 3.03 – 2.98 (m, 2H), 1.71 – 1.63 (m, 2H), 1.46 – 1.37 (m, 2H), 1.46 - 1.38 (m, 2H), 1.33 – 1.20 (m, 8H), 0.89 – 0.83 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 155.70, 150.85, 139.37, 138.87, 136.01, 130.44, 128.34, 128.28, 127.65, 127.28, 126.93, 126.34, 124.53, 76.84, 34.28, 31.89, 29.40, 29.26, 29.23, 28.99, 22.76, 14.23; MS (EI): m/z = 445 [M+].
(4,7-Bis(5-bromothiophen-2-yl)-5-octylthio-2,1,3-benzothiadiazole) (BT-SR).  To a solution of 5  (454 mg, 1.02 mmol) in chloroform (15 mL) was added N-bromosuccinimide (NBS) (345 mg, 1.94 mmol) and the reaction stirred in the dark overnight.  The reaction mixture was then poured into a saturated solution of sodium sulfite to remove all residual bromine and extracted with chloroform.  The organics were combined, dried (MgSO4), filtered, and concentrated under reduced pressure.  The residue was recrystallized from hexane to afford the product as a yellow solid (451 mg, 0.749 mmol); Yield: 74 %; Mpt 85 °C; 1H NMR (400 MHz, CDCl3) δ 7.87 (s, 1H), 7.86 (d, J = 4.0 Hz, 1H), 7.36 (d, J = 3.9 Hz, 1H), 7.20 (m, 2H), 3.07 – 3.01 (m, 2H), 1.70 (p, J = 7.4 Hz, 2H), 1.44 (d, J = 7.7 Hz, 2H), 1.29 (d, J = 9.4 Hz, 8H), 0.91 – 0.86 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 155.70, 150.85, 139.37, 138.87, 136.01, 130.44, 128.34, 128.28, 127.65, 127.28, 126.93, 126.34, 124.53, 76.84, 34.28, 31.89, 29.40, 29.26, 29.23, 28.99, 22.76, 14.23; MS (EI): (isotopic cluster at) m/z = 603 ([M+H]+).
Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-5-octylamino-4,7-di(thiophen-2-yl)- 2,1,3-benzothiadiazole)-5,5-diyl] (P-NHR).  BT-NHR (62.8 mg, 0.107 mmol), 9-(9-heptadecanyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester (70.6 mg, 0.107 mmol), Pd(PPh3)4 (3.2 mg, 0.003 mmol) and a stirrer bar were added to a 5 mL high pressure microwave reactor vial.  The vial was then sealed with a septum and flushed with argon, before degassed toluene (1.7 mL), degassed aqueous 1 M Na2CO3 (0.3 mL) and a drop of aliquot 336 was added.  The resulting solution was degassed for 30 min before the reaction was heated to 120 °C for 3 days.  A solution of phenyl boronic acid (3 mg in 0.1 mL toluene, 0.021 mmol) was injected and the reaction stirred for 2 h at 120 °C.  Bromobenzene (7 mg, 0.043 mmol) was then added and the resulting mixture heated for a further 2 h.  The reaction was then cooled to room temperature, precipitated in methanol (60 mL), stirred for 30 min and filtered through a Soxhlet thimble.  The polymer was then extracted (Soxhlet) using methanol, acetone, hexane and chloroform in that order under Argon.  The chloroform fraction was collected and concentrated to ~70 mL, to which a solution of aqueous sodium diethyldithiocarbamate dihydrate solution (~100 mg in 70 mL) was added.  The two layers were stirred vigorously at 60 °C for 60 min, with a condenser attached, to extract the palladium.  The chloroform layer was extracted and washed thoroughly with water (3 x 100 mL).  The organic layer was dried (MgSO4), filtered and concentrated to ~10 mL before being precipitated into methanol (60 mL), stirred for 30 min and filtered.  This precipitation was repeated again to yield P-NHR as a black solid (76 mg, 85%).  The polymer (76 mg) was then fractionated using a preparative GPC running in chlorobenzene to obtain 24 mg of P-NHR with Mn of 19 kDa, 36 Mw of  kDa, Mw/Mn (Ð) = 1.90; 1H NMR (400 MHz, CDCl3) δ 8.20 (br, 1H), 8.12 (br, 2H), 7.90 (br, 1H), 7.74 – 7.51 (m, 6H), 7.39 (br, 1H), 5.07 (br, 1H), 4.68 (br, 1H), 3.46 (s, 2H), 2.39 (br, 2H), 2.23 (s, 2H), 1.75 (br, 2H), 1.42 – 1.05 (m, 34H), 0.87 (d, J = 7.6 Hz, 3H), 0.79 (t, J = 6.7 Hz, 6H); Anal. Calcd. for C53H64N4S3 C 71.87, H 7.78, N 6.76, found: C 71.68, H 7.05, N 6.70.  
Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-5-octyloxy-4,7-di(thiophen-2-yl)- 2,1,3-benzothiadiazole)-5,5-diyl] (P-OR).  BT-OR (142.5 mg, 0.243 mmol), 9-(9-heptadecanyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester (159.8 mg, 0.243 mmol), Pd(PPh3)4 (5.6 mg, 0.005 mmol) and a stirrer bar were added to a 5 mL high pressure microwave reactor vial.  The vial was then sealed with a septum and flushed with argon, before degassed toluene (3 mL), degassed aqueous 1 M Na2CO3 (0.6 mL) and a drop of aliquot 336 was added.  The resulting solution was degassed for 30 min before the reaction was heated to 120 °C for 3 days.  A solution of phenyl boronic acid (6 mg in 0.2 mL toluene, 0.050 mmol) was injected and the reaction stirred for 2 h at 120 °C.  Bromobenzene (15 mg, 0.09 mmol) was then added and the resulting mixture heated for a further 2 h.  The reaction was then cooled to room temperature, precipitated in methanol (100 mL), stirred for 30 min and filtered through a Soxhlet thimble.  The polymer was then extracted (Soxhlet) using methanol, acetone, hexane and chloroform in that order under Argon.  The chloroform fraction was washed with aqueous sodium diethyldithiocarbamate dehydrate as above.  The chloroform layer was extracted and washed thoroughly with water (3 x 100 mL).  The organic layer was dried (MgSO4), filtered and concentrated to ~10 mL before being precipitated into methanol (60 mL), stirred for 30 min and filtered.  This precipitation was repeated again to yield P-OR as a black solid (176 mg, 89 %).  The polymer (150 mg) was then fractionated using a preparative GPC running in chlorobenzene to obtain 50 mg of P-OR with Mn of 28 kDa, Mw of 49 kDa, Mw/Mn (Ð) = 1.75; 1H NMR (400 MHz, CDCl3) δ 8.68 (br, 1H), 8.21 (br, 1H), 8.11 (br, 2H), 7.89 (br, 2H), 7.73 (br, 1H), 7.62 (br, 2H), 7.55 (br, 2H), 4.70 (br, 1H), 4.46 (br, 2H), 2.43 (br, 2H), 2.14 (br, 2H), 2.04 (br, 2H), 1.71 (br, 2H), 1.43 – 1.06 (m, 32H), 0.89 (br, 3H), 0.79 (br, 6H); Anal. Calcd. for C51H63N3S4 C 73.78, H 7.65, N 5.06, found: C 73.69, H 7.48, N 5.12.  
Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-5-octylthio-4,7-di(thiophen-2-yl)- 2,1,3-benzothiadiazole)-5,5-diyl] (P-SR).  BT-SR (202.1 mg, 0.335 mmol), 9-(9-heptadecanyl)-9H-carbazole-2,7-diboronic acid bis(pinacol) ester (220.6 mg, 0.335 mmol), Pd(PPh3)4 (7.8 mg, 0.007 mmol) The vial was then sealed with a septum and flushed with argon, before degassed toluene (3.6 mL), degassed aqueous 1 M Na2CO3 (0.8 mL) and a drop of aliquot 336 was added.  The resulting solution was degassed for 30 min before the reaction was heated to 120 °C for 3 days.  A solution of phenyl boronic acid (8 mg in 0.2 mL toluene, 0.066 mmol was injected and the reaction stirred for 2 h at 120 °C.  Bromobenzene (21 mg, 0.132 mmol) was then added and the resulting mixture heated for a further 2 h.  The reaction was then cooled to room temperature, precipitated in methanol (120 mL), stirred for 30 min and filtered through a Soxhlet thimble.  The polymer was then extracted (Soxhlet) using methanol, acetone, hexane and chloroform in that order under Argon.  The chloroform fraction was washed with aqueous sodium diethyldithiocarbamate dehydrate.  The chloroform layer was extracted and washed thoroughly with water (3 x 100 mL).  The organic layer was dried (MgSO4), filtered and concentrated to ~10 mL before being precipitated into methanol (60 mL), stirred for 30 min and filtered.  This precipitation was repeated again to yield P-SR as a black solid (250 mg, 89 %).  The polymer (100 mg) was then fractionated using a preparative GPC running in chlorobenzene to obtain 90 mg of P-SR with Mn of 24 kDa, Mw of 53 kDa, Mw/Mn (Ð) = 2.25; 1H NMR (400 MHz, CDCl3) δ 8.23 (br, 1H), 8.13 (br, 2H), 8.05 (br, 1H), 7.90 (br, 1H), 7.73 (br, 1H), 7.60 (br, 3H), 7.55 (br, 2H), 4.68 (br, 1H), 3.12 (br, 2H), 2.40 (br, 2H), 2.02 (br, 2H), 1.80 – 1.72 (m, 2H), 1.36 – 1.10 (m, 34H), 0.86 – 0.82 (m, 3H), 0.79 (t, J = 6.5 Hz, 6H); Anal. Calcd. for C53H63N3S4 C 72.38, H 7.50, N 4.97, found: C 72.24, H 7.63, N 5.13.  
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