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The use of conducting ‘plastics’ for bioelectronics applications is generally justified by their soft nature and the potentially high-volume accessibility to ions that can carry information from the biological media, while maintaining also a certain electrical conductivity.1 Highly p-doped poly(3,4-ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS) has predominantly been used so far because this macromolecular bi-component system can fulfil many required attributes.2 The use of PSS as a dopant enables the conducting component PEDOT to be dispersed in water and renders the system electrically more conducting;3 whereas its hydrophilic nature and tendency to swell in water are believed to assist ion transport. However, the field of bioelectronics could greatly benefit from the versatility in chemical design and the multitude of structures that can be realized using organic semiconductors targeted for use in active layers of light-emitting diodes, transistors, solar cells, etc.4 Many of these materials present a different scenario to that of PEDOT:PSS as they usually tend to be processed from organic solvents and are of a rather hydrophobic nature.5 Their electrical conductivity, moreover, is typically orders of magnitude lower compared to PEDOT:PSS as they usually are used in an undoped state.6 Moreover not much insight is available on their capability to conduct ions, all posing a challenge to expand the library of materials used in bioelectronics beyond the omnipresent PEDOT:PSS. In order to create opportunities from this challenge, we here establish molecular design rules for using ‘plastic’ semiconductors in bioelectronics applications and to elucidate relevant effects on this class of materials' ability to transport ions and electrons/holes in aqueous environments (among other functions). More specifically, we provide insights in certain important molecular structure/property interrelations obtained on a series of polythiophene-based random copolymers featuring a certain fraction of monomer units comprising side chains with a small polar group and, thus, allowing systematic control of important properties such as polarity, water wettability and ionic transport, as we show here.
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Figure 1. Top: Chemical structures of 1:P3HT (poly(3-hexylthiophene) and 2-5:random copolymers studied here. 1-4 are poly(3-hexylthiophene)-co-(3-(6-hydroxyhexyl)thiophene)s comprising 10%, 20% and 50% functionalised monomers (2:P3HT(C6OH)10%, 3:P3HT(C6OH)20%, 4:P3HT(C6OH)50%), and 5 is a poly(3-hexylthiophene)-co-(3-(11-hydroxyundecyl) thiophene) (5:P3HT(C11OH)50%) featuring 50% monomers with a C11OH-side chain. Centre: UV-vis absorption spectra of 1-5. Bottom: Water contact angle of films of 1-5.

We selected as initial model series the homopolymer poly(3-hexylthiophene) (P3HT; 1) and corresponding random co-polymers featuring an increasing fraction of monomers with side chains functionalized with OH-moieties (2-4;  Figure 1:top). All materials are semicrystalline with clearly distinguishable melting temperatures (see Figure S1). The functionalization seemed not to significantly affect the short- and long-range molecular order in resulting thin-film structures, however, it led to an increasing hydrophilicity of these systems. Indeed, films prepared with 1-4 displayed very similar absorption spectra (Figure 1:centre) with little difference in the intensity of the 0-0 transition (around 600–625 nm) – an indication for similar molecular aggregation on local length scales.7,8 Grazing-angle wide-angle X-ray scattering (GIWAXS) measurements did not reveal considerable differences between the copolymers either, suggesting that also the longer-range order in the different systems is comparable, although the  (100)-, (200)- and (300)- features of the copolymers were broader compared to the ones found for the homopolymer (Figure 2). 
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Figure 2. Two-dimensional GIWAXS patterns of 2:P3HT(C6OH)10%, (a), 3:P3HT(C6OH)20%, (b) and for comparison the P3HT homopolymer (c). Integrations along the out-of-plane, ~qz, direction are also shown (d).
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Figure 3. Top: Schematic of the set-up used to measure time-resolved electroactivity (doping/de-doping) of 1-5 in a water electrolyte. Centre/Bottom: Absorbance change during consecutive application of 0.75 V, 0 V and -0.75 V for 28 s each, measured for 1-4 (centre), and 4-5 (bottom).

In contrast to the structural order of thin-film structures of 1-4, the contact angle of water was notably affected by the functionalization. We found it to be systematically reduced, from ~103º for 1 to below 85º for 4 (Figure 1:bottom). In order to assess whether this increased hydrophilicity in the copolymers leads to higher compatibility with water electrolytes and, thus, enhanced inter-diffusion of biological media, including ions, through these materials, we tested their electroactivity. When a material is electroactive, it transduces ionic to electronic signals in a redox process that takes place within the bulk. This process requires ions to be transported within the active material (here 1-4), providing an indication of ionic transport. This can be followed by the electrochemical doping/dedoping of the material, as observed, e.g. from a change in absorption spectra. Accordingly, we measured the absorption spectra of 1-4 when a bias was applied; a schematic of the measuring setup is shown in Figure 3:top. A bias of 0.75 V was selected based on cyclic voltammetry data, which indicated that 1-4 oxidized at this voltage in a common electrolyte. Full details are described in the SI. 

It is evident from the data presented in Figure 3:centre that the increasing density of OH-groups in 1-4 had a clear influence on the materials' electroactivity (as observed by the change in the extent and rate of oxidation when a positive bias was applied), the reversibility of the redox process, as well as the stability of 2-4 over time compared to 1. 

We discuss here first the extent of the oxidation (doping) when applying a positive bias during an initial period of 28 s. The oxidation is becoming systematically more pronounced with increased functionalization, which indicates a larger ion uptake. This is evidenced by a reduction in absorbance at 550 nm from 100 % at t0s to 93%, 83% and 62% of its initial value at t28s for, respectively, 2, 3 and 4; no change was observed for 1 (see SI).

An estimation of the time before reaching 80% of the maximum extent of oxidation, was used to illustrate the drastic acceleration of oxidation with increasing functionalization: from ~16 s for 2 and 3 to only ~3 s for 4, leading to a step-like response of 4 to the applied bias and suggesting faster transport of ionic species when introducing more OH-moieties.

Another beneficial feature of the copolymer with the highest OH-group density is that the oxidation was found to be highly reversible. When we stopped applying a positive bias after 28 s, leaving the systems at 0 V for an additional period of 28 s, the initial absorbance was promptly recovered for 4 (Figure 3:centre). In contrast, 2 and 3 showed signs of over-oxidation not reaching the initial properties even after 28 s at 0 V. 

Finally, multiple bias runs were performed to assess the stability of the different films over time, applying in each run consecutively 0.75 V, 0 V and -0.75 V for 28 s, leading to runs of 84 s. Thereby, the stability of each material was estimated from the increase in absorbance between run 1 and run 10 due to lower oxidation of the materials after multiple cycling. The absorbance after the first bias step (application of positive bias) was compared for this purpose. Again, the copolymer with highest density of OH-groups performed best. The absorbance of 4 only increased by 5 % during cycling, although 2 and 3 showed a relatively good stability as well, with a change of absorbance by a relatively modest ~7-8% (Figure S5). It is important to note, though, that the relative decrease in the extent of oxidation is rather significant: 75 % and 41 % for 2 and 3, respectively, while it is only 8 % for 4 (see SI; Figure S6). This more sensitive measure is relevant especially for applications such as sensors where a limited stability of the material will contribute to an increasing noise level, which can lead to poor signal-to-noise ratios (SNR) and an unreliable sensing. 

Another chemical design question that arises is whether the OH-moiety-to-backbone distance can be used to manipulate ion uptake and flow. We therefore compared two random copolymers, both comprising 50% monomers with OH-moieties at their side chains, but featuring different side chain lengths at these functionalized units: i.e. we compared copolymers comprising 50% of (6-hydroxyhexyl)thiophene units (4) vs. materials featuring 50% of (11-hydroxyundecyl)thiophene-monomers (5; Figure 1:top).

Two observations can immediately be made: (i) Films of 5 display at ~602 nm a somewhat more pronounced 0-0 vibronic state transition in absorption (Figure 1:centre), indicating a slightly more aggregated/short-range ordered system compared to the shorter side-chain counterpart 4. (ii) The change in absorbance during application of a positive bias is smaller for 5 compared to 4, suggesting that the extent of oxidation is somewhat reduced in 5 (Figure 3:bottom). This implies that a smaller fraction of thiophenes are oxidized in 5; i.e. a fraction of thiophenes seems to become inaccessible in this material. Various reasons can lead to this behaviour. The somewhat more pronounced aggregation might hinder ions to reach the polymer backbone. Alternatively, change in side-chain length of the functionalized monomers may lead to micelle formation where more OH-capped alkyl chains are exposed on the outside of the micelles and the thiophene-backbone are pointed to the inside of them, rendering the thiophene units inaccessible to the ions. The exposure of polar groups in such a supramolecular arrangement would explain why the contact angle measured on thin films of 5 is smaller than that of 4 (Figure 1:bottom). Both scenarios fit with the third observation that the oxidation rate of 4 and 5 is comparable (around 2.7 to 3 s to reach 80% of the maximum extent of oxidation) and the hypothesis that the accessible thiophene moieties in 5 that are not part of aggregates and/or micelles will oxidize at the same rate as those in 4. Moreover, we cannot exclude that the increase in length of the functionalized side chain, leads to smaller intra-chain OH-moiety/backbone interactions, which also would affect the overall response of the material. 
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Figure 4. Time-resolved absorption spectra of 4 (top) and PEDOT:PSS (bottom) recorded during application of a bias (+0.75 V for 4; -0.75 V for PEDOT:PSS) for 1, 3, 9 and 27 s. The original spectra (t = 0 s) is also shown.

In summary, we have demonstrated that OH-functionalization via co-polymerization provides new means to rationally design materials for bioelectronics applications. Copolymers comprising a higher fraction of OH-moieties promote ion flow and accordingly oxidize more rapidly, while the extent of ion uptake and, hence, the extent of oxidation can be manipulated by both the amount of OH-functionalization as well as the distance the polar group is set apart from the conjugated backbone; that is the side chain length. The homopolymer P3HT did not display any response. Interesting for future device design, our copolymers displayed a similarly fast response as PEDOT:PSS but requires application of a positive bias, while PEDOT:PSS is run at a negative bias (Figure 4). The reason for this behaviour is that PEDOT:PSS is degenerately p-doped and a negative bias is required. This leads to dedoping of the PEDOT and, hence, and increase in its absorbance9. In contrast, copolymers 2-5 are intrinsic in their pristine state and require electrochemical doping via application of a positive bias.  Having the means to tune the ion uptake and flow in materials based on the broad class of organic semiconductors designed for light-emitting diodes, solar cells and thin-film transistor applications,4,12 may open up new avenues towards devices such as electrochemical transistors10 including those that can operate in accumulation mode,11 rather than depletion mode as is the case for PEDOT:PSS devices. Clearly, other areas may benefit from such materials’ design criteria, including organic thermoelectrics, or the organic supercapacitor and battery fields.

Supporting Information 
Supporting Information is available online from the Wiley Online Library or from the author.

Acknowledgements
This research was supported by an EPSRC Impact Acceleration Award, an Imperial College Global Engagement Grant as well as the FP7-PEOPLE-2013-IRSES network under grant agreement PIRSES-GA-2013-612538 (PolyMed). NS is in addition grateful for support by a European Research Council ERC Starting Independent Research Fellowship under the grant agreement No. 279587. Parts of this work were performed in collaboration with  Ruipeng Li and Detlef-M. Smilgies at the Cornell High Energy Synchrotron Source (CHESS) which is supported by the National Science Foundation and the National Institutes of Health/National Institute of General Medical Sciences under NSF award DMR-1332208.
Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

 [1]	J. Rivnay, R. M. Owens, G. G. Malliaras,. Chem. Mater. 2014, 26, 679.
[2]	D. Khodagholy, T. Doublet, M. Gurfinkel, P. Quilichini, E. Ismailova, P. Leleux, T. Herve, S. Sanaur, C. Bernard, G. G. Malliaras, Adv. Mater. 2011, 23, 268.
[3]	L. Groenendaal, G. Zotti, P.-H. Aubert, S. M. Waybright, J. R. Reynolds, Adv. Mater. 2003, 15 (11), 855.
[4]	A. Facchetti, Chem. Mater. 2011, 23 (3), 733.
[5]	G. Scarpa, A.-L. Idzko, S. Götz, S. Thalhammer, Macromol. Biosci. 2010, 10 (4), 378.
[6]	R. Noriega, J. Rivnay, K. Vandewal, F. P. V. Koch, N. Stingelin, P. Smith, M. F. Toney, A. Salleo, Nat. Mater. 2013, 12 (11), 1038.
[7]	J. Clark, J.-F. Chang, F. C. Spano, R. H. Friend, C. Silva, Appl. Phys. Lett. 2009, 94:163306.
[8]	O. G. Reid, J. A.  Nekuda Malik, G. Latini, S. Dayal, N. Kopidakis, C.Silva, N. Stingelin, G. Rumbles, J. Polym. Sci. Pt. B-Polym. Phys. 2012, 50, 27.
[9]	D. A. Bernards, G. G. Malliaras, Adv. Funct. Mater. 2007, 17, 3538.
[10]	D. Khodagholy, J. Rivnay, M. Sessolo, M. Gurfinkel, P. Leleux, L. H. Jimison, E. Stavrinidou, T. Herve, S. Sanaur, R. M. Owens, G. G. Malliaras, Nat. Commun. 2013, 4, 2133.
[11]	S. Inal, J. Rivnay, P. Leleux, M. Ferro, M. Ramuz, J. C Brendel, M. M. Schmidt, M. Thelakkat, G. G. Malliaras, . Adv. Mater. 2014, 26 (44), 7450.
[12]	X. Zhao,  X. Zhan, Chem. Soc. Rev., 2011, 40, 3728.



The table of contents 


We establish chemical design criteria for materials for bioelectronics applications using a series of copolymer derivatives based on poly(3-hexylthiophene). Directed chemical design via side-chain functionalization with polar groups allows manipulating ion transport and ion-to-electron transduction. Insights gained will permit increased use of the plethora of materials employed in the organic electronics area for application in the bioelectronics field. 

Keyword (see list)

Celia M. Pacheco-Moreno, Guillaume Wantz, Philippe Bourgun, Molly M. Stevens, Olivier J. Dautel*, Natalie Stingelin* 

The importance of materials design to make ions flow: towards novel materials platforms for bioelectronics applications 



[image: ]





((Supporting Information can be included here using this template))

Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2013.

Supporting Information 

for Adv. Mater., DOI: 10.1002/adma.((please add manuscript number)) 


The importance of materials design to make ions flow: towards novel materials platforms for bioelectronics applications 

Celia M. Pacheco-Moreno, Guillaume Wantz, Philippe Bourgun, Molly M. Stevens, Olivier J. Dautel*, Natalie Stingelin* 


Materials: Poly(3-hexylthiophene) (1: P3HT) was purchased from Merck (mass-average molecular weight Mw = 54200 g/mol, dispersity Ð = 2.29, regioregularity RR = 94.2 %; stock SAP No EE99202) and used as received. PEDOT:PSS (Clevios PH 1000) was used in a formulation including a crosslinker as described elsewhere.1 The co-polymers 2 – 5, i.e. P3HT(C6OH)10% (Mw = 60000 g/mol, Ð = 1.45), 3: P3HT(C6OH)20% (Mw = 37000 g/mol, Ð = 1.30), 4: P3HT(C6OH)50% (Mw = 63000 g/mol, Ð = 1.82) and poly(3- hexylthiophene)-co-(3-(11-hydroxyundecyl)thiophene) of 1:1 ratio 5: P3HT(C11OH)50% (Mw = 90000 g/mol, Ð = 1.68)  were synthesized as described at the end of this SI.

Film preparation: All polymers were dissolved at a concentration of 8 mg/ml at 58 ºC; vials were fitted in a metal chuck in order to ensure homogeneous heating. 1, 2 and 3 were dissolved in chloroform (Sigma-Aldrich, ethanol as stabilizer); 4 and 5 were dissolved in tetrahydrofuran (THF) (Sigma-Aldrich). ITO substrates (Sigma-Aldrich, resistivity 70-100 Ω/sq) were cleaned by sonication for 10 min in acetone and followed for 10 min in isopropanol. The substrates were then blow dried and placed in an ozone plasma chamber for 15 min immediately before film deposition. A maximum lag of 20 min was allowed between ozone treatment and film deposition to ensure the surface were activated. Glass substrates were used for UV-vis spectroscopy; cleaning procedure was as for ITO without ozone treatment. Films were fabricated using a temperature controlled wire-bar coater (K 101 Control Coater, Printcoat Instruments). A deposition temperature of 40 ºC was used and a speed of 5 in the coater units (≈ 10 cm/s). Films were coated with a number 10 bar and leaving an approximate gap of approx. 0.36 mm between the bar and the substrate. After film deposition, 2 min were allowed on the hot stage to ensure solvent evaporation.`

UV-vis spectroscopy: Thin films on glass were used to measure the absorption spectra of 1 - 5 using a Perkin Elmer Lambda 25 UV–vis spectrometer.

Contact angle measurements: Static contact angle measurements were performed on thin films of 1 - 5 in a sessile drop setup (Krüss). A droplet of the test liquid (5 l, distilled water) was deposited on the surface of dry polymer films (blow dried beforehand to eliminate any particles/dust) and images were taken within the following 2 - 3 s. The angle between the substrate (baseline) and the tangent at the liquid/air boundary was calculated. Three measurements were performed on a minimum of two samples from different batches. Temperature and moisture were constant during the experiment.  

Grazing-angle wide-angle X-ray scattering (GIWAXS): Wide-angle X-ray scattering measurements were performed at the D-line, Cornell High Energy Synchrotron Source (CHESS) at Cornell University. A wide band-pass (1.47%) X-ray beam with a wavelength of 1.155Å was shone on the samples with incidence angles between 0.5° and 1°. A Pilatus 200k detector with a pixel size of 172μm was placed at a distance of 28.9 cm from the samples. A 1.5 mm wide tantalum rod was used to block the intense scattering in the small-angle area. The exposure time was 1s. 

Differential scanning calorimetry (DSC): Differential scanning calorimetry was performed on multi-layer thin-film samples that had been cast following the same deposition procedure as for the films produced for the electrochemical measurements. The thin films were scratched from the substrate to produce powder for the DSC measurements. Heating/cooling was performed  at 10 ºC/min under nitrogen atmosphere, over a temperature range of 35 - 270 ºC. Standard aluminium crucibles were used for encapsulating the sample and as reference pan. Samples ranged in mass from 1.5 - 3 mg. The thermograms show that all three materials are semicrystalline with a melting point around 224 ºC (as obtained from the melting peak of each neat material).
[image: New_S1]
Figure S1: DSC thermograms of materials 2-4 showing clear melting endotherms for all three materials.  

[bookmark: _GoBack]Cyclic voltammetry: In order to decide an appropriate voltage to perform the electrochromic tests, cyclic voltammetry of polymers 1 - 5 was measured in liquid, where polymers were dissolved 10-3 M in THF along with 0.1 M of the common electrolyte tetrabutylammonium hexafluorophosphate (Bu4NPF6). All measurements were done at room temperature, at a scan rate of 50 mV/s and ferrocenium/ferrocene (Fc+/Fc) redox couple was used as external reference (Fc+/Fc = 0.45 V/SCE). Pt wires were used as working and counter electrodes and an Ag wire as pseudo reference electrode. Potentials are given versus saturated calomel electrode (SCE). 
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Figure S2: Cyclic voltammograms of polymers 1 - 5 dissolved in THF with electrolyte tetrabutylammonium hexafluorophosphate (Bu4NPF6). Left: Full voltammogram including ferrocene couple. Right: Close-up of the voltage range where oxidation takes place.
 
Figure S2 shows the voltammogram covering the full voltage range (left), including a ferrocenium/ferrocene (Fc+/Fc) redox couple. A close-up in the voltage range where oxidation takes place is also shown (right), where 0.75 V is marked as the voltage selected for the electrochromic experiments. It is observed that all polymers are starting to oxidise at that voltage in a common electrolyte, hence being of interest to test their behaviour when in contact with a water electrolyte. 

Time-resolved electroactivity measurements: Electrochemical p-doping of polymers is achieved when a hole is injected to the semiconducting polymer (hence generating a free charge carrier) and this charge is compensated by an anion that migrates from an (liquid) electrolyte into the bulk of the polymer. This process affects the optoelectronic properties of the polymer, e.g., increasing the electrical conductivity and modifying their light absorption characteristics. We chose light absorption as a means of tracking the electroactivity of the polymers in real-time, which allowed a time resolution capability down to 1 ms. Because polythiophene derivatives can be p-doped, a positive bias VON with respect to the bottom ITO substrate was applied to the Ag/AgCl electrode at time t = 0 s. The bias was maintained for up to 28 s, before it was returned to VOFF = 0 V (constant bias for 28s). The voltage was then reversed to VREF = -0.75 V with the intention of observing any potential de-doping (reduction) process and to expel any remnant ions "trapped" inside the polymer, completing one full bias run. Although full visible absorption spectra was recorded during the characterization, the dynamics of the process was more clearly pictured by tracking the relative absorption changes at a specific wavelength. In this case we selected 550 nm, a common reference wavelength for normalizing absorption spectra.

For sample preparation, polymer films were coated on ITO/glass substrates and then washed with DI water before any characterization. A PDMS well was placed onto the films and filled with 1 ml of 10 mM NaCl water electrolyte. An Ag/AgCl pellet electrode (E-205, Warner Instruments) was fully immersed in the electrolyte. The system was then placed under the focus of a bright-field optical microscope (Olympus BX51 with 20X objective), using the illumination as light source for the fibre optic spectrometer (USB2000+ Miniature Fiber Optic Spectrometer, Ocean Optics), which was aligned to the system as a light collector. The ITO and Ag/AgCl electrodes were connected to a DC voltage source (PL155 power supply, Aim-TTi Instruments). Reference spectrum was obtained using a bare ITO substrate and equivalent PDMS well filled with electrolyte. Subsequently, absorption spectra over the range of 350 - 750 nm were recorded every 100 ms while the sample was biased.

The oxidation was observed as the absorbance decreased over time during the applied bias VON, becoming more pronounced from material 1 - 4 (see Figure S3). A comparison is also given between materials 4 and 5 (see Figure S4).
   [image: S2_second_2]. 
Figure S3: Normalised visible absorbance spectra of materials 1 - 4 over time while a bias VON = 0.75 V is applied. Spectra at times 0 and 27 s are shown for 1 - 2; spectra at times 0, 9 and 27 s are shown for 3; and spectra at times 0, 1, 3, 9 and 27 s are shown for 4. 


[image: S3_second_2]

Figure S4: Normalised visible absorbance spectra of materials 4 - 5 over time while a bias VON = 0.75 V is applied. Spectra at times 0, 1, 3, 9 and 27 s are shown for 4.


In addition, films were tested for 10 full bias runs (subsequently VON, VOFF and VREV) in order to estimate the materials' stability based on the observed changes in the oxidation. A comparison of the signal recorded for all materials during runs 1 and 10 is shown in Figure S5. It shows a reduction in the extent of oxidation achieved for materials 2 - 3, whereas small relative changes are observed for 4 - 5. 
[image: ]

Figure S5: Electroactivity of the materials 2 - 5 tested in a water electrolyte (NaCl 10 mM) during bias run number 1 and 10. OH content enhances the stability of materials, as observed by the similarity of the response over multiple runs (comparing first to tenth).

Figure S6 shows the extent of oxidation for runs 1 and 10, indicating the extent of oxidation (EO) used to estimate the stability of the materials. 
[image: ]
Figure S6: Example of the estimation of materials’ stability by the reduction of the extent of oxidation of 3: P3HT(C6OH)20% over 10 runs.
 

The percentage reduction of the response is measured as:







A summary of the average values of the absorbance after 28 s (considered as near-saturation) for materials 2 - 5, at bias runs 1 and 10 are displayed in Table S1.

Table S1: Average relative absorbance at 550 nm during cycle 1 and 10 for materials 2 – 5.
	Material
	Absorbance in run 1 after 28 s
	Absorbance in run 10 after 28 s

	2
	0.92
	0.98

	3
	0.83
	0.90

	4
	0.63
	0.66

	5
	0.75
	0.77




Materials’ synthesis: Copolymers 2 - 5 were prepared by polymerization of tert-butyldiphenylsilyl (TBDPS)-protected thiophenes with subsequent desilylation.2 The ((6-bromohexyl)oxy)(tert-butyl)dipenylsilane 6 and  ((11-bromoundecyl)oxy)(tert-butyl)dimethylsilane 12 were synthesized according to literature procedure.3,4 TBDPS ether monomer 8 was prepared in two steps through a typical Grignard coupling between 3-bromothiophene and ((6-bromohexyl)oxy)(tert-butyl)dipenylsilane 6 followed by dibromination of the thiophene ring with N-bromosuccinimide. The Grignard metathesis (GRIM) polymerization protocol developed by McCullough and co-workers 5 was then used to copolymerize a mixture of monomer 8 and 2,5-dibromo-3-hexylthiophene to obtain regioregular random poly(3-hexylthiophene-stat-3-(6-(tert-butyldiphenylsilyloxy)hexyl)thiophene) copolymers P3HT(C6OTBDPS)x%. H1 NMR spectra of all materials produced are displayed in Figure S7-S19.
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Scheme S1. Reagents and conditions: (i) Mg, Et2O, reflux, 3 h; (ii) 3-bromothiophene, NidpppCl2, Et2O, reflux, 15 h; (iii) NBS, CH2Cl2, r.t., 72 h; (iv) 2,5-dibromo-3-hexylthiophene, tBuMgCl, NidpppCl2, THF, 24h; (v) TBAF, THF, 60°C, 3 h.


P3HT(C6OTBDPS)x% were purified by Soxhlet extraction, and proton nuclear magnetic resonance (1H NMR) spectroscopy showed the chain composition (10, 20 or 50 mol % monomer 8 incorporation according to the NMR peak integrations (Figure S15, S17, S18 and S19) to match the monomer feed compositions. OTBDPS functions are located at the end of the side chains, no electronic (inductive or mesomer) effect is suffered by the thiophene ring. As a result, all monomers possessed the same reactivity during the polymerization. The ratio between the two co-monomers in the polymeric chains was selected to correspond to the feeding ratio in the reaction mixture (Figure S18 and S19). Removal of TBDPS groups by tetrabutylammonium fluoride gave the hydroxyl-functionalized polymers P3HT(C6OH)x%, as monitored by 1H NMR. The TBDPS terbutyl peak (1.04 ppm) and the phenyl peaks (7.37 and 7.67 ppm) in the spectrum of P3HT(C6OTBDPS)x% completely disappeared after the reaction, (Figure S15 and S16), confirming quantitative deprotection to P3HT(C6OH)x%. 

5 (P3HT(C11OH)50%) was synthesized following the same procedure as for 4 using (11-bromoundecyloxy)-tert-butyldimethylsilane 12 instead of (6-bromohexyloxy)-tert-butyldipenylsilane 6. Tert-butyldimethylsilane protective group was less stable than the tert-butyldipenylsilane; 15% of the OTBDMS functions of 15 (P3HT(C11OTBDMS)50%) were lost during its purification (see Figure S17). This had however no impact on the subsequent de-protection to obtain 5 with a complete disappearance of the TBDMS terbutyl (0.89 ppm) and the methyl (0.05 ppm) peaks.

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded using a Bruker 400 MHz instrument in CDCl3 at ambient temperature. Thermal gravimetric analysis (TGA) was performed on a TGA Q50, TA apparatus at a heating rate of 10 °C.min-1 under nitrogen. Differential Scanning Calorimetry (DSC) measurements were carried out with DSC 200 F3 Maia from Netzsh operating under a nitrogen atmosphere with heating and cooling rate of 10 °C min-1 in the temperature range of r.t to 250 °C. Infrared spectrum were recorded on Perkin Elmer spectrum 100 in ATR mode. Matrix-assisted laser deposition ionization time-of-flight (MALDI-TOF) mass spectra were performed by the LMP (UM, France) on a SYNAPT G2-S HDMS spectrometer. 

For the synthesis of ((6-bromohexyl)oxy)(tert-butyl)diphenylsilane (6) and (11-bromoundecyloxy)-tert-butyldimethylsilane (12) see reference.4 

tert-butyldiphenyl((6-(thiophen-3-yl)hexyl)oxy)silane (7): To a stirred suspension  of magnesium (1.07 g, 43.96 mmol) in 5 ml of anhydrous Et2O was added 6 (16.76 g, 39.96 mmol) solubilized in 50 ml of anhydrous Et2O. The mixture was stirred for 4 h at reflux. (diiode can be added to the mixture). The obtained solution was added slowly into a mixture of 3-bromothiophene (5.96 g, 36.33 mmol) and NidpppCl2 (190 mg, 0.36 mmol). The mixture wass stirred overnight at reflux. 30 ml of a solution of HCl aq. (1 M) are added in the mixture, dilute in 30 mL of water and extract with Et2O. The organic phases were washed with water until neutrality, dried on MgSO4 and concentrated. The product was then purified on silicate columns, eluent: cyclohexane to CH2Cl2/Cyclohexane (1:1). White oil is obtained with a 35% (5.42 g) yield. 1H NMR (400 MHz, CDCl3): δ(ppm) = 7.66 (m, 4H), 7.39 (m, 6H), 7.23 (dd, 1H, J=4.9 Hz, J=3.1 Hz), 6.92 (dd, 1H, J=4.9 Hz, J=1.4 Hz), 6.91 (dd, 1H, J=3.1 Hz, J=1.4 Hz), 3.65 (t, 2H, J=6.3 Hz), 2.60 (t, 2H, J=7.7 Hz), 1.58 (m, 4H), 1.34 (m, 4H), 1.05 (m, 9H). 13C NMR (100 MHz, CDCl3): δ(ppm) = 143.15, 135.65, 134.15, 129.51, 129.47, 128.26, 127.63, 125.03, 119.77, 63.92, 32.48, 30.50, 30.18, 29.01, 26.87, 25.58, 19.21. MALDI-TOF-HRMS m/z calculated for M+H (C26H35OSSi) = 423,2178 g.mol-1; found= 423.2178 g.mol-1

tert-butyl((6-(2,5-dibromothiophen-3-yl)hexyl)oxy)diphenylsilane (8): To a stirred solution of 7 (5.03 g, 11.89 mmol) in 100 ml of CH2Cl2 under N2 atmosphere and in the dark is added NBS (4.66 g, 26.17 mmol). The mixture was stirred 24 h to reflux, washed with a KOH aq. 10% solution, with water and brine. The organic phase was dried on MgSO4, concentrated and purified on silicate columns, eluent: cyclohexane. Yellow oil was obtained with a 60% yield. (4.17 g) 1H NMR (400 MHz, CDCl3): δ 7.66 (m, 4H), 7.39 (m, 6H), 6.76 (s, 1H), 3.65 (t, 2H, J=6.4 Hz), 2.48 (t, 2H, J=7,6 Hz), 1.54 (m, 4H), 1.38 (m, 2H), 1.30 (m, 2H), 1.05 (s, 9H). 13C NMR (100 MHz, CDCl3): δ(ppm) = 142.92, 135.59, 134.15, 130.96, 129.52, 127.60, 110.33, 107.97, 63.89, 32.43, 29.55, 29.40, 28.81, 26.90, 25.55, 19.24. MALDI-TOF-HRMS m/z calculated for M+H (C26H33Br2OSSi) = 579,0388 g.mol-1; found= 579,0382 g.mol-1

P3HT(C6OTBDP)x%: A solution of 8 and 2,5-dibromo-3-hexyl-thiophene, in anhydrous THF (125 ml) under N2 wass added to a solution of tBuMgCl (1M) in THF. The mixture was stirred at 60°C during 6 h, and NidppCl2 was added. The mixture was stirred at 60°C overnight and acidified with 10 mL of an aqueous solution of HCl (1M). The mixture was precipitated in MeOH, and the product purified by Soxhlet (MeOH, Hexane and CHCl3). The part extracted with CHCl3 was concentrated, re-taken in THF and precipitated in MeOH to give a dark red powder. 

9 (P3HT(C6OTBDPS)10%): 8 (1.451 g, 2.5 mmol), 2,5-dibromo-3-hexyl-thiophene (7.337 g, 22.5 mmol), tBuMgCl (1M) in THF (25 ml, 25 mmol), NidppCl2 (54 mg, 0.1 mmol, 0.4%). Yield = 63% (3.017 g) 1H NMR (400 MHz, CDCl3): δ(ppm) = 7.66 (m, 4H), 7.38 (m, 6H), 6.98 (s, 10H), 3.67 (t, 2H, J=6.4 Hz), 2.81 (t, 19.4H, J=7.6 Hz), 2.57 (t, 0.6H, J=7.6 Hz), 1.70 (m, 20H), 1,59 (m, 2H), 1.5-1.2 (m, 58H), 1.04 (s, 9H), 0.91 (m, 27H). GPC: Mn=42156, Mw=59233, and PD (Mw/Mn)=1.40 (Figure S20).

10 (P3HT(C6OTBDPS)20%): 8 (1.74 g, 3.0 mmol), 2,5-dibromo-3-hexyl-thiophene (3.91 g, 12.0 mmol), tBuMgCl (1M) in THF (15 ml, 15 mmol), NidppCl2 (31 mg, 0.06 mmol, 0.4%). Yield = 70% (2.288 g) 1H NMR (400 MHz, CDCl3): δ(ppm) = 7.67 (m, 4H), 7.36 (m, 6H), 6.98 (s, 5H), 3.67 (t, 2H, J=8 Hz), 2.81 (m, 9.5H), 2.55 (m, 0.5H), 1.71 (m, 8H), 1.5-1.3 (m, 32H), 1.04 (s, 9H), 0.92 (m, 12H). GPC: Mn=31048, Mw=38222, and PD (Mw/Mn)=1.23 (Figure S20).

11 (P3HT(C6OTBDPS)50%): 8 (2.9 g, 5.0 mmol), 2,5-dibromo-3-hexyl-thiophene (1.63 g, 5 mmol), tBuMgCl (1M) in THF (10 ml, 10 mmol), NidppCl2 (21 mg, 0.04 mmol, 0.4%). Yield = 52% (1.5 g) 1H NMR (400 MHz, CDCl3): δ(ppm) = 7.66 (m, 4H), 7.36 (m, 6H), 6.97 (s, 2H), 3.65 (m, 2H), 2.79 (m, 4H), 1.69 (m, 4H), 1,58 (m, 2H), 1.5-1.2 (m, 10H), 1.03 (s, 9H), 0.90 (m, 3H). GPC: Mn=41646, Mw=63821, and PD (Mw/Mn)=1.53 (Figure S21).

P3HT(C6OH)x%: To a solution of P3HT(C6OTBDPS)x% in 150 mL of THF was added a TBAF solution (1 M)  in THF. The mixture was stirred at 60°C during 6 h. The solution was hydrolyzed with 20 ml of an aqueous saturated solution of NH4Cl, and precipitated in MeOH. The precipitate was centrifuged, washed with water and MeOH. The product was obtained quantitatively as a dark violet powder. 

2 (P3HT(C6OH)10%): P3HT(C6OTBDPS)10% (2.89 g, 1.5 mmol), 2.5 ml of TBAF solution (1 M). Yield = 100% (2.541 g). 1H NMR (400 MHz, CDCl3): δ(ppm) = 6.98 (s, 10H), 3.66 (t, 2H, J = 6.8 Hz), 2.80 (t, 19.7H, J=7.6 Hz), 2.56 (0.5H), 1.71 (qt, 20H, J = 7.4 Hz), 1.60 (qt, 2H, J = 6.8 Hz), 1.5-1.3 (m, 58H), 0.91 (t, 27H, J=6.8 Hz). GPC: Mn = 41496, Mw = 59971, and PD (Mw/Mn) = 1.44 (Figure S19). ATR-FTIR (cm-1): 3333 (OH), 2926 (as CH2), 2857 (s CH2), 1053 (CO) (Figure S21). TGA shows that the degradation (< 5% mass loss) of the polymer starts at 430°C (Figure S23). DSC reveals that 2 exhibits a melting transition at 221°C and a crystallization transition at 169°C (Figure S25).

3 (P3HT(C6OH)20%): P3HT(C6OTBDPS)20% (2.15 g, 1.98 mmol), 3.0 ml of TBAF solution (1 M). Yield = 99% (1.95 g). 1H NMR (400 MHz, CDCl3): δ(ppm) = 6.98 (s, 5H), 3.66 (t, 2H, J = 10.4 Hz), 2.80 (t, 9.4H, J=10.4 Hz), 2.58 (m, 0.6H), 1.71 (m, 8H), 1.5-1.2 (m, 32H), 0.91 (s, 12H). GPC: Mn = 28231, Mw = 36761, and PD (Mw/Mn) = 1.30 (Figure S19). ATR-FTIR (cm-1): 3330 (OH), 2926 (as CH2), 2850 (s CH2), 1047 (CO) (Figure S21).  TGA shows that the degradation (< 5% mass loss) of the polymer starts at 428°C (Figure S23). DSC reveals that 3 exhibits a melting transition at 225°C and a crystallization transition at 171°C (Figure S25).

4 (P3HT(C6OH)50%): P3HT(C6OTBDPS)50% (1.50 g, 2.5 mmol), 3.8 ml of TBAF solution (1 M). Yield = 100% (0.900 g). 1H NMR (400 MHz, THFD8): δ(ppm) = 7.08 (s, 2H), 3.48 (m, 2H), 2.85 (m, 4H), 1.72 (m, 4H+THF), 1.5-1.3 (m, 12H), 0.92 (m, 3H). GPC: Mn = 34668, Mw = 63053, and PD (Mw/Mn) = 1.81(Figure S20). ATR-FTIR (cm-1): 3310 (OH), 2921 (as CH2), 2854 (s CH2), 1061 (CO) (Figure S21). TGA shows that the degradation (< 5% mass loss) of the polymer starts at 400°C (Figure S23). DSC reveals that 4 exhibits a melting transition at 217°C and a crystallization transition at 159°C (Figure S25).

tert-butyldimethyl((11-(thiophen-3-yl)undecyl)oxy)silane (13): Colorless oil was obtained with a 59% (6.5 g) yield. 1H NMR (400 MHz, CDCl3): δ(ppm) = 7.23 (dd, 1H, J=4.9 Hz, J=3.0 Hz), 6.93 (dd, 1H, J=5.0 Hz, J=1.3 Hz), 6.91 (dd, 1H, J=3.1 Hz, J=1.5 Hz), 3.60 (t, 2H, J=6.4 Hz), 2.62 (t, 2H, J=7.6 Hz), 1.63 (m, 2H), 1.50 (m, 2H), 1.27 (m, 14H), 0.90 (s, 9H), 0.05 (s, 6H). 13C NMR (100 MHz, CDCl3): δ(ppm) = 143.15, 128.27, 124.99, 119.73, 63.33, 32.89, 30.56, 30.28, 29.61, 29.57, 29.56, 29.45, 29.43, 29.33, 25.98, 25.80, 18.37, -5.26. MALDI-TOF-HRMS m/z calculated for M+H (C21H41OSSi) = 369,2647 g.mol-1; found= 369,2648 g.mol-1

tert-butyl((11-(2,5-dibromothiophen-3-yl)undecyl)oxy)dimethylsilane (14): Colorless oil was obtained with a 83% yield. (4.74 g) 1H NMR (400 MHz, CDCl3): δ(ppm) = 6.72 (s, 1H), 3.59 (t, 2H, J=6.8 Hz), 2.50 (t, 2H, J=7.6 Hz), 1.50 (m, 4H), 1.27 (m, 14H), 0.89 (s, 9H), 0.05 (s, 6H).13C NMR (100 MHz, CDCl3): δ(ppm) = 143.15, 130.96, 110.29, 107.92, 63.32, 32.89, 29.60, 29.55, 29.48, 29.47, 29.42, 29.34, 29.08, 26.92, 25.99, 25.80, 18.37, -5.26. MALDI-TOF-HRMS m/z calculated for M+H (C21H39Br2OSSi) = 525,0858 g.mol-1; found= 525,0859 g.mol-1

15 (P3HT(C11OTBDMS)50%): 14 (2.632 g, 5 mmol), 2,5-dibromo-3-hexyl-thiophene (1.63 g, 5 mmol), tBuMgCl (1M) in THF (10 ml, 10 mmol), NidppCl2 (21 mg, 0.04 mmol, 0.4%). Yield = 50% (1.23 g) 1H NMR (400 MHz, CDCl3): δ(ppm) = 6.98 (s, 2H), 3.69 (t, 2H, J=8 Hz), 2.81 (t, 4H, J=8 Hz), 1,71 (m, 4H), 1.5-1.3 (m, 22H), 0.89 (m, 12H), 0.04 (s, 6H). GPC: Mn=44572, Mw=61544, and PD (Mw/Mn)=1.38. 

5 (P3HT(C11OH)50%): P3HT(C11OTBDMS)50% (1.00 g, 1.87 mmol), 2.8 ml of TBAF solution (1 M). Yield = 87% (0.680 g). 1H NMR (400 MHz, THFD8): δ(ppm) = 7.08 (s, 2H), 3.45 (t, 2H, J = 8Hz), 3.2 (s, 1H), 2.85 (t, 4H, J = 8 Hz), 1.72 (m, 4H+THF), 1.4-1.2 (m, 22H), 0.92 (t, 3H, J = 8Hz). GPC: Mn = 48131, Mw = 89608, and PD (Mw/Mn) = 1.86 (Figure S20). ATR-FTIR (cm-1): 3323 (OH), 2918 (as CH2), 2851 (s CH2), 1054 (CO) (Figure S21). TGA shows that the degradation (< 5% mass loss) of the polymer starts at 430°C (Figure S23). DSC reveals that 5 exhibits a melting transition at 175°C and a crystallization transition at 140°C (Figure S25).
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Figure S7: 1H NMR spectrum of (7) in CDCl3.
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Figure S8: 13C NMR spectrum of (7) in CDCl3.
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Figure S9: 1H NMR spectrum of (8) in CDCl3.
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Figure S10: 13C NMR spectrum of (8) in CDCl3.
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Figure S11: 1H NMR spectrum of (13) in CDCl3.
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Figure S12: 13C NMR spectrum of (13) in CDCl3.
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Figure S13: 1H NMR spectrum of (14) in CDCl3.
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Figure S14: 13C NMR spectrum of (14) in CDCl3.
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Figure S15: Comparison between the 1H NMR spectrum of 2 in CDCl3 and the spectrum of the corresponding protected polymer 9.
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Figure S16: Comparison between the 1H NMR spectrum of 4 in THFD8 and the spectrum of the corresponding protected polymer 11.
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Figure S17: Comparison between the 1H NMR spectrum of 5 in THFD8 and the spectrum of the corresponding protected polymer 15.
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Figure S18: Determination of the ratio of functionalized chains in 2 and 3 by 1H NMR in CDCl3.
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Figure S19: Determination of the ratio of functionalized chains in 4 and 5 by 1H NMR in THFD8.
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Figure S20: GPC chromatograms of P3HT(CxOH)y% and corresponding protected polymers in toluene versus polystyrene standard.
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Figure S21: GPC chromatograms of P3HT(CxOH)y% and corresponding protected polymers in toluene versus polystyrene standard.
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Figure S22:  ATR-FTIR spectra of P3HT(CxOH)y% as solids.
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Figure S23:  Comparison between ATR-FTIR spectra of P3HT(C6OH)y% as solids.
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Figure S24: TGA thermograms of P3HT(CxOH)y% under nitrogen at a heating rate of 10°C/mins.
[image: ]

Figure S25: DSC thermograms of P3HT(CxOH)y%. 2nd thermal cycle from 25°C to 300°C back to 25°C.
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