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Abstract 

Recently, polar side chains have emerged as a functional tool to enhance conjugated polymer 

doping properties by improving the polymer miscibility with polar chemical dopants and facilitate 

solvated ion uptake. In this work, we design and investigate a novel family of side chains containing 

a single ether function, enabling the modulation of the oxygen atom position along the side chain. 

A meticulous investigation of this new polymer series by differential scanning calorimetry, fast 

scanning chip calorimetry and X-ray scattering shows that polymers bearing single-ether side 

chains can show high degree of crystallinity under proper conditions. Importantly, due to a gauche 

effect allowing the side chain to bend at the oxygen atom, the degree of crystallinity of polymers 

can be controlled by the position of the oxygen atom along the side chain. The further the oxygen 

atom is from the conjugated backbone, the more crystalline the polymer becomes. In addition, for 

all new polymers, high thermomechanical properties are demonstrated, leading to remarkable 

electrical conductivities and thermoelectric power factors in rub-aligned and sequentially doped 

thin films. This work confirms the potential of single-ether side chains to be used as polar 

solubilizing side chains for the design of a next generation of p- and n-type semiconducting 

polymers with increased affinity to polar dopants while maintaining high molecular order. 
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Introduction 
 
Organic conjugated polymers (CPs) are intriguing but complex synthetic materials. Their highly 

desirable mechanical and optoelectronic properties, resulting from the combination of both 

polymeric and specific organic functionalities, make them highly attractive candidates for 

application in energy and healthcare devices.1–5 CPs are composed of conjugated units which 

govern most of their intrinsic optoelectronic properties. However, their final performance in 

devices are also highly dependent on their processability as well as solid-state self-assembly, which 

vary significantly with the nature of the solubilizing side chains.6–10 

Recently, polar side chains have emerged as a functional tool to enhance CP doping properties by 

improving the polymer miscibility with polar chemical dopants (such as TCNQ derivatives) and 

facilitate ionic uptake,10 which considerably improved performance in organic electrochemical 

transistors (OECT),11 water splitting photocatalysis12,13, and organic thermoelectric (OTE) devices.14 

Polar side chains are most often based on the use of short chains of the oligo(ethylene glycol) (OEG) 

type, known for their hydrophilicity. Numerous variations of these OEG side chains have been 

proposed, including tuning their length (number of ethylene glycol repeating units),15 their 

position,16 and the introduction of spacers17,18. Although, significant progress in functional devices 

have been achieved using CPs carrying OEG side chains, such side chains are known to be much 

less crystalline and ordered than the corresponding alkyl counterparts.19–22 As a result, they lead to 

less ordered CP structures in the solid state and reduced charge transport properties.17 Recently, 

the Luscombe’s team proposed to reduce the number of oxygen atoms in order to find a 

compromise between polymer self-assembly order and polarity for application in OECT.23,24 

In this context, simultaneously to Luscombe’s work, we demonstrated the beneficial use of a single 

ether-based side chain as solubilizing polar substituents for the standard high-mobility PBTTT 

polymer (named PBTTT-8O).25 In contrast to the usual OEG side chains,26 we have shown that the 

introduction of single-ether side chains improves the affinity between polymer and dopant, 

without disrupting the beneficial lamellar order of PBTTT.27 Furthermore, enhanced 

thermomechanical properties are observed for PBTTT-8O compared to PBTTT-C12, the reference 

polymer bearing apolar dodecyl side chains. As a result, polymers with single-ether side chains can 

be effectively processed from solution and subjected to mechanical high-temperature rubbing 

(HTR) to produce highly oriented thin films. Notably, much higher CP orientation and lamellar 

order have been obtained compared to PBTTT-C12, assigned to stronger cohesive forces between 

oxygens from the ether functions and neighboring CH2 units within the side chain sublayers 

(dichroic ratio of 20 for PBTTT-8O vs 14 for PBTTT-C12).25 In addition, this single ether-based design 
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proved particularly relevant for inducing a polar dopant pinpoint close to the ether function. 

Consequently, such highly ordered and uniaxially aligned doped-CPs lead to a metallic-like 

electrical conductivity in the 1-5.104 S cm-1 range. This is particularly relevant for OTE applications 

as the dominant strategy to enhance the CP performances is based on the improvement of the 

electrical conductivity that is intimately related to the doping process.25,28 

Importantly, a specific advantage of the single ether-based design is the ability to adjust the 

position of the oxygen atom along the linear side chain. In particular, one can vary the distance 

between the polar ether function and the conjugated backbone at will. By doing so, one can finely 

tune the order/disorder ratio of the side chains and ultimately control the CP degree of crystallinity, 

self-assembly and electronic properties in the solid state. 

In this contribution, we report the synthesis and characterization of a new series of single-ether 

side chain PBTTTs with a variable position ‘x’ of the oxygen atom along the side chain from the 

backbone (PBTTT-xO, x = 3, 5, 8, 11) (Scheme 1). We locate the ether function at a range of 

positions that do not impact the energy levels of the polymer backbone. We hence specifically 

avoid the first position, which would result in an alkoxy side chain with a donor mesomeric effect 

on the backbone. Note that we use a constant side chain length of 12 atoms to allow relevant 

comparisons to the reference alkyl PBTTT-C12 polymer. 

We study the influence of the oxygen position along the side chain, by evaluating the 

thermophysical properties, the structural properties before and after HTR and upon chemical 

doping. By way of possible application, the evolution of the thermoelectric performance of the 

doped films are finally investigated. Using a combination of characterization tools, including 

differential scanning calorimetry (DSC), fast scanning chip calorimetry (FSC also called 

nanocalorimetry), X-Ray diffraction, transmission electron microscopy (TEM) and UV-Vis-NIR 

spectroscopy, we demonstrate that regardless of the oxygen position, all polymers display lamellar 

ordering. However, the polymorphism and semi-crystallinity of the polymers (including side chain 

ordering) are strongly determined by the position of the ether function. Finally, when chemically 

doped, an optimal oxygen position between the fifth and eighth atomic position in the side chain 

appears to maximize the TE performance for the PBTTT-xO series. Despite being remarkably high, 

we would like to stress that the main finding of this study is not the device performance, but the 

report of a full understanding of how single-ether side chains can be synthetized, how they impact 

the structure of the polymers, and ultimately how the charge properties are impacted upon doping. 
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Results and Discussion 
  
Polymers synthesis and characterizations 
 
In order to synthesize the new polymers of this series, we used the synthesis sequence previously 

described for PBTTT-8O (Scheme 1).25 As a reminder, the chemical route consists of a first 

Sonogashira coupling followed by mild reduction to give the corresponding thienyl alcohol. Then, a 

bromination with NBS gives the 2-bromothiophene intermediate which is homocoupled by 

palladium catalyzed CH activation to form the dihydroxy bithiophene. This dihydroxy bithiophene is 

cautiously recrystallized to get rid of unwanted stereoisomers (HT and TT). A final Williamson 

reaction give the ether functionalized bithiophene with high purity. All 5,5’-dibromo-2,2’-

bithiophenes are then copolymerized with the 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene 

comonomer by Stille cross-coupling to afford the desired PBTTT-xO polymers. 

 

 

Scheme 1. General synthetic route towards the ether-based PBTTT-xO. In inset, PBTTT-C12 structure. 

 

The polymer series was characterized by size exclusion chromatography in trichlorobenzene at 

150 °C and NMR spectroscopy (Fig. S1-S18, ESI). The reference PBTTT-C12, PBTTT-11O and PBTTT-8O 

show similar Mn molar masses of around 30 kg.mol-1, while PBTTT-5O and PBTTT-3O show slightly 

higher molar masses of ~39 and ~50 kg.mol-1, respectively (Fig. S19, ESI, and Table 1). Note that all 
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polymers display molar masses in the range previously considered as optimal for high charge 

carrier mobilities (30-50 kg mol-1) in PBTTT,29 allowing for fair comparisons. 

 
Table 1. Main macromolecular parameters of the synthesized PBTTTs. 

 Mn (kg.mol-1)a Đ a Td
5% (°C) b IPPESA (eV) Egopt (eV) c 

PBTTT-C12 29.6 1.8 386 4.8 1.87 

PBTTT-11O 30.0 1.8 387 4.8 1.91 

PBTTT-8O 30.2 1.8 376 4.8 1.91 

PBTTT-5O 38.8 1.6 371 4.8 1.91 

PBTTT-3O 49.5 1.4 353 4.8 1.97 
a measured by high-temperature SEC; b measured by TGA; c measured from thin-film absorbance. 
 

 

Chemical stabilities were characterized by thermogravimetric analysis (TGA, Fig. S20, ESI and Table 

1). The resulting thermograms show a first interesting result: the oxygen position along the side 

chain impacts the polymer degradation temperature Td. Indeed, if we consider the PBTTT-C12 as 

reference material, one can see a clear trend that the closer the oxygen is to the conjugated 

backbone, the lower the degradation temperature, decreasing stepwise from 386 °C for PBTTT-11O 

down to 353 °C for PBTTT-3O. However, even the PBTTT-3O, with a Td of 353 °C remains more 

stable than OEG side chains based PBTTT.16 

Cyclic voltammetry (CV) and photoelectron spectroscopy in air (PESA) were employed to gain 

insights into the highest occupied molecular orbital (HOMO) energy levels (Fig. S21-S22, ESI). As 

expected, by PESA on thin films, all these single ether PBTTTs display the same HOMO energy 

levels at -4.8 eV, identical to the reference PBTTT-C12. This result confirms that the ether functions 

are far enough from the backbones to not impact the energetic levels of the polymers. All 

polymers are therefore expected to be easily doped with F6TCNNQ.  

Optical absorbance properties are studied in chlorobenzene solutions and in thin films (Fig. S23, 

ESI). Solution UV-visible absorbance spectra exhibit almost identical Gaussian-like line shapes with 

a maximum at ~470 nm for all polymers, suggesting appropriate solubility in chlorobenzene. They 

also show similar optical bandgap of about 1.9 eV, in accordance with identical HOMO levels found 

in PESA. Similarly, high similarities are found in solid-state absorbance spectra. 

  

Structure and self-assembly. 

The electronic and thermal performance of CP thin films are vastly driven by morphology and 

structure. To better rationalize the performance presented in the next section, the melting and 
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crystallization properties ruling the solid-state morphology of each polymer are assessed by DSC 

(Fig. 1A).30 To highlight the impact of the oxygen position, the thermo-structural properties of 

PBTTT-xO polymers are compared to reference PBTTT-C12. In the solid state, PBTTT-C12 is known to 

exhibit polymorphism with crystalline phases (Crys) and smectic liquid-crystal phases (Lam).31 

Upon heating, first the side chains melt at around 140 °C (1st endothermic peak, crystal melting, 

Crys-Lam transition) followed by the thiophene backbone at around 230°C (2nd peak, isotropization, 

Lam-Iso transition). Upon cooling the DSC curve shows two exotherms corresponding to the liquid-

crystal phase formation and crystallization, respectively. PBTTTs with alkyl side chains, including 

PBTTT-C12, are considered as crystalline below the melting temperature of side chains and liquid-

crystalline above that temperature and up to the isotropic transition at around 230°C.32 At high 

temperatures, associated to the backbone behavior (220-250°C), all PBTTT-xO polymers exhibit an 

endothermic and an exothermic peak, like PBTTT-C12. We can therefore first deduce that the 

introduction of the ether function preserves the ordering of the π-conjugated backbone. Note that 

this result highlights one benefit of single-ether side chains compared to OEG side chains, this 

latter being reported as tending to reduce macromolecular order.16,17 At low temperature ranges, 

corresponding to the side-chain ordering (100-150 °C), the PBTTT-xO series can be divided in two 

categories. PBTTT-11O behaves as PBTTT-C12, with endo/exothermic peaks of similar intensities and 

at similar temperatures, indicating alike melting and crystallization behaviors of the -11O and -C12 

side chains. When the oxygen is positioned closer to the backbone, such as for PBTTT-8O, -5O, and -

3O, no endothermic or exothermic peak could be detected by conventional DSC. This observation 

suggests that the distance of oxygen atom to the backbone is a key parameter controlling the side-

chain ordering. However, interpretation of conventional DSC curves performed at slow scan speed 

(5 °C/min ≃ 0.08 °C/s) can be difficult if thermal transitions occur at fast kinetics. Therefore, using 

fast scanning rates is beneficial for DSC measurements as it allows to kinetically bypass these 

processes. Thus, to probe the behavior of -8O, -5O, and -3O side chains, FSC with cooling and 

heating ramps on the order of 1000 °C/s has been applied (Fig. 1B and Table 2).33–37.  
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Fig. 1 Color code: PBTTT-C12, PBTTT-11O, PBTTT-8O, PBTTT-5O, PBTTT-3O, respectively; A. 

Conventional DSC curves recorded at 5°C/min (≃ 0.08 °C/s); B. Fast scanning chip calorimetry 

curves recorded during heating at 1000 °C/s for samples crystallized at 40 °С and during cooling at 

1000 °C/s from the isotropic melt for pristine samples; C. X-ray micro-focus scattering patterns 

measured on a few nanogram-size samples after 2 days annealing at 40 °C for PBTTT-11O, PBTTT-8O 

and 5 days annealing at 40 °C PBTTT-5O, PBTTT-3O.  

 

Table 2. Thermal analysis (DSC, FSC) & crystalline parameters. 

 DSC FSC 

C (%)a  Heating Tonset (Tmax) 
(°C) 

Cooling Tonset (Tmax) 
(°C) 

Heating Tonset (Tmax) 
(°C) 

Cooling Tonset (Tmax) 
(°C) 

PBTTT-C12 
Crys-Lam 103 (139) 
Lam-Iso 190 (234) 

Iso-Lam 244 (232) 
Lam-Crys 121 (112) 

- - - 

PBTTT-11O 
Crys-Lam 113 (139) 
Lam-Iso 202 (231) 

Iso-Lam 244 (232) 
Lam-Crys 121 (112) 

Crys-Lam 75 (92) 
Lam-Iso 215 (237) 

Iso-Lam 178 (166.0) 53 

PBTTT-8O 
Crys-Lam 89 

Lam-Iso 225 (241) 
Iso-Lam 233 (228) 

Crys-Lam 71 (96) 
Lam-Iso 214 (241) 

Iso-Lam 158 (150) 56 

PBTTT-5O 
Crys-Lam 83 

Lam-Iso 206 (232) 
Iso-Lam 225 (220) 

Crys-Lam 63 (89) 
Lam-Iso 216 (245) 

Iso-Lam 153 (146) 37 

PBTTT-3O 
Crys-Lam 86 

Lam-Iso 212 (244) 
Iso-Lam 233 (226) 

Crys-Lam 73 (95) 
Lam-Iso 216 (250) 

Iso-Lam 164 (155) 26 

a C is the crystallinity index as measured by decomposition of the X-ray scattering profiles in a sum 

of crystalline peak intensities and amorphous halo. 

 

Fig. 1B shows PBTTT-xO nanocalorimetric curves recorded at about 1000 °C/s. As for conventional 

DSC, the formation of the liquid-crystal phase, originating from the backbone crystallization (Iso-

Lam transition) is observed during fast cooling for all PBTTT-xO polymers. No specific trend with 

the oxygen position is found. However, the onset temperatures of the exothermic peak are shifted 

from 220-250 °C for conventional DSC, down to 165-175 °C for FSC, suggesting a higher degree of 

supercooling of the Iso-Lam transition with faster cooling rate. More importantly, regardless of the 

oxygen position, none of the samples exhibits formation of the crystalline phase from the 

mesophase upon cooling (Fig. S24, ESI) indicating that side chains have difficulties to order at fast 

scanning rates. Therefore, prior to the FSC heating scan, the samples were subjected to isothermal 

crystallization to promote side chain ordering. A crystallization temperature of 40 °C was selected 

to be between the glass transition temperature (from -30 °C to -20 °C for PBTTT-xO as seen in 

Figure S24 and reported at -80°C for PBTTT-C12)38 and the onset of side-chain melting (from +80°C 

to +140°C) was selected to mostly enhance the side-chain crystallinity (and not the backbone)39. 
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The annealing time was adapted for each polymer. Upon fast heating at 1000 °C/s, all isothermally 

crystallized polymers show two endothermic peaks (Fig. 1B). The low-temperature transition being 

assigned to side chain melting.30,40 Interestingly, both the transition temperature and the enthalpy 

of the peaks vary with the distance between the oxygen and the backbone. To take things a step 

further, we used nanocalorimetric analysis coupled with small- and wide-angle X-ray scattering 

(SAXS-WAXS) to evaluate a crystallinity index (C) for each polymer. Synchrotron micro-focus SAXS 

and WAXS experiments were conducted in situ on nanocalorimetric sensors using a custom-built 

device described previously.33,41 

The X-ray scattering patterns of all PBTTT-xO isothermally crystallized samples are given in Fig. 1C. 

All polymers exhibit the most intense peak at 18.5-21.5 Å, attributed to periodic inter-lamellar dis-

tance. Among the series, PBTTT-8O stands out clearly as it shows polymorphism with coexistence 

of the crystalline phase with d100 = 14.6 Å and the liquid crystalline phase with d100 = 19.5 Å. To 

evaluate the crystallinity index C, the scattering profiles are decomposed in a sum of crystalline 

peak intensities and amorphous halo as shown in Fig. S25 in ESI. The crystallinity index is then 

computed as the ratio of all crystalline peak intensities over the total scattering intensity. The 

shape of the amorphous halo is measured for each sample above the isotropization temperature 

(230-250 °C). The obtained values are the following: 26% < 37% < 56% ≃ 53% for PBTTT-

3O/5O/8O/11O, respectively. Remarkably, a clear trend of increasing crystallinity index with the oxy-

gen distance from the backbone is found. The further the ether function is from the backbone, the 

higher the crystallinity of polymers. In other words, PBTTT-11O and PBTTT-8O are more crystalline 

than PBTTT-5O, while PBTTT-3O is the least crystalline. We believe that this phenomenon originates 

from hyperconjugation effects (also known as the gauche effect) which tend to bend the side 

chains due to the synclinal conformation of the C-C alpha-beta bond next to the ether func-

tion.26,42–44 The closer the oxygen atom to the conjugated backbone, the longer the alkyl segment 

that adopts a non-straight conformation (not antiperiplanar), resulting in a decrease in side-chain 

order and overall macromolecular crystallinity (see Fig. 3A). 

In a nutshell, the polymer morphology, and in particular the semi-crystalline/amorphous domain 

ratio, can be finely controlled by the position of the oxygen along single-ether side chains. Single-

ether side chains therefore represent a tunable trade-off between the polarity of OEG side chains 

and the crystallinity of alkyl side chains. The impacts of these balanced properties on the polymer 

propension to align upon mechanical rubbing and to chemically dope is presented in the following 

section in views of applications of PBTTT-xO as TE materials.  
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Thin film Alignment  

We have previously shown that HTR is a very effective method to orient CP thin films.45 In 

particular, with an adequate rubbing temperature TR, PBTTT films of remarkable crystallinity and 

uniaxial alignment can be generated.46 Polarized UV-Vis spectroscopy is used to evaluate the 

alignment quality, in particular through the calculation of the dichroic ratio (DR, defined as the 

absorbance in parallel divided by the absorbance in perpendicular at the wavelength 

corresponding to the maximum max) and the 3D order parameter (OP = (DR-1)/(DR+2)). Alignment 

conditions were first optimized as function of TR (Fig. 2A and Fig. S26, ESI). A previous study has 

shown that the highest alignment of PBTTT-C12 is reached for TR = 125 °C, just below the side-chain 

melting temperature (140 °C), for  PBTTT-C12, giving DR and OP of around 14 and 0.80, 

respectively.25 Above this temperature, films of PBTTT-C12 were found to delaminate from the 

substrate upon rubbing. In stark contrast, it is possible to align all the PBTTT-xO polymers with 

rubbing temperatures up to TR = 240 °C (around the isotropization temperatures) while retaining 

film integrity. We speculate that the enhanced thermo-mechanical stability of PBTTT-xO polymers 

results from a higher lamellar cohesion thanks to dipolar inter-chain interactions between ether-

based side chains. Interestingly, the higher optimized rubbing temperatures systematically lead to 

higher DR and OP compared to PBTTT-C12, synonymous of higher polymer chain alignment. Indeed, 

the best alignment is achieved for PBTTT-11O (DR = 19, OP = 0.86), followed by PBTTT-8O/5O (DR = 

18/17 and OP = 0.85/0.84) and finally PBTTT-3O (DR = 15, OP = 0.83), still higher than PBTTT-C12. 

The variation of DR with TR reveals two remarkable trends. Firstly, the closer the ether function to 

the backbone, the lower the maximum DR. Secondly, the closer the ether function to the backbone, 

the lower the crystalline index, the broader the range of rubbing temperatures leading to high DR 

offering a larger tolerance during the film processing (Fig. S26B, ESI). In the following, to evaluate 

the thermoelectric properties of rub-aligned and doped films, the different polymers were rubbed 

at temperatures corresponding to their maximum alignment (DR), i.e. 160°C and 170°C for PBTTT-

3O and PBTTT-8O, respectively, while PBTTT-5O and PBTTT-11O, are both rubbed at 200°C. 
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Fig. 2 A. Plot of the order parameter for each polymer as function of the rubbing temperature. B 

and C. Polarized UV-vis-NIR spectra of oriented thin films of PBTTT-C12, PBTTT-11O, PBTTT-8O, 

PBTTT-5O, PBTTT-3O, respectively, doped with F6TCNNQ in acetonitrile ([F6TCNNQ] = 2 mg.mL-1); 

B. The light is polarized parallel to the rubbing direction. The main polaronic bands (P1 and P2) and 

the neutral band (N) are assigned. All spectra are normalized by the maximum absorbance of the 

P2 band at 830 nm, highlighting the variation of the P2/N ratio and hence of the doping 

extent; C. The light is polarized perpendicular to the rubbing direction. All spectra are stacked to 

highlight the change in monomer/dimer dopant ratio with the oxygen position. Solid lines = 

experimental data. Dashed lines = Relative absorbance of F6TCNNQ•− monomer (blue) 

and (F6TCNNQ•−)2 dimer (pink) found by MCR deconvolution. Details on MCR fitting in Fig. S29 in 

ESI.  

 

Polymer order and chemical doping 

The possibility to achieve very high alignment and to tune the crystallinity index in the PBTTT-xO 

series by changing the position of the oxygen along the side chain is used as an opportunity to 

probe the influence on the charge transport and TE properties of doped polymer films oriented by 

HTR. The open question was to know what is the optimal distance of the oxygen from the 

conjugated backbone to achieve the best TE power factors. The films are doped using the 

Incremental Concentration Doping (ICD) method, which helps preserving the pristine structure of 

the polymer thin film by progressively inserting dopant molecules in the polymer matrix (see SI). In 

case of oriented thin films, ICD allows to retain a very high crystallinity and alignment quality after 

doping (Fig. S27-S28-S30, ESI).47 

The doping extent of the oriented PBTTT thin films and the localization of F6TCNNQ dopants are 

studied by polarized UV-vis-NIR absorbance spectroscopy. The Fig. 2B and 2C display the UV-vis-

NIR absorbance spectra of oriented thin films of all polymers doped with F6TCNNQ at a 

concentration of 2 mg.mL-1 for a light polarized parallel (B) and perpendicular (C) to the rubbing 

direction. All UV-vis-NIR absorbance spectra recorded for lower dopant concentrations are 

reported in SI (Fig. S27, ESI). 

The doping of all PBTTT-C12 and PBTTT-xO polymers with F6TCNNQ is efficient, as evidenced by a 

strong bleaching of the neutral absorption band in the visible domain inducing the generation of 

two polaronic bands (P1 and P2) mainly in the NIR domain (Fig. 2B). The polaronic bands are 

polarized in the chain direction (rubbing direction) and their absorbance increases with dopant 

concentration, reflecting the gradual increase of charge carrier density in the polymers (Fig. S28, 
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ESI). On the other hand, when the light polarization is perpendicular to the chain direction, the 

spectrum is dominated by the signature of the radical anion F6TCNNQ•− (Fig. 2C). In agreement 

with previous studies, this indicates that a large amount of dopant molecules are located inside the 

side chain layers and preferentially oriented with the long molecular axis perpendicular to the 

PBTTT backbone, regardless of the nature of the side chains.46,48 Nonetheless, two categories of 

polymers can be distinguished, just as evidenced by DSC studies. Indeed, both the polaronic 

absorbance signatures of P1 and P2 bands as well as the signature of F6TCNNQ•− radical anions are 

similar for PBTTT-C12 and PBTTT-11O (Fig. 2B-C). This means that despite the presence of the ether 

function in the side chain, the intercalation of F6TCNNQ inside the side chain layers is close to that 

observed for PBTTT-C12 (the long axis of the dopant is oriented in a plane perpendicular to the 

PBTTT backbone). 

For PBTTT-8O/5O/3O, the scenario differs. In particular, the line shape of the absorbance assigned 

to the reduced dopants is more complex. As one can notice in the spectrum recorded with the 

light polarization perpendicular to the rubbing direction, the 0-0 band at ~1150 nm decreases 

while the 0-2 band at ~850 nm apparently increases (Fig. 2C). A spectral deconvolution based on 

the multivariate curve resolution (MCR) analysis indicates that the vibronic signature of the 

F6TCNNQ•− radical anion overlaps with at least one additional signature with a characteristic band 

centered at ~850 nm (Fig. S29, ESI). MCR analysis of the spectra at 2 mg.mL-1 allows to isolate two 

distinct species, exhibiting high similitudes with the experimental spectra reported in literature for 

monomeric TCNQ•− anion and dimeric (TCNQ•−)2, respectively.49 We therefore conclude that both 

monomers and (F6TCNNQ•−)2 dimers (or clusters) of ionized dopants are formed when PBTTT-

8O/5O/3O are doped. In addition, the ratio of monomer/dimer oriented perpendicular to the 

polymer backbone scales with the position of the oxygen along the side chain. As shown in Fig. S29 

in ESI, an equilibrated proportion of monomers and dimers (52%/48%) is found for PBTTT-8O, while 

the fraction of dimers increases to ~60% for PBTTT-5O, and ~65% for PBTTT-3O. In other words, the 

closer the ether function to the backbone, the lower the crystallinity index, the higher the dimer 

content. A possible explanation could be related to more spatial freedom for the dopant to 

dimerize due to the disorder induced by the gauche effect, previously described, within the side 

chain sublayer (Fig. 3A).  

The impact of the oxygen position, and therefore the crystallinity index, on the doping level can be 

qualitatively estimate by calculating the ratio between the neutral band intensity (at 510 nm) and 

the P1 and P2 polaronic band intensities (820 and 2450 nm, respectively) in the UV-Vis-NIR 

absorbance spectra with light polarized parallel to the rubbing direction (Fig. S28, ESI). Single 
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ether-based side chains systematically lead to a higher bleaching of the neutral band, indicating a 

higher overall oxidation of the PBTTT-backbone compared to PBTTT-C12, thereby confirming the 

expected higher dopant/polymer miscibility offered by the ether function, as known for polar OEG 

side chains.10 The facilitated dopant insertion for PBTTT-xO polymers is also highlighted by a more 

pronounced doping level at lower dopant concentration (Fig. S28, ESI). Again, a trend in doping 

level with the oxygen position is found. But in this case, an optimum is observed with the doping 

level being maximal for PBTTT-8O. The doping level of PBTTT-5O/-3O are similar and remain higher 

than for PBTTT-11O/-C12. 

The influence of the ether position in the side chain on doping is also manifested in the variation of 

the unit cell parameters versus doping concentration (Fig. S31-S32, ESI). In our previous work, we 

demonstrated that doping PBTTT-8O with F6TCNNQ led to very peculiar structural change different 

from PBTTT-C12. Instead of a continuous expansion of the lattice in the side chain direction (d100) 

and a contraction along the -stacking direction (d020) with increasing doping concentration, the 

lattice of PBTTT-8O first expands for F6TCNNQ ≤ 0.1 g/L and contracts back to a value d100 close to 

the original undoped lattice when doping up to 2 g/L. This behavior was associated to the dimer 

formation and/or the rejection of dopants to amorphous zones.25 Interestingly, the same type of 

behavior is seen for PBTTT-5O whereas all other polymers show the classical continuous expansion 

of d100 and contraction of d020 with increasing dopant concentration.50–52 Overall, these results 

underlines again the major impact of the structure of side-chain layers on the doping of the 

polymers: side chain layers control orientation and clustering of ionized dopant molecules as well 

as maximum amount of intercalated dopants. In this perspective, the position of the ether in the 

side chain plays a key role. 

 

Thermoelectric properties 

The reduced lattice modification observed upon doping of PBTTT-5O and PBTTT-8O is interesting as 

these two polymers show incidentally the best TE performances. In strong contrast, the poorest 

transport properties are found for the polymers PBTTT-11O and PBTTT-3O featuring the largest 

lattice expansion upon doping (∆d100 variation of almost 1 Å and 2 Å, respectively). In other words, 

doping PBTTT with F6TCNNQ while maintaining the original lattice seems the optimal doping 

condition to obtain the best TE properties in the PBTTT-XO series. Note that a similar trend was 

already evidenced for the case of P3HT when doped with magic blue as the dopant molecules 

locate essentially in the amorphous phase of the polymer.53 
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Fig. 3B reports the TE parameters (charge conductivity, Seebeck coefficient and thermoelectric 

power factor) along the alignment direction measured for the thin films doped with F6TCNNQ at a 

concentration of 5 mg.mL-1. Complete data for all investigated concentrations along and 

perpendicular to the alignment direction can be found in ESI (Fig. S33-S35, ESI). 

In our previous article, we have shown a remarkable improvement of TE properties for PBTTT-8O 

over PBTTT-C12, with a near 20-fold increase in electrical conductivity ( reaching about 5.104 S.cm-

1) and a 6-fold increase in power factor (PF of almost 3 000 μW.m−2.K−1). This trend applies to the 

whole single-ether series since, compared to PBTTT-C12, all the PBTTT-xO polymers show significant 

improvements in electrical conductivities (Fig. 3B). For PBTTT-5O, the conductivity achieved at high 

doping concentration (5mg.mL-1) along the alignment direction is up to 2.104 S.cm-1 (a 10-fold 

improvement compared to PBTTT-C12). For PBTTT-11O and PBTTT-3O, the conductivity 

improvement is less significant but still reaching conductivities as high as 104 S.cm-1 and 5 000 

S.cm-1, respectively. It is worth noting here that the best thermoelectric performances do not 

correlate with the maximum crystallinity index, the maximum dichroic ratio or the largest amount 

of monomeric dopant. For instance, the most crystalline and aligned polymer PBTTT-11O (high 

crystallinity and high DR/OP) performs less than PBTTT-3O (lower crystallinity, high dimeric dopant 

content) which in turns performs less than PBTTT-5O and PBTTT-8O. These observations highlight 

the complex interplay between morphology, doping process, thin film processing and resulting 

charge transport properties. Notably, the two polymers showing the highest conductivities are 

PBTTT-5O and PBTTT-8O, which display high to moderate crystallinity (37% and 56%) and balance 

amount of dimeric/monomeric dopants (60%/40% and 52%/48%, respectively). The common point 

of these polymers is that both have ether functions located around the center of the side chains.  

Generally, the TE properties probed in the rub-aligned PBTTT-xO series confirm previous findings 

that alignment is able to increase both electrical conductivity and Seebeck coefficient (S) in the 

alignment direction, demonstrating a simple means to enhance the power factor PF of doped 

CPs.48 Since Seebeck coefficients show limited dependence on the oxygen position, the evolution 

of PF in the series reflects mainly the trend of the charge conductivities, with PBTTT-5O and PBTTT-

8O, performing well above the other polymers (Fig. 3B). These PF values, 1300 and 2900 

μW.m−2.K−1, respectively, are still the highest in the literature for doped p-type CPs (see table S2, 

ESI). Interestingly, the best TE properties are observed for PBTTT-8O, which exhibits a mixed 

morphology with coexistence of crystalline and liquid-crystalline phases due to its polymorphism 

(Fig. 1C). 
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Fig. 3 A. Illustration of possible conformations related to the gauche effect, showing the evolution 

of the disorder associated with the position of the oxygen along the side chain. The arrows indicate 

the gauche effects represented on each side chain. Evolution of crystallinity index and power 

factors are illustrated as function of the position of the oxygen along the side chain B. TE 

properties of doped polymer thin-films ([F6TCNNQ] = 5 mg.mL-1) measured in parallel to the 

rubbing direction (color code: electrical conductivity, Seebeck coefficient and power factor). 

 

Conclusion 

We recently demonstrated that grafting a polar single-ether side chain (-xO) to an organic CP allows 

to reach higher electrical conductivity and thermoelectric performance in doped rub-aligned thin 

films compared to standard alkyl side chains.25,28  

Interestingly, this novel single-ether side-chain design allows to modulate the position of the 

oxygen atom along the side chain. In this work, by combining controlled synthesis, advanced 

structural characterizations and doping studies of a new series of PBTTT-xO, we demonstrate that 

not only can these single-ether chains be used to finely control the structural properties of 

polymers, but that they also represent a viable alternative to polar (ethylene glycol)-based side 

chains. 

A meticulous investigation by DSC, FSC and WAXS shows that polymers bearing single-ether side 

chains can crystallize under proper conditions (isothermal crystallization at 40 °C). Moreover, the 

crystallinity index of the polymers depends on the position of the oxygen atom in the side chain. 

The further the oxygen atom from the conjugated backbone, the more crystalline the side chain. 

This phenomenon is attributed to a hyperconjugation effect (also known as the gauche effect), 

which tends to bend the side chain due to the synclinal conformation of the C-C- bond next to 

the ether function (Fig. 3A).  
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Interestingly, despite a reduction in the crystallinity of the -xO side chains compared to a standard 

dodecyl (-C12) side chain, the CP backbone cohesion is preserved leading to cohesive lamellar 

stacks. Furthermore, the single-ether chains improve the thermomechanical properties of PBTTT, 

enabling the polymers to be processed by HTR up to very high temperatures, reaching very high 

alignment levels. 

This enhanced ordering strongly impacts the TE performance with record electrical conductivities 

and PFs. The best TE properties in the series are observed for PBTTT-8O, which exhibits a unique 

polymorphic structure with coexistence of crystalline and liquid-crystalline phases. 

This study showcases the potential of single-ether side chains to be used as polar solubilizing side 

chains for the design of a next generation of solution-processable p- and n-type CPs and mixed 

ionic-electronic conductors with high doping properties. In particular, single-ether side chains are 

also expected to promote the development of organic electronics which require a balanced 

polarity, for high dopant uptake, and a mixed polymorphic morphology in the solid state, for high 

electrical properties and rapid (de)doping kinetics (e.g. OTEs, Supercapacitors, batteries, OECTs…). 
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