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ABSTRACT: We present two new polythiophene isomers, PQTC16-TT and PQTSC16-TT, with 

more separation and lower side chain density on the backbone compared with the typical 

polythiophenes, such as PQT(S)12 and PBTTT(S)12. The introduction of spacer subunits to 

separate the side chains improves the accommodation of dopant molecules close to the polymer 

backbone. Therefore, the lamellar structure and π-π stacking of polymers were negligibly disturbed 

by dopants; in fact, improved ordering and closer π-stacking were observed after chemical doping. 
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Furthermore, the doping efficiency is significantly enhanced and the electrical conductivity is 

improved up to 330 S cm-1, still maintained at 200 S cm-1 at higher doping concentration, for the 

combination of PQTSC16-TT/NOBF4. We investigate how charge transfer is affected by the 

geometry of the dopant with respect to the polymer repeat unit. It is shown that the sulfurs in the 

side chains act as binding sites for dopants, resulting in higher thermal and environmental stability 

of alkylthio-substituted polymers upon doping.  

INTRODUCTION 

Polymer semiconductors can be easily processed into thin films and are promising for the 

realization of flexible electronics. The use of polymer semiconductors as conductive layer in 

organic thermoelectric (TE) devices has attracted increased attention in recent years.1, 2 The TE 

performance of a material is defined as a dimensionless figure of merit, ZT = S2σT/κ, where S is 

the Seebeck coefficient, σ is electrical conductivity, κ is thermal conductivity, and T is absolute 

temperature. Chemical doping, accompanying the charge transfer from the highest occupied 

molecular orbital (HOMO) of the polymer to the lowest unoccupied molecular orbital (LUMO) of 

the dopant molecules (p-type doping),3, 4 has become a popular approach to control the electrical 

properties of polymer semiconductors.5, 6 However, low efficiency of doping remains a challenge 

for obtaining high thermoelectric performance because the dopants usually interrupt the charge 

transport of pristine polymers and tend to aggregate, resulting in a low electrical conductivity7 and 

thus a low ZT. Furthermore, a dramatic drop of electrical conductivity usually happens at high 

doping level with poor film quality.8 There have been several technical approaches to avoid this 

issue. One major strategy was to immerse a polymer film into a dopant solution for an extended 

time to ensure the intrinsic packing of the film would not be damaged.9-11 Tang et al. reported a 
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power factor (PF = S2σ) of 19 μW m-1 K-2 was obtained for γ oxygen-substitution on the side chains 

of  poly(3-hexylthiophene) (P3HT) analogue by immersing films into FeCl3 solution.12 

Evaporating dopant into the polymer film under ultra-high vacuum is another technique to pursue 

high electrical conductivity.13-16 Thus, it has been demonstrated that the electrical conductivity of 

poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT-C14) can be enhanced to 

up to 250 S cm-1 when doped by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ).17 Additionally, Schwartz et al. proposed a sequential doping method where the dopant 

solution was spin-coated onto the polymer film. The electrical conductivity of P3HT film was 

improved to 9.1 S cm-1.18, 19 This method was also successfully applied to other polymers.20-23 All 

these strategies aim at avoiding or weakening the interference of dopant to the packing of polymer 

during the doping process, but the complicated and strict experimental conditions, such as multi-

step processes, limited film thicknesses, and high vacuum, are required. The molecular doping by 

single solution processing of polymer/dopant mixture is a simple method, but there have been few 

reports achieving high electrical conductivity over 100 S cm-1.4, 24 

To improve the electrical conductivity of co-processed films from solution and reveal the doping 

mechanism, much attention was recently paid on the modification of polymer backbone and side 

chains to control the doping efficiency. Backbone regiochemistry25 and the polaron delocalization 

length26 of the n-type polymers in the doped phase were linked to the electrical conductivity. 

Important progress was also made for the development of the side chains. For instance, using polar 

oligoethylene glycol as side chains4, 7, 27-29 favors the dispersion of dopant into the polymer matrix 

and significantly improves the electrical conductivity. A 200-fold enhancement of electrical 

conductivity was achieved by Koster for an N2200 derivative by using this strategy.28 

Additionally, the length of the alkyl side chain has influence on the doping mechanism.30, 31 Jang 
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et al. reported that the existence of long side chains of the D-A polymer allowed retaining good 

solubility and adding large amounts of F4TCNQ would not severely disturb the polymer 

ordering.30 Development of new soluble dopants would be another approach for solution processed 

films with high electrical conductivity.8, 32-34 Pei et al. proposed that, for ordered n-type polymers, 

proper shape of the counterion will cause less perturbation of the film microstructures.35 Schwartz 

et al. provided an example that, by utilizing a substituted boron cluster as a molecular dopant to 

shield the polaron from the anion, the electrical conductivities and polaron mobilities of P3HT was 

an order of magnitude higher than films doped with F4TCNQ.36 Graham et al. investigated the 

influence of dopant size on doping efficiency and demonstrated the bulky dopant will weaken the 

coulomb interaction between the polaron and dopant anion, but also disrupt the crystallinity of 

polymers at high loadings.37 

From the viewpoint of polymer backbone and side chain, in our previous work, we modified the 

poly(bisdodecylquaterthiophene) (PQT12) by inserting EDOT groups into backbone and/or sulfur 

into the side chains and obtained high conductivity of 350 S cm-1 via single-solution processing, 

and the conductivity dramatically decreased to 80 S cm-1 at molar ratio of 1.24 That means the high 

conductivity is limited by a specific doping level. To further address the challenge of high 

conductivity by facile solution processing, we propose that the influence of dopant on polymer 

packing is predominantly via two factors: (i) large density of insulating alkyl chains around the 

backbones lead to disordered stacking of the backbones and hamper the dopant being close to the 

backbone; (ii) binding sites close to the backbone could enhance the interaction between repeat 

unit and dopant. Therefore, providing enough space for dopant to fit comfortably into the polymer 

morphology could be a valuable approach for effective doping. In this article, we will focus on the 

synthetic modification of polymer semiconductors by significantly increasing the space for dopant 
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to occupy without the perturbation of film microstructure. To prove the role of “spacer” on polymer 

backbone and the matching of dopant-polymer structure, we include examples of doped polymers 

with large molar ratio (1 to 1 for dopant to repeat unit).  

The polymers chosen for this study are displayed in Figure 1a. Two new polymers, PQTC16-TT 

and PQTSC16-TT, with more widely spaced insulating side chains on the backbone are 

synthesized. The key points of our design are: 1) The extra thienothiophene units act as spacers 

that make the polymers different from the standard polymer, PQT polymers; 2) longer side chains 

(C16) are chosen for better solubility and may also increase volumes for dopants along the lamellar 

directions; 3) Different from the structure of PBTTT in which the alkyl chain is adjacent to the 

thienothiophene, the alkyl chains in the new polymers are adjacent to bithiophene to reduce the 

steric interactions; 4) Sulfur atoms are directly grafted onto the thiophene ring. The existence of 

sulfur will influence the polymer packing, but also importantly will decrease the polymer 

ionization potentials. High doping efficiency was observed in UV-Vis-NIR absorption spectra 

compared with PQT(S) polymers or PBTTT(S) polymers. The packing of new polymers was not 

disturbed even under high doping level (Figure 1b) determined by grazing incidence wide-angle 

X-ray scattering (GIWAXS), while significant self-aggregation of dopants was observed in 

F4TCNQ-doped PQT(S)12 or F4TCNQ-doped PBTTT(S)C12. The carrier mobilities of these two 

new longer-side-chain polymers are relatively lower (0.008 ~ 0.01 cm2 V-1 s-1) compared with the 

shorter-side-chain counterparts, PQT(S)12 (0.03 cm2 V-1 s-1 for PQT12 and 0.01 cm2 V-1 s-1 for 

PQTS12, respectively) or PBTTT(S)C12 (0.13 cm2 V-1 s-1 for PBTTTC12 and 0.01 cm2 V-1 s-1 for 

PBTTTSC12, respectively). However, doped by F4TCNQ, the highest electrical conductivity up 

to 55 S cm-1 was obtained for PQTSC16-TT, which is among the highest values for single solution-

deposited thiophene polymers mentioned above. Doped by a smaller and stronger dopant, NOBF4, 
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more charge transfer was stimulated and a higher electrical conductivity up to 330 S cm-1 was 

achieved for PQTSC16-TT. The conductivity could be still maintained at 200 S cm-1 even at higher 

doping concentration. Although the Seebeck coefficient was not optimized, a ZT value of 0.012 

was obtained. It was demonstrated that the increased space along the polymer backbone provided 

more possible geometries for dopant close to the polymer backbone, also associated with low 

activation energy for charge transport. Furthermore, we observed that the presence of sulfurs in 

the side chains acting as binding sites for dopants not only results in higher electrical conductivity 

but also higher thermal and environmental stability of doped films. 

 

Figure 1. (a) Design strategies of PQT-TT polymers. The green and red pentagons highlight the 

QT unit and thienothiophene unit, respectively. The red side chain highlights the orientation to 

thienothiophene of side chains; (b) A proposed schematic diagram dopants in polymer chains (The 

orange dots represent sulfur atoms in the side chains and F4TCNQ represents dopant). 

 

 

 



 7 

RESULTS AND DISCUSSION 

Synthesis and Characterization of PQT(S)C16-TT Polymers  

The synthetic routes to PQTC16-TT and PQTSC16-TT are shown in Figure S1. The polymers 

were obtained by typical Stille polymerization with high yield. C16 was used as side chains to 

ensure the solubility of polymers in halogenated solvents, such as hot chloroform and 

chlorobenzene. The molecular weights of polymers were evaluated by MALDI-TOF7 (Figure S2 

and S3). PQTC16-TT exhibits a maximum length of n = 111 repeating units while PQTSC16-TT 

has a maximum length of n = 113 repeating units, which means the molecular weights of these 

two polymer are close. The thermogravimetric analysis (TGA) in Figure S4 indicates that two 

polymers exhibit good thermal stability above 320 °C and PQTC16-TT shows higher 

decomposition temperature. PQT(S)C16-TT polymers exhibit no obvious thermal transition by 

differential scanning calorimetry (DSC) upon heating to 300 °C (Figure S5). This is different from 

PQT(S)12 or PBTTT analogy in which backbone and/or side-chain melting can be observed.24, 38 

The electrochemical properties of the PQT(S)C16-TT polymers were investigated by cyclic 

voltammetry (Figure S6). We compared the energy levels of the PQT(S)C16-TT polymers with 

PQT(S)12 and PBTTT(S)C1238, 39 in Figure S7 and we found that the HOMO level of PQTC16-

TT (-5.19 eV) and PQTSC16-TT (-5.08 eV) is much closer to the HOMO level of PBTTTC12 (-

5.20 eV) and PBTTTSC12 (-5.10 eV), respectively. The charge carrier mobilities of PQT(S)C16-

TT polymers were tested in field-effect transistor (FET) devices with top-contact/bottom-gate 

device architecture (Figure S8). The mobilities of these two polymers are similar (~ 0.01 cm2 V-1 

s-1). We propose that the longer alkyl chains (C16) of the two polymers impact the carrier transport 

and the mobility is lower than that of PBTTTC12 (0.13 cm2 V-1 s-1) and PQT12 (0.03 cm2 V-1 s-1).  
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UV-vis-NIR Spectroscopy of Pristine Polymers and Doped Polymers 

The thickness-normalized absorption spectra of pristine polymers and doped polymers are shown 

in Figure 2 to depict the doping process. For all combinations below, molar ratio of 1 to 1 is 

typically used for dopant to repeat unit, or as specifically mentioned. The existence of sulfur in the 

side chains of pure PQTSC16-TT results in a bathochromic shift of the π-π* absorption peak and 

close packing in the film indicated by a significant shoulder peak at 603 nm. A similar phenomenon 

was also observed in pure PQTS12 film.24 Upon doping with F4TCNQ, the subgap absorption 

(750 nm ~ 2000 nm), assigned to the absorption of (bi)polaron of polymer, grows at the expense 

of the π-π* absorption of the neutral polymer. The absorption peaks of F4TCNQ anion locate at 

416 nm, 777 nm and 882 nm, which are overlapped with the oxidized polymer, meaning the 

existence of integer charge transfer between polymer and dopant.4, 40, 41 In Figure S9, with more 

F4TCNQ added, the intensities of its anion peaks and polymer (bi)polaron peaks gradually 

increase from molar ratio of 0.33, 0.65 to 1.0, indicating the increased doping efficiency. The 

spectral features due to charge transfer are more pronounced in PQTSC16-TT/F4TCNQ, as are the 

decrease in absorption of neutral polymer, than those of PQTC16-TT/F4TCNQ at the same doping 

ratio. This indicates the higher doping efficiency for alkylthio-substituted polymers. When the 

molar ratio is higher than 1.0, the increase of anion or (bi)polaron peaks becomes negligible and 

the absorption of the neutral polymer becomes a little strong probably attributed to the aggregation 

of F4TCNQ itself in very high doping ratio. Compared with F4TCNQ-doped polymers, NOF4-

doped polymers show stronger (bi)polaron absorption in the range of 1200 nm ~ 2000 nm for 

PQTC16-TT and PQTSC16-TT, respectively. That indicates the higher doping efficiency in 

NOBF4-doped polymers because of the stronger oxidizability and lower LUMO level of NOBF4 

(the calculation of the LUMO level can be found in SI). To verify the influence of spacer on doping 
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level in our new polymers, we further compare the absorption spectra of F4TCNQ-doped 

PQT(S)C16-TT with typical polymers, PQT(S)12 and PBTTT(S)12, at molar ratio of 1 (Figure 3). 

It is significant that the absorption intensity of F4TCNQ anion is much stronger for PQTC(S)16-

TT/F4TCNQ than those of doped PQT(S)12 and doped PBTTT(S)12. Moreover, F4TCNQ-doped 

sulfur-substituted polymers shows stronger anion intensities than those of polymers without sulfur 

in the side chains. In particular, the neutral absorption of polymer almost disappears in PQTSC16-

TT/F4TCNQ film. Considering the similar HOMO levels for PQT(S)C16-TT and PBTTT(S)C12, 

we propose that the occurrence of integer charge transfer is not mainly determined by the driving 

force from energy level difference between polymer and dopant. The higher doping efficiency is 

most likely attributed to the increased spacing and intimate contact between F4TCNQ molecules 

and polymer backbone in PQT(S)C16-TT film. 

 

Figure 2. Thickness-normalized UV-vis-NIR absorption spectra of doped polymers (molar ratio 

of 1:1).  
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Figure 3. Thickness-normalized UV-vis-NIR absorption spectra of F4TCNQ-doped polymers 

with molar ratio of 1:1.  

Thermoelectric Measurements of PQT(S)C16-TT Polymers 

The electrical conductivities of the doped polymers were measured by a four-point-probe method 

as before.42 All films were fabricated by a single solution-deposited method. The preparation 

details can be found in the Supporting Information. In Figure 4, doping with different ratios of 

F4TCNQ, PQTSC16-TT always shows higher electrical conductivity than that of PQTC16-TT. 

For a molar ratio of 1, PQTC16-TT and PQTSC16-TT show the highest electrical conductivity up 

to 15 S cm-1 and 55 S cm-1, respectively. Worth noting is that the electrical conductivity did not 

significantly decrease with more F4TCNQ being added. The electrical conductivity is still 

maintained at 40 S cm-1 for a molar ratio of 3.5 (3.5 F4TCNQ for one repeat unit) for PQTSC16-

TT/F4TCNQ. We propose that the high electrical conductivity at this dopant concentration can be 

attributed to there being sufficient space along the polymer backbone due to the introduction of 

thienothiophene units, and a driving force for dopant to be located in each space near the polymer 

backbones where it can be accommodated, even though some of the dopant may be in a separate 

phase. Doping with the stronger oxidant NOBF4, PQTSC16-TT shows the highest electrical 
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conductivity up to 330 S cm-1, while PQTC16-TT shows the highest electrical conductivity of 39 

S cm-1 at molar ratio of 1. Compared with F4TCNQ-doped polymers, the electrical conductivity 

significantly decreases with adding excess NOBF4, which means the morphology or charge 

transport paths can be easily impeded by the tetrahedral BF4 anion. This is also observed in the 

doping process of NOBF4-doped PQTS12. We also fabricated TE devices by spin coating the 

doped solution on the substrates. We observed that different processing methods do not change 

the trend of conductivity of these four combinations; that is, doped PQTSC16-TT films show 

higher conductivity and PQTSC16-TT /NOBF4 has the highest conductivity. This indicates that 

the efficient doping is mainly dominated by structures and processes at the molecular level. 

 

 Figure 4. Electrical conductivity and Seebeck coefficient of F4TCNQ-doped polymers (a) and 

NOBF4-doped polymers (b) with varied molar ratio of dopant to polymer repeat unit. (PQTC16-

TT: open symbols, PQTSC16-TT: close symbols) 

We compared the electrical conductivities of PQT(S)C16-TT with PQT(S)12 and PBTTT(S)C12 

under the same doping condition (molar ratio of 1) in Figure S10. It is observed that PQTC16-TT 

and PQTSC16-TT show outstanding conductivity among these polymers. The conductivity of 

PQTSC16-TT/F4TCNQ is 1.7 times higher than the conductivity of PQTS12/F4TCNQ and 7 times 
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higher than that of PBTTTS12/F4TCNQ processed in single solution, while the conductivity of 

PQTSC16-TT/NOBF4 is 2 times higher than the conductivity of PQTS12/NOBF4 and 100 times 

higher than that of PBTTTS12/NOBF4, indicating a benefit from our design strategy. Overall, the 

polymers with sulfur in the side chains exhibit higher electrical conductivity than those of their 

analogies without sulfur in the side chains. Also, the conductivities of PBTTT(S)C12 doped by 

NOBF4 or F4TCNQ are clearly lower, suggesting that the steric hindrance from F4TCNQ and 

BF4 anion profoundly disturb the packing of pristine PBTTT.   

The Seebeck coefficients of PQT(S)C16-TT polymers change in opposite directions when the 

electrical conductivities change (Figure 4), as expected from such paired characterizations of the 

same transport mechanism. Also, the relationship between the conductivities and Seebeck 

coefficients fit well with the empirical model developed by the Chabinyc group.13 To estimate the 

figure of merit, ZT, the thermal conductivities of doped films with molar ratio of 1 were measured 

using time domain thermoreflectance (TDTR) and optical pump-probe thermometry technique.43-

44 Due to the challenge of measuring the in-plane thermal conductivity (κ∥) for polymer films, we 

simply obtained the thermal conductivity along the out-of-plane direction (κ⊥). Nevertheless, the 

significant amorphous and non-oriented fraction of the polymer film, in contrast to more 

crystalline materials, decreases the anisotropy of the thermal conductivity. The schematic of the 

TDTR setup is shown in Figure S11 and the details about the measurement and analysis are 

discussed further in the Supporting Information. We found that F4TCNQ-doped or NOBF4-doped 

PQT(S)C16-TT show very low thermal conductivity around 0.21 W m-1 K-1 along the out-of-plane 

direction (Figure S12 and Table S1). An increase in the thermal conductivity is observed as the 

polymers are doped by F4TCNQ at higher molar ratios (Figure S13). For F4TCNQ-doped 

PQTSC16-TT, the ZT value is 0.016 while the ZT value is 0.012 for NOBF4-doped PQTSC16-TT 
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based on the measured out-of-plane thermal conductivity, which is higher than the performance of 

PQTS12/NOBF4 (ZT = 0.0051) in our previous work.24  This analysis was done largely to illustrate 

the relative contribution that improved doping effectiveness increased desired charge transport in 

structurally related polymers. 

Crystallinity and Molecular Packing of Films 

To further study the impact of dopants on the microstructure of polymer films in detail, we 

performed GIWAXS measurements (Figure 5 and Figure S14). All films were annealed at 60 ℃ 

for 30 min in glove box before testing. The neat film of PQTC16-TT shows a weak peak along the 

out-of-plane direction and no peak was observed along the in-plane direction, indicating limited 

crystallinity. For the neat PQTSC16-TT film, the peaks observed both in the out-of-plane pattern 

and in-plane pattern indicate that face-on and edge-on configurations simultaneously exist. After 

doping, all doped films notably exhibit multiple order scattering features along the out-of-plane 

direction while the π-π stacking becomes much clearer, indicating ordered structures appear upon 

doping. The lamellar distance slightly increases in F4TCNQ-doped PQTC16-TT and NOBF4-

doped PQTC16-TT film (∆ ≈ 2.5 Å) (Table S2). However, we found that the lamellar distance is 

almost unchanged comparing neat PQTSC16-TT film with F4TCNQ-doped PQTSC16-TT film (∆ 

= 0.77 Å) and NOBF4-doped PQTC16-TT film (∆ = 0.12 Å). These results indicate that the excess 

space, together with sulfur atoms in the side chains, are beneficial for intercalation of planar or 

relatively small dopants in the alkyl side-chain region and sulfur atoms act as binding sites for 

dopants. Different from the change of the lamellar structure, the π-π stacking distance significantly 

decreases after doping. For PQTC16-TT film, the π-π interaction is stronger for NOBF4-doped 

PQTC16-TT film (3.43 Å) than that for F4TCNQ-doped film (3.45 Å), and for PQTSC16-TT, the 
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π-π stacking distance decreases from 3.62 Å to 3.44 Å and to 3.40 Å for neat film, F4TCNQ-doped 

film and NOBF4-doped film, respectively. The intense π-π interaction is most likely responsible 

for the enhanced electrical conductivity. No peaks from F4TCNQ aggregation are observed for 

PQTC16-TT/F4TCNQ and PQTSC16-TT/F4TCNQ at molar ratio of 1 to 1 for dopant to repeat 

unit. In contrast, the self-aggregation of F4TCNQ (large arcing diffractions around qz = 0.75 Å-1 

in Figure S15) obviously appears in F4TCNQ-doped PQT(S)12 and F4TCNQ-doped 

PBTTT(S)C12 under the same doping condition. Even for molar ratio of 0.5 for F4TCNQ to repeat 

unit, the diffraction of F4TCNQ still be observed in F4TCNQ-doped PQT(S)12 film.24 This 

indicates the large density of alkyl chains restrains the intercalation of dopants into the lamellar 

structures of polymers. 

 

Figure 5. (a) Out-of-plane pattern and (b) in-plane pattern of pure polymers and doped polymers. 

(The molar ratio of dopant to repeat unit is 1 to 1; out-of-plane curves were tested by XRD with λ 

of 1.54 Å and in-plane curves were extracted from 2D-GIWAXS image with λ of 1.24 Å)  
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Temperature-dependent Thermoelectric Properties  

To understand the charge transport in doped polymers, the temperature-dependent electrical 

conductivities and Seebeck coefficients were measured. In Figure 6, the electrical conductivities 

increase in all formulations as the temperature increases while Seebeck coefficients are weakly 

dependent on temperature (Figure S16), indicating that Mott polaron model is probably suitable 

for describing the thermally activated charge transport.45-48 We also measured the temperature-

dependent electrical conductivities of PQT(S)12 and PBTTT(S)C12 (Figure S17). The thermal 

activation energy (EA) related to the energy barrier for charge transport can be obtained according 

to the equation: σ = σiexp(-EA/kBT), where σi is a temperature-independent prefactor and kB is 

Boltzmann constant. To avoid undue interferences from thermally induced dedoping of films, the 

temperature ranges (298 ~ 320 K for NOBF4 doped films and 298 ~ 340 K for F4TCNQ doped 

films, respectively) where electrical conductivity is proportional to temperature, were selected to 

calculate EA (lnσ versus 1/T).  Cooling from these temperatures resulted in immediate conductivity 

decreases, confirming that the conductivity increases were not due to irreversible changes.  The 

relationship of EA and electrical conductivity of all doped films are shown in Figure 7. It is found 

that all films doped by NOBF4 show lower EA than those of films doped by F4TCNQ, associated 

with higher electrical conductivities being obtained for the former films. Moreover, NOBF4-doped 

polymers with sulfur in the side chains show much lower EA and lower Seebeck coefficients (~ 20 

μV K-1) among all these combinations. This indicates that the activation energies may include 

contributions from barriers between high-conductivity domains, rather than being entirely from 

the thermal excitation energy between Fermi and transport levels.35, 44 For F4TCNQ doped films, 

higher EA was observed for the polymers with sulfur in the side chains, which could be associated 

with the lower carrier mobility of sulfur-substituted polymers than those of polymers without 
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sulfur in the side chains.24, 42 Moreover, PQTSC16-TT/F4TCNQ shows lower EA than that of 

PQTS12/F4TCNQ or PBTTTSC12/F4TCNQ in which the morphology was perturbed by the self-

aggregation of dopants and thus the barrier for charge transport was increased. Therefore, low 

activation energy and high electrical conductivity of our new polymers could be the synergistic 

effect of charge transfer efficiency and charge transport path ascribed to the polymer structure with 

freed volume for the dopants. 

 

Figure 6. Temperature-dependent electrical conductivities at molar ratio of 1. 
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Figure 7. The comparison of activation energies of all formulations with respect to their electrical 

conductivities (molar ratio is 1). All bars describe activation energy (EA) and blue squares describe 

electrical conductivity (σ). Red bars represent the EA of F4TCNQ-doped polymers; Green bars 

represent the EA of NOBF4-doped polymers. (PBTTTC12/NOBF4 and PBTTTSC12/NOBF4 

were skipped due to insufficient data points between 300 K and 340 K). 

Thermal and Environmental Stability of Thermoelectric Devices  

In Figure 8 and Figure S17, the dedoping occurs for all films at higher temperature which is the 

commonly observed behavior for disordered thiophene polymers.49 However, the PQTSC16-TT 

shows higher dedoping temperature both in F4TCNQ-doped film and NOBF4-doped film. For 

example, the dedoping temperature increases 40 ℃ in PQTSC16-TT/F4TCNQ compared with 

PQTC16-TT/F4TCNQ film and increases 20 ℃ for PQTSC16-TT/NOBF4 compared with 

PQTC16-TT/NOBF4. The same phenomenon was observed in doped PQ(S)T12 and doped 

PBTTT(S)C12 (Figure S17), in which the polymers with sulfur in the side chains show higher 
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thermal stability. This observation can be related to a reported thermal stability up to 150 °C for 

F4TCNQ-doped polythiophene functionalized by oligo ethylene glycol.27 In the present work, 

even though only two sulfur atoms exist in one repeat unit of polymer, the thermal stability can 

increase to 110 °C. The existence of sulfur in the side chains also influences the stability of devices 

in air. As shown in Figure S18, the degradation of conductivity was significantly restrained for 

doped PQTSC16-TT compared with doped PQTC16-TT. For instance, the conductivity decreases 

about 66% for PQTSC16-TT/F4TCNQ while almost complete degeneration happens for PQTC16-

TT/F4TCNQ, strored in moist air (~ 65% humidity) for three months. Also, the conductivity 

decreases 45% for PQTSC16-TT/NOBF4 and 95% for PQTC16-TT/NOBF4, respectively, stored 

in moist air for 20 days. The sulfur atoms in the side chains could serve as binding sites for dopants. 

Additional evidence for this interaction was obtained from Fourier transform infrared spectroscopy 

(FTIR) as shown in Figure S19. It is found that the peak at 720 cm-1 originating from the C-S bond 

becomes down-shifted after doping, illustrating a likely effect of dopant on the C-S bond. The 

existence of sulfur atoms in the side chains makes the device more resistant to temperature, water 

and oxgen, which is critical for designing new conductive polymers for their practical applications.  

 

Figure 8. Temperature-dependent electrical conductivity of PQTC16-TT and PQTSC16-TT doped 

with F4TCNQ (a) and NOBF4 (b), respectively. The shaded region indicates increased stability of 

doped PQTSC16-TT formulations. 
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DFT Calculations  

According to the results of GIWAXS, F4TCNQ or NOBF4 tends to intercalate into the lamellar 

structure of polymer rather than forming a complex where it is co-facially aligned with the polymer 

backbone as was found in F4TCNQ- doped PBTTT.50 Here, different geometrical configurations 

were tested by changing the position of F4TCNQ along the repeat unit of PQTC16-TT. The 

optimized geometry is F4TCNQ being close to bithiophene or thienothiophene, which shows much 

lower total energy (Figure S20 and Table S3). This demonstrates that the spacer from 

thienothiophene did provide more positions for F4TCNQ molecule closer to the polymer 

backbone. On the other hand, this is consistent with the experimental results that electrical 

conductivity did not significantly decrease even with molar ratio of 2 (Figure 3). The calculation 

also proves that sulfur in the side chain can stabilize the geometry for F4TCNQ-doped PQTSC16-

TT with larger ∆E (∆E = Edopant + Epolymer chain - Ecomplex) compared with PQTC16-TT/F4TCNQ 

(Figure S21), with a larger amount of transferred charge (0.75 e) compared with PQTC16-

TT/F4TCNQ (0.69 e). This indicates that sulfur atom acts as a binding site and agrees well with 

the better thermal stability of doped PQTSC16-TT/F4TCNQ. For NOBF4, these two combination 

show similar ∆E and the transferred charge is close to 1 (0.96 e). This can be ascribed to the strong 

oxidizability of NOBF4 capturing the electron from the polymer without selectivity. Although 

similar thermal stability of the doped films is observed for PQTC16-TT/NOBF4 and PQTSC16-

TT/NOBF4, the existence of sulfur atoms in side chains apparently slows the degradation of the 
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latter composition from water/oxygen. Therefore, this type of side chain modification could be an 

important strategy for designing TE polymers with high environmental stability. 

 

CONCLUSIONS 

In summary, we have demonstrated that high doping efficiency and large amount of charge transfer 

can be carried out by introducing much spacer in polymer backbone via experimental results and 

DFT calculations. Due to the accommodation of dopant molecules close to the polymer backbone, 

low activation energy ascribed to the effective charge transfer and ordering charge transport path 

leads to a high electrical conductivity of 330 S cm-1 and a ZT value of 0.012 for NOBF4-doped 

polymer. It is also evident that the existence of sulfur, providing large driving force for charge 

transfer, acts as binding sites for dopants and lead to higher thermal and environmental stability of 

doped film. Based on these findings, we proposed that not only providing sufficient volume for 

dopant in polymer network, but also simultaneously optimizing the structure of the side chains can 

improve the efficiency of charge transfer. 
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