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Effect of polar side chains on neutral and p-doped polythiophene  
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Matteo Palma,a Johnathan Rivnay,d,e Henning Sirringhausb and Christian B. Nielsen*a 

Incorporation of polar side chains on organic semiconducting materials have been used recently in thermoelectric materials 

to increase dopant:semiconductor miscibility and stability to further increase the performance and durability of devices. 

However investigations into how polar side chains can affect the structure and  energetics of polythiophenes compared to 

non-polar alkyl side chains are usually carried out using materials with no common morphological structure. Within this 

work we systematically investigate the increase in polar side chain content on poly(3-hexylthiophene) (P3HT) and how the 

optical, electrochemical, and structural properties are affected. We find a decreasing degree of aggregation with increasing 

polar side chain content leading to lower charge carrier mobilities. Upon doping with  2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ), we find that the electrical conductivity is reduced when incorporating the polar side 

chain and no stabilising effect is demonstrated when annealing the doped thin films at raised temperatures. This study 

emphasises that polar functionalities do not always increase dopant:semiconductor interactions and can harm desirable 

structural and electrical characteristics, and therefore should be incorporated into organic semiconductors with caution.  

1. Introduction 

Poly(3-hexylthiophene) (P3HT), shown in Figure 1, is a widely 

studied organic semiconductor in the field of organic electronics 

due to its ease of synthesis, commercial availability, solution 

processability, structural organisation and good charge 

transport properties. P3HT, a hole transporting semiconducting 

polymer with a highly regioregular structure, has been used in 

research for many applications including: organic 

bioelectronics, organic photovoltaics, organic field effect 

transistors (OFETs) and organic thermoelectric generators.1–6 

The performance of organic semiconductors in electronic 

devices is often improved by molecular doping which 

introduces additional positive (p-type doping) or negative (n-

type doping) charge carriers.7–11 A well-researched system for 

molecular doping is P3HT in combination with the oxidant 

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ) depicted in Figure 1. F4TCNQ has a deep lowest 

unoccupied molecular orbital (LUMO) which makes it 

energetically favourable to remove an electron from the 

shallower highest occupied molecular orbital (HOMO) of P3HT 

thereby introducing additional positive charge carriers in the 

system. High conductivities have been achieved in this system 

by different processing techniques, including highly oriented 

polymer films, vapour doping and sequential doping from 

solution.12–15 Nevertheless, there is still an issue with dopant 

stability, since F4TCNQ can diffuse in the solid state, in 

particular at elevated temperatures, and drift due to applied 

electric fields, potentially reducing device lifetimes.16,17 

Recently, molecular engineering of semiconductors and 

dopants has been employed as a tool to control dopant 

diffusion and polymer:dopant interactions.  One well-explored 

strategy is to introduce ethylene glycol motifs into the polymer 

side chain.18–24 These glycol groups increase the local dielectric 

constant, stabilizing charged species formed upon doping, and 

therefore enhancing dopant stability at elevated temperatures. 

In n-type materials this strategy has been particularly effective, 

yielding dramatic improvements in conductivity and 

thermoelectric performance, presumably due to the favourable 

interactions between glycol groups and cations.20,21 

 

Figure 1. Structure of P3HT (left), P5-P30 (middle) and F4TCNQ (right). 
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Figure 2. a) Normalised thin film UV-Vis spectra of polymer series spin-cast from 10 mg ml-1 ODCB on quartz slides at 2000 rpm for 90 seconds. 

Greyed areas indicate the 0-0 and 0-1 vibronic transitions. b) Plot showing degree of crystallinity and A0-0/A0-1 calculated from the fittings of the 
normalised thin film UV-Vis spectra versus polar content of co-polymers. c) Thin film cyclic voltammograms of drop-cast polymer series vs Fc/Fc+ 
(0.1 M TBAPF6 as supporting electrolyte in acetonitrile) at a scan rate of 50 mV s-1. 

In the work presented herein, to investigate the role of polar 

side chains in the context of molecular doping of p-type organic 

semiconductors, we have synthesised and characterised a 

series of P3HT derivatives with increasing content of ethylene 

glycol based polar side chains as shown in Figure 1. P3HT is 

chosen as the reference system due to its well-studied 

properties both in its neutral and doped states. The polar side 

chain contains one ethylene glycol unit separated from the 

backbone by one carbon atom in order to maintain a six-atom 

long side chain, and simultaneously diminish resonance effects  

from the oxygen atoms that will otherwise change frontier 

molecular orbital energies and doping behaviour drastically.25,26 

The random co-polymers were synthesised with 5, 10, 20 and 

30 % polar side chain content, thus affording P5, P10, P20 and 

P30 respectively, to systematically cover polar side chain 

content matching typical doping concentrations used for 

organic semiconductors. The polymers were subsequently 

doped with F4TCNQ via sequential doping methods to 

investigate the electrical properties and thermal stability.13 

2. Results and Discussion 

2.1. Polymer Synthesis 

P3HT and the random co-polymers were synthesised using the 

Grignard metathesis method, a well-known polymerisation 

reaction to produce regioregular P3HT.27,28 The full synthetic 

method is shown in the supporting information. The general 

synthesis of the random co-polymers includes trans-metalation 

of the two 2,5-dibrominated thiophene monomers using 

iPrMgCl.LiCl in separate flasks, then after combining, using 

Ni(dppp)Cl2 as the catalyst to afford the polymers in 56-77% 

yield. Nuclear magnetic resonance spectroscopy confirmed that 

the monomer feed ratio matches the monomer ratio in the co-

polymers as shown in the supporting information (Table S1). As 

shown in Table 1 and supporting information (Fig S11), the 

molecular weights of the polymers determined by gel 

permeation chromatography in chloroform are similar across 

the series. Thermogravimetric analysis reveals two thermal 

degradation events around 300 and 450 C. The lower 

temperature event increases in weight percentage loss with 

increasing polar side chain content indicating that the alkyl side 

chain is more thermally stable than the ethylene glycol based 

side chain, as shown in the supporting information (Fig S12 and 

Table S2). Differential scanning calorimetry of P3HT reveals 

melting and crystallisation transitions at 226 and 192 °C 

respectively, however no strong transitions are observed upon 

incorporating polar side chains (Fig S13, S14 and Table S2).  

 

2.2. Optical, Electrochemical and Structural Properties 

The UV-Vis spectra of the polymers dissolved in o-

dichlorobenzene (ODCB) show a gradual blue-shift in the 

absorption maximum (λmax) of ~9nm with increasing polar 

content, as summarised in Table 1 and the supporting 

information (Fig S15). UV-Vis spectra of the polymer thin films 

spin-cast from ODCB reveal the degree of structural order in the 

solid state, as shown in Figure 2a. P3HT shows the distinct π-π* 

transition with a λmax at 2.23 eV (557 nm) and a shoulder at 2.06 

eV (602 nm) which are assigned the 0-1 and 0-0 vibronic 

transitions respectively.29 Addition of polar sidechains causes a 

gradual blue-shift and change in absorption of the 0-1 and 0-0 

transitions. Spano calculated that these transitions can be 

related to J- and H-like aggregates, where the 0-0 absorption 

feature is ascribed to planarity of the polymer backbone within 

aggregates.29–31 Therefore a decrease in the ratio between the 

absorption height of the first two vibronic peaks (A0-0/A0-1) 

correlates to increased disorder within the aggregates. When 

incorporating the polar side chain, a gradual blue-shift is 

observed, along with a significant decrease in A0-0/A0-1, 

suggesting an increase in disorder within the polymer 

aggregates as shown in Figure 2b.  

The solid-state UV-Vis spectra were fitted using four 

Gaussian curves representing the aggregate regions and the 

experimental solution spectrum representing the amorphous 

regions as detailed in the supporting information (Fig S16). 

From these fittings, a relative degree of aggregation of 64 % was  
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Table 1. Optical and electrochemical properties and molecular weight data. 

Polymer Mw/Mn [kg mol-1]a (PDI) Solution λmax [nm]b Thin film λmax [nm]c 𝐸𝑔
𝑜𝑝𝑡

 [eV]d A0-0 λmax [eV]e 𝐸1 2⁄
(𝑜𝑥)

 [V]f vs Fc/Fc+ 

P3HT 48.8/38.0 (1.28) 462 557 1.90 2.05 0.50 

P5 46.2/33.2 (1.39) 460 555 1.91 2.05 0.51 

P10 53.2/39.1 (1.36) 456 521 1.92 2.06 0.53 

P20 58.2/40.5 (1.44) 453 515 1.92 2.07 0.64 

P30 47.3/33.6 (1.41) 453 516 1.93 2.08 0.67 

aMeasured using gel permeation chromatography in chloroform at 40 °C vs. polystyrene standards. bMeasured from 10 μg ml-1 ODCB solutions. cThin films 
were spin-cast from 10 mg ml-1 ODCB solutions onto quartz slides at 2000 rpm for 90 seconds. dCalculated from thin film λonset using:  E [𝑒𝑉] =
 1240 λ [nm].⁄  eCalculated from fittings of normalised thin films UV-Vis spectra. fCV recorded vs Ag/Ag+ (Ag/Ag+ - 0.115 V = Fc/Fc+) of polymer drop-cast 

onto carbon electrode (0.1 mg ml-1 CHCl3 solution) using 0.1 M TBAPF6 in acetonitrile as supporting electrolyte at 50 mV s-1. E1 2⁄
(ox)

=  (Epc + Epa)/2. 

 

estimated for P3HT, with slightly lower values of 63 and 55 % 

for P5 and P10 respectively, dropping further to around 40 %  

for P20 and P30 as depicted in Figure 2b. Analysis of the 

Gaussian fitting curves representing the 0-0 and 0-1 transitions 

reveals that A0-0/A0-1 decreases with increasing polar side chain 

content, suggesting that incorporation of polar side chains 

decreases the planarity of the polymer backbone, as discussed 

earlier. Also shown in Table 1, the onset of absorption (Eg
opt) and 

A0-0 transition energy both blue shift 0.03 eV upon incorporating 

30 % polar content indicating a slight increase in band gap 

energy.  

The thin film electrochemical properties examined with 

cyclic voltammetry show a clear and reversible oxidative 

process for all polymers in the series, as depicted in Figure 2c 

and Table 1. The half-wave potential increases by 0.17 V going 

from P3HT to P30, which we ascribe to the decrease in 

aggregation with increasing polar content. The electron 

withdrawing inductive effect from the oxygen atom removed 

one carbon from the polymer backbone is also expected to 

contribute to the shift in half-wave potential observed with 

increasing polar content.25 The major oxidative peak is for all 

polymers preceded by a minor oxidative event around 0.1 – 0.2 

V which we ascribe to the oxidation of highly ordered crystalline 

regions; the gradual disappearance of this minor peak with 

increasing scan rate as depicted in Figure 2c and S18 is in 

agreement with relatively slow ion diffusion into crystalline 

regions, as would be expected. Interestingly the ascribed 

crystalline oxidation peak remains at similar potentials across 

the series, however the major oxidative peak shifts to higher 

potential, indicating that the polar side chain does not affect the 

microstructure in a uniform manner. 

Density functional theory calculations of gas phase 

decamers reveal a larger dihedral angle between adjacent 

thiophene units upon incorporation of polar side chains 

compared to the corresponding decamer with only alkyl chains, 

as illustrated in Figure 3 and the supporting information (Fig 

S19-S21). This suggests that the increased disorder with 

increasing polar content is not only a solid-state effect due to 

poor packing, but an intrinsic attribute of the mixed alkyl/glycol 

polymer system, in agreement with the blue-shifted solution 

UV-Vis data.  

  

Figure 3. Along the chain image of energy-minimised decamers of P3HT 
and P10 (polar side chain in the middle) in the gas phase using B3LYP/6-
31g(d) basis sets. The SCCS dihedral angle between a polar and alkyl side 

chain unit is indicated by the arrow. 

The morphological structure of drop-cast films onto silicon 

substrates were investigated using X-ray diffraction, revealing a 

d(100) peak before and after incorporation of polar side chains, 

as shown in the supporting information (Fig S22 and Table S4). 

Interestingly, heating and cooling cycles from differential 

scanning calorimetry of the polar copolymers show no 

crystalline melt transitions, however X-ray diffraction reveals 

the existence of crystalline domains. The structure and 

orientation of the crystalline polymer domains in spin-cast thin 

films were probed with grazing incidence wide-angle X-ray 

scattering (GIWAXS) depicted in 
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Figure 4. a-c) GIWAXS patterns of P3HT, P5 and P30 spin- cast onto silicon substrates at 2000 rpm for 90 s from a 10 mg ml-1 ODCB solution, 
respectively. d-f)  GIWAXS patterns of P3HT, P5 and P30 thin films doped with F4TCNQ using high doping conditions respectively (1 mg ml-1  F4TCNQ 

in MeCN then 1 mg ml-1 F4TCNQ in ODCB solutions with penetration times of 60 seconds each).

Figure 4 and the supporting information (Fig S23 and S24). 

Pristine P3HT thin film structures determined by GIWAXS have 

previously been reported.32–34 The scattering pattern, depicted 

in Figure 4a, shows that P3HT crystallites orient edge-on relative 

to the substrate with a π-π stack scattering peak (020) in-plane 

and multiple orders of strong lamellar scattering (h00) out-of-

plane, consistent with previous results.33 The structure for 

newly developed material,  poly(3-((2-(2-

methoxyethoxy)ethoxy)methyl)thiophene) (P3MEEMT), has 

been studied as well and has shown to manifest a mix of face-

on and edge-on crystallites, with π-π stack scattering peak (020) 

and lamellar scattering (100) occurring both in- and out-of-

plane.35,36  

Incorporation of glycol chains in the polar copolymers 

presented herein narrows the azimuthal angle distribution of 

the out-of-plane lamellar scattering (h00) and the near in-plane 

(020) scattering appears increasingly less arc-like and more rod-

like with increasing polar side chain content depicted in Figure 

4 and the supporting information (Fig S23). These both indicate 

an improved orientation of the edge-on crystallites. At the same 

time, the increasing glycol compositions lead to the 

strengthening of an isotropic lamellar ring shown in Figure 4b 

and c, implying the growth of a sub-population of randomly 

oriented crystallites. In- and out-of-plane line cuts from the 2D 

plots were fit to extract d-spacings from peak centres and all 

polymers in the series show similar lamellar d-spacings (16.1 – 

16.2 Å) and π-π stack d-spacings (3.80 – 3.84 Å) presented in the 

supporting in formation (Fig S23, S24 and Table S5, S6).  

From peak widths, the coherence lengths in the direction of 

lamellar stacking were extracted from the fitted peaks (Figure 

S25). For the oriented crystallites, the coherence length 

increased from 160 Å (~10 repeat units) to 240 Å (~15 repeat 

units) with increasing polar content up to 20%, however at 30% 

a decrease is observed. For isotropic crystallites, the coherence 

length continually increased with increasing polar side chain 

content from a minimum of 48 Å (~3 repeat units) for P5, to 170 

Å (~10 repeat units) for P30, mirroring the increase in isotropic 

scattering qualitatively apparent in 2-D scattering plots 

presented in the supporting information (Fig S23). Lacking a film 

thickness normalized absolute measure of incident and 

scattered photon flux, the GIWAXS data cannot be 

quantitatively correlated with the 0-1 absorption feature and 

spectroscopically determined degree of aggregation. However, 

qualitatively the in-plane π-stack scattering intensity appears to 
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decrease somewhat with increased glycol content in intensity 

versus the scattering background.  

Atomic force microscopy of spin-cast thin films, shown in 

the supporting information (Fig S29), reveal surface 

morphologies of the polymer series in good agreement with 

reduced aggregation with increasing polar content. Although 

AFM images cannot unambiguously reveal the crystallinity of 

films, we observe a steady decrease in RMS roughness from 3.6 

nm for P3HT to ~1 nm for P20 and P30, shown in the supporting 

information (Fig S30), consistent with a reduction in aggregation 

with increasing polar content, as observed by UV-Vis 

spectroscopy.37  

 

2.3. Electrical Properties 

The charge transport properties were investigated by 

fabrication of top gate bottom contact organic field-effect 

transistors (OFETs) with a CYTOP dielectric layer. Output and 

transfer characteristics are shown in the supporting information 

(Fig S33 and Table S7). The saturated hole mobility decreases 

gradually by approximately one order of magnitude across the 

series from 3.8 10-3 cm2 V-1 s-1 for P3HT to 0.5 10-3 cm2 V-1 s-1 for 

P30. The charge carrier mobility can be related to the free 

exciton bandwidth (W) which is also related to A0-0/A0-1 of the 

0-0 and 0-1 optical transitions as depicted in Equation 1 

according to work by Spano. et. al.29  

𝐴0−0

𝐴0−1
 ≈ (

1−0.24𝑊 𝐸𝑝⁄

1+0.073𝑊 𝐸𝑝⁄
)

2

                                      (1) 

Where Ep is the intramolecular C=C vibration (Ep = 0.18 eV). As 

illustrated in Figure 5a, the increase in exciton bandwidth with 

increasing polar content, originating from the decreasing 

backbone planarity and degree of aggregation, correlates 

reasonably with a gradual decrease in hole mobility across the 

series.  

The electrical conductivity of the polymer series, using 

2,3,5,6-tetrafluorotetracyanoquinodimethane (F4TCNQ) as a 

molecular p-type dopant, was investigated using a series of 

different sequential doping conditions. Sequential doping was 

chosen to afford high doping efficiencies and prevent solution 

aggregation during thin film fabrication.13,38 The polymers were 

spin-cast from ODCB and subsequently doped with F4TCNQ in 

acetonitrile or ODCB at low and high dopant concentrations to 

emulate the weak and strong doping regimes, respectively, 

observed for P3HT.13,39,40 A gradual drop in conductivity of an 

order of magnitude is seen when going from P3HT to P30 for 

both doping levels as illustrated in Figure 5b. This is in 

agreement with the decreasing trend in charge carrier 

mobilities of the neutral polymer films as discussed below.  

 

2.4. Polymer:Dopant Interactions 

To further examine the doped polymers, we investigated the 

structural and optical properties using GIWAXS, UV-Vis and 

Fourier-transform infrared (FTIR) spectroscopy. F4TCNQ doped 

P3HT thin film structures determined by GIWAXS have been 

widely reported.33,39,40 The 2-D GIWAXS scattering patterns and 

line cuts are shown in Figure 4d-f and in the supporting 

information (Figure S24, S26-S27). After doping with F4TCNQ, 

the backbone peak disappears due to loss of registry.33 For the 

oriented crystallites, upon low doping the lamellar spacings 

increase from ~16.1 to ~18.0 Å, while at high doping level, the 

lamellar spacing for P3HT, P5, and P10 increase a further ~0.3 

Å, as shown in Figure 5c and Table S5. On the other hand, for 

the isotropic crystallites, upon low doping the lamellar spacing 

for all copolymers increase by ~1.7 Å compared to the undoped 

films, and then increase a further ~1.0 Å upon high doping. 

(Table S5 and Fig S28) These increases are consistent with 

penetration of F4TCNQ into the crystalline lamellar stacks.33 For 

both oriented and isotropic crystallites, the lamellar coherence 

lengths of all polymers first increase with low F4TCNQ doping, 

then decrease for high doped samples (Figure S25). Upon low 

doping, the π-stacking scattering shows the appearance of a 

shoulder and clearly split into two peaks upon high doping, 

which is similar to previous reports.33,39,40 On the whole, the 

GIWAXS data indicate that the structural evolution with doping 

is similar across the polymer series. However, the in-plane π-

stack scattering intensity versus the scattering background saw 

a bigger decrease with increasing polar content indicating loss 

in structural order. This result can be correlated with reduction 

of conductivity.  
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Figure 5. a) OFET hole mobility plotted vs free exciton bandwidth from Equation 1. b) Electrical conductivity measured on polymer thin films spin-

coated (from 10 mg ml-1 ODCB polymer solutions) onto glass slides with 50 nm Gold electrodes in Van de Pauw geometry. Thin Film thickness were 
measured to be between 27 – 30 nm for P3HT and co-polymers.  Co-polymers were doped at high (1 mg ml-1 F4TCNQ in MeCN then 1 mg ml-1 
F4TCNQ in ODCB solutions with penetration times of 60 seconds each) and low (0.1 mg ml-1 F4TCNQ MeCN with a penetration time of 10 seconds) 

doping conditions. c) π-stacking distance (d(020)) and lamellar stacking distance (d(h00)) of oriented crystallites from GIWAXS measurements of 
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as-cast (from 10 mg ml-1 ODCB), low doped and high doped polymer thin films. The solid line and the dash line for π-stacking spacing are used for 

tracking the contracted π-stacking polymorph and the expanded π-stack polymorph, respectively. 

 The surface morphology of doped polymer films was probed 

with AFM as shown in the supporting information (Fig S31 and 

S32). After doping, the same trend as seen for undoped films is 

observed where increasing polar side chain content leads to 

decreased roughness.  

Thin film UV-Vis spectroscopy of the high and low doped 

polymers confirm integer charge transfer between polymer and 

dopant, in all cases evidenced by bleaching of the neutral 

polymer p-p* transition and appearance of the distinctive four 

peaks from the F4TCNQ radical anion at 2.95, 1.78, 1.61, and 

1.45 eV.13 The relative intensity of the F4TCNQ radical anion 

peaks at high doping (Figure 6a) appear to show a slight 

reduction with increasing polar group content. However, fits of 

the high and low doped thin film UV-Vis spectra with KF4TCNQ 

solution spectrum as the F4TCNQ radical anion peaks shown in 

the supporting information (Fig S37-S38) reveal that the 

F4TCNQ anion content in each sample is similar. In the high 

doping samples, the fits reveal a slight (~10%) increase in 

dopant density for P5 and P10 vs. P3HT, while for P20 and P30 

the values are within error of P3HT. In the low doping samples, 

there is a slight (10-20%) increase in dopant density for all 

polymers compared to P3HT. These carrier density values, along 

with the measured charge carrier mobilities were then used to 

estimate an effective doping efficiency (Fig S39 and Table S9). 

From these calculations we conclude that the doping efficiency 

is only slightly reduced when introducing polar side chains, and 

that the drop in conductivity seen in Figure 5b almost 

exclusively results from a decrease in mobility (Figure 5a). 

Since the P2 sub-gap optical transition of the P3HT radical 

cation at ~1.5 eV overlaps with the F4TCNQ radical anion peaks 

in the UV-Vis spectrum, FTIR was used to analyse the lower-

energy P1 sub-gap transition at ~0.5 eV.33 The position of this 

broad peak correlates with the degree of localisation of the 

polaron, with a shift to lower energies indicative of increased 

delocalisation.41–43 For both the high and low doped polymer 

series, a blue-shift of ~0.13 eV was observed for the P1 

transition when going from P3HT (0.45 eV) to P30 (0.55 eV), 

indicative of increasing localisation of the polaron with 

increasing polar content as shown in Figure 6b and supporting 

information (Fig S34). This localization signature is reflected in 

the reduced carrier mobility observed in FET measurements. 

In the CN stretching region of the FTIR spectra of high and 

low doped polymer thin films we see three peaks at 2194, 2187 

and 2169 cm-1 which are labelled A, B and C, respectively as 

illustrated in Figure 6c (high doping) and Fig S36 (low doping). 

The A and B bands are related to  the b1u and ag CN stretching 

modes in the F4TCNQ radical anion, respectively, while the C 

band is attributed to the b2u and b3g CN stretching modes.44–46 

It is hypothesised that the ag (B) and b3g (C) modes, which are 

not normally IR active, are observed due to a loss of planarity of 

F4TCNQ when in the polymer film.47 There is a linear  

relationship between the degree of charge transfer and the 

change in the IR frequency of the b1u stretching mode (A) from 

neutral to reduced F4TCNQ.48,49 Since all the polymers herein 

display a 33 cm-1 shift, we conclude that complete transfer 

between polymer and dopant takes place for both P3HT and the 

copolymers with polar side chains. 

For high doped polymer films, the relative intensities of the B and C bands 
decrease with increasing polar content, concurrent with a slight shift to higher 
wavenumbers. We ascribe this behaviour to the charge transfer complex between 
the oxidised P3HT and reduced F4TCNQ to be more localised in the case of the 
polythiophenes with increased polar content. This is in agreement with the blue-
shifted P1 transition discussed above and previous work by Pingel et al., where 
they altered the conjugation length of P3HT through random co-polymerisation 
with different amounts of the conjugation breaker tetraflurorobenzene (TFB).46 
They found that with increasing amounts of TFB, the peak at 2188 cm-1, labelled B 
herein, decreases in intensity, and they ascribe that to the F4TCNQ charge transfer 
becoming more localised. A decrease in the intensity of the peaks is also indicative 

of decreased concentration in integer charge transfer formation.
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Figure 6. a) UV-Vis spectra of high doped polymer thin films normalised to the π-π* transition. b) Normalised FTIR spectra of high doped polymer 
thin films (grey area highlighting the region of the F4TCNQ CN stretches). The spectra are normalised to λmax of the P1 polaron. c)  IR region 
showing the CN stretches of F4TCNQ where the A, B and C labelled peaks are at 2194, 2187 and 2169 cm-1 respectively. The spectra are normalised 

to peak A. 

The FTIR data strongly suggests that the gradual loss of 

backbone planarity with increasing polar content observed in 

the neutral polymer films also exists in the doped polymer films. 
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Figure 7. Relative change in electrical conductivity of F4TCNQ doped 
polymer thin films after annealing at 80 °C for 20 mins.   

We subsequently investigated the thermal stability of the 

doped polymers by annealing the thin films under a nitrogen 

atmosphere for 20 mins at 80 °C. We chose this temperature to 

observe the effect of diffusion within the film, as it is below the 

temperature at which F4TCNQ starts to sublimate out of P3HT 

films.18,50 Conductivity measurements before and after 

annealing reveal a drop in conductivity across the series for high 

and low doping conditions as illustrated in Figure 7. At high 

doping levels, the conductivity of P3HT increases slightly upon 

thermal annealing, whereas the relative drop in conductivity 

upon annealing increases with increasing polar content for the 

copolymers. Under low doping conditions, a similar trend is 

observed, however a larger decrease in conductivity around 

60% is seen for P30 upon annealing. Under these conditions, 

there is thus no indication of a stabilising interaction between 

the dopant and the polar side chain. The reduced thermal 

stability with increased polar group content may be explained 

by recent work by Watts et. al. who observe thermally induced 

formation of HF4TCNQ anions in F4TCNQ doped P3HT via 

proton abstraction of the alpha proton on the side chain.51 

Within our system, the carbon spacer with an oxygen adjacent 

could promote this proton abstraction, leading to a larger 

decrease in conductivity with increasing polar content.  

3. Conclusions 

Polar side chain functionalisation of semiconducting polymers, 

where an ethylene glycol based motif is directly attached via a 

C-O bond to the polymer backbone, will have a pronounced 

effect on frontier energy levels due to resonance effects, and on 

polymer backbone planarity if attractive intramolecular 

interactions such as non-covalent S-O interactions can be 

established. This makes direct comparison with the fully 

alkylated analogue inaccurate. In this study, we sought to over-

come these obstacles by introducing a methylene spacer group 

between the polymer backbone and the ethylene glycol motif. 

We find that in this situation, ethylene glycol based side chains 

have a significant negative impact on polymer microstructure 

and energetics. This modification is in turn detrimental to 

properties important in many organic electronic devices, such 

as field-effect transistors and thermoelectric generators. 

We have studied in detail the effect of ethylene glycol based 

polar side chains incorporated in a random fashion into the 

well-known semiconducting polymer P3HT. Compared to P3HT, 

introduction of 5 and 10 % polar side chain content has a 

relatively small impact on optical, electrochemical and 

structural properties, whereas polar content above 10% 

drastically impairs the polymer crystallinity and shifts the main 

oxidative event to significantly higher electrochemical 

potentials. OFET hole mobilities decrease gradually with 

increasing polar content, initially ascribed to loss of backbone 

planarity for low polar content, and subsequently further 

impacted by weakened interchain interactions for higher polar 

content polymers. Conductivity measurements after doping 

with F4TCNQ reveal a similar gradual decrease in electrical 

conductivity with increasing polar content. Changes in dopant 

concentration and doping efficiency are small across all 

polymers, indicating that the reduction in carrier mobility 

dominates the drop in conductivity.  

Our study highlights that the incorporation of polar side 

chains is not a universal solution to e.g. increasing a material’s 

dielectric constant, polymer:dopant miscibility or favourable 

interactions with ionic species while simultaneously 

maintaining other desirable properties such as ordered solid-

state structural organisation and effective charge carrier 

transport. We moreover find no evidence in our system that the 

incorporation of polar side chains enhances the doping stability 

at elevated temperatures. Upon thermal annealing of F4TCNQ-

doped polymer films, conductivity values in fact decrease more 

with increasing polar content. 
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