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The thermoelectric power factor of a broad range of organic semiconductors scales with 

their electrical conductivity according to a widely obeyed power law, and therefore 

strategies that permit this empirical trend to be surpassed are highly sought after. Here, 

tensile drawing of the conjugated polymer poly(3-hexylthiophene) (P3HT) is employed 

to create free-standing films with a high degree of uniaxial alignment. Along the 

direction of orientation, sequential doping with a molybdenum tris(dithiolene) complex 

leads to a fivefold enhancement of the power factor beyond the predicted value, reaching 

up to 16 µW m-1 K-2 for a conductivity of about 13 S cm-1. Neither stretching nor doping 

affect the glass transition temperature of P3HT, giving rise to robust free-standing 

materials that are of interest for the design of flexible thermoelectric devices. 

 

Keywords: organic thermoelectrics, stretched conjugated polymer, tensile drawing, glass 

transition temperature, molecular doping 
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Conjugated polymers are heralded as materials that combine excellent electronic and 

mechanical properties. However, most current progress has focused on printed architectures 

where the polymer is typically deposited as a thin layer on a carrier substrate. Instead, 

mechanically robust and free-standing bulk materials are needed for a number of emerging 

applications such as textile electronics1 and organic thermoelectrics,2-3 where up to 

millimeter-thick structures must be used to maintain heat gradients. When doping is required, 

a necessary compromise between the electrical and mechanical properties arises. With regard 

to thermoelectrics, doping introduces charge carriers, which increases the conductivity 𝜎 and 

decreases the Seebeck coefficient 𝛼, resulting in a power factor 𝛼#𝜎 that typically scales 

with	𝜎 according to an empirical power law:4 

𝛼#𝜎	 ∝ 𝜎&/# (1) 

An important factor to consider that may not be fully appreciated is that the introduction of 

dopant molecules (or ions) can reduce the mechanical coupling between polymer chains.1 

Accordingly, at high dopant concentrations, the electronic coupling suffers, which is typically 

referred to as “perturbations of the morphology”.5 Further, it is feasible that a stiffening of 

polymer chains due to the presence of (dopant-induced) polarons could increase the glass 

transition temperature 𝑇), leading to a more brittle material. 

One powerful tool to enhance both the mechanical and electrical properties is solid-

state drawing, which can be carried out on films and is an essential step in many fiber 
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spinning processes.1 Early studies of stretch-aligned conjugated polymers, including 

polyacetylene,6 polyaniline,7 polyphenylenevinylenes (PPVs)8-10 and polythiophenes11-13 have 

found that chain orientation results in a considerable increase in electrical conductivity along 

the drawing direction. The influence of solid-state drawing on the Seebeck coefficient is less 

clear; upon stretching 𝛼 has been reported to decrease in case of I2-doped and FeCl3-doped 

polyacetylene,14 to not change along the drawing direction in case of I2-doped PPVs8 and 

polyaniline doped with oxalic acid,15 but to increase in case of polyaniline doped with 

camphorsulfonic acid.16 Hence, it is currently not evident how tensile deformation will 

influence the thermoelectric properties of bulk materials. In contrast, for thin films of 

polythiophenes a number of recent reports have indicated that in-plane anisotropy can 

enhance the power factor beyond the trend predicted by equation 1,5, 17 which most (less 

oriented) organic semiconductors appear to obey.4 For instance, Hamidi-Sakr et al. have 

studied 40 nm thin films of poly(3-hexylthiophene), aligned by rubbing and subsequently 

doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ).17 A threefold 

increase in the Seebeck coefficient and an eightfold increase in electrically conductivity along 

the rubbing direction gave rise to a power factor of 8.5 µW m-1 K-2. Hence, we set out to 

investigate if structural anisotropy is a suitable strategy to enhance the power factor of bulk 

materials beyond values predicted by the empirical power law and how this relates to the 

mechanical properties of the materials.  

In this study, we carry out a systematic comparison of free-standing P3HT films, 

which we orient through solid-state tensile drawing. We correlate the mechanical and 

electrical properties of isotropic and stretch-aligned samples, both parallel and perpendicular 

to the drawing direction. We primarily use the molybdenum tris(dithiolene) complex Mo(tfd-

COCF3)3 (see Figure 1 for chemical structure), which is able to diffuse into P3HT thin films,18 

and also include F4TCNQ in our study for comparison. We find that along the alignment 
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direction the power factor can be increased by up to five times beyond the value predicted by 

equation 1, whereas 𝑇) is unaffected, which opens up the possibility to use free-standing 

materials for the design of flexible thermoelectric devices. 

 

Figure 1. (a) Chemical structures of P3HT, Mo(tfd-COCF3)3 and F4TCNQ (b) Stretched film 

of P3HT, clamped in a DMA instrument. (c) scanning electron microscopy (SEM) image of 

the freeze fractured surface used for energy dispersive X-ray spectroscopy (EDX), inset: 

sketch of EDX sample, the freeze fractured surface is shown by the dashed line (d) EDX 

spectrogram of stretched P3HT sequentially doped with Mo(tfd-COCF3)3 for 72 h, fluorine 

and sulfur peak colored blue and yellow (note that the molybdenum, carbon and sulfur peak 

overlap). 
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We chose to work with a high molecular-weight batch of P3HT (number-average 

molecular weight of 𝑀, ~ 91 kg mol-1; polydispersity index ~ 1.8, regioregularity ~ 93 %) 

that is able to form tie chains,19 which we expect to ease solid-state drawing. Films with a 

thickness of 10 to 40 µm were cast from 80 °C hot concentrated (20 g L-1) p-xylene solutions 

onto 90 °C hot glass substrates to produce smooth films. Dried films were then peeled from 

the substrate and tensile drawn at 60 °C and a rate of 0.5 mm min-1 using a dynamic 

mechanical analysis (DMA) instrument to prepare samples for further analysis (cf. Figure 1b). 

The stretching was terminated when a draw ratio of 𝜆	~	4	had been reached. The maximum 

draw ratio beyond which fracture occurred was 𝜆012	~	5.  

We used wide angle X-ray scattering (WAXS) to compare the degree of anisotropy of 

as-cast and stretched samples (Figure 2). X-ray diffractograms of as-cast P3HT indicate an 

isotropic distribution of crystallites. For the stretched films we deduce considerable 

orientation of ordered domains, with alignment of the polymer backbone along the fiber axis, 

as evidenced by the strong equatorial 100 and 020 diffraction peaks. Angular integration of 

the 100 diffraction peak was used to calculate Herman’s orientation factor, 𝑓: 

𝑓 = 	
1
2
(3〈cos# 𝜙〉 − 1) 	= 	

∫ 1
2 (3 cos

# 𝜙 − 1)𝐼(𝜙) sin 𝜙 𝑑𝜙G
H

∫ 𝐼(𝜙) sin 𝜙 𝑑𝜙G
H

 (2) 

where 𝜙 is the angle of orientation with respect to the direction of tensile drawing (𝜙 = 0, p is 

parallel to drawing direction), and 𝐼(𝜙) is the radially integrated intensity of the 100 

diffraction peak. The Herman’s orientation factor changed from 𝑓	~	0 to –0.3 upon 

stretching, which is indicative of a substantial degree of alignment. First heating differential 

scanning calorimetry (DSC) thermograms of as-cast and tensile-drawn material show the 

same melting temperature 𝑇0 ~ 239 °C, but a slight increase of the enthalpy of fusion from 

∆𝐻L  ~ 17 J g-1 to 21 J g-1 (Supporting Information, Figure S1), which suggests the same 

crystal size but somewhat higher crystallinity of drawn P3HT. 
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Figure 2. (a) Wide angle x-ray scattering (WAXS) patterns, of as-cast (λ = 1) and tensile 

drawn P3HT (λ ~ 4; arrows indicate drawing direction) sequentially doped with Mo(tfd-

COCF3)3. (b) Diffractograms showing the radial intensity distribution for λ = 1 (blue) and λ ~ 

4 (green). (c) angular distribution of the prominent 100 diffraction (azimuthal angle 𝜙 = 0, p 

is parallel to drawing direction). 

 

Sequential doping allowed us to introduce the dopant subsequent to film casting and 

solid-state drawing. Films of P3HT were immersed for 48 to 72 h in solutions of the dopant 

Mo(tfd-COCF3)3 or F4TCNQ in acetonitrile (AcN; 5 g L-1), an orthogonal solvent in which 

P3HT is insoluble. Both as-cast and stretched films show an increase in weight by ~30 wt% 

upon doping with Mo(tfd-COCF3)3, and by ~6 wt% in case of F4TCNQ, indicating a dopant 

concentration of ~9 and ~4 mol%, respectively (note that an increase in dopant concentration 



7/21 
 

to 15 g L-1 resulted in similar concentrations of ~9 and ~5 mol%). We carried out energy 

dispersive X-ray spectroscopy (EDX) on doped films to investigate to which extent the larger 

dopant Mo(tfd-COCF3)3 had diffused into the sample (Figure 1 and Supporting Information, 

Figure S2). EDX of cross-sections of both as-cast and stretched films indicates that both 

dopants are evenly distributed throughout the bulk of the sample, as evidenced by a constant 

ratio of the intensity of the sulfur and fluorine signals, and a similar strength of the latter (cf. 

EDX of P3HT doped with F4TCNQ, Supporting Information, Figure S3). We conclude that 

sequential doping for the period of time chosen here, i.e. 72 h, is sufficient to saturate the 

P3HT films with dopant. 

To investigate the position of the dopant within the solid-state nanostructure we 

compared WAXS diffractograms of as-cast and doped films. Mo(tfd-COCF3)3 doped films 

only show a marginal change in the q-spacing of crystalline peaks in comparison to the neat 

film of P3HT (Figure 2), which suggests that the bulky Mo(tfd-COCF3)3 does not penetrate 

the crystallites but resides in the amorphous domains. In contrast, WAXS diffractograms of 

F4TCNQ doped films (as-cast and stretched) confirm that the dopant ingresses into crystalline 

domains and sits between the side chains, as evidenced by the previously reported shift in the 

100 and 020 diffraction peaks (Supporting Information, Figure S4).20-23 Further, we confirm 

that doping with Mo(tfd-COCF3)3 does not change the degree of anisotropy obtained through 

solid state drawing (cf. Supporting Information, Table S1). 

Doping can have a pronounced effect on the mechanical properties of a conjugated 

polymer.1 We therefore recorded the storage modulus 𝐸N and loss modulus 𝐸NN from -100 to 

+40 °C using variable-temperature DMA (Figure 3 and Supporting Information, Figure S5). 

We observe a 𝑇) ~ 20 °C that does not change upon tensile drawing or doping with Mo(tfd-

COCF3)3 (Table 1), which implies that this type of dopant does not result in a more brittle 

material. Further, both neat and doped P3HT feature a pronounced 𝑇O ~ -90 °C, below which 
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side chain relaxation becomes arrested,24 meaning that the polymer should be characterized by 

a high impact toughness. As-cast P3HT features a storage modulus of 𝐸N ~ 0.6 GPa at 0 °C, 

which increases to 𝐸∥N ~ 1.1 GPa upon tensile drawing when measured parallel to the direction 

of orientation (Table 1). Instead, the perpendicular storage modulus 𝐸QN  decreases to 0.2 GPa, 

giving rise to a high anisotropy of 𝐸∥N/𝐸QN  ~ 6. Upon doping the storage modulus of as-cast 

samples only slightly decreases to 𝐸N ~ 0.5 GPa. For stretched samples we measure the same 

𝐸QN  before and after doping, but observe a threefold decrease in storage modulus parallel to the 

direction of orientation to 𝐸∥N  ~ 0.4 GPa, leading to a lower anisotropy of about 𝐸∥N/𝐸QN  ~ 4. 

We explain the change in storage modulus upon doping with a reduced cohesion between 

adjacent polymer chains in amorphous domains where the Mo(tfd-COCF3)3 dopant is located, 

i.e. the dopant acts as a plasticizer (note that deformation was carried out in the elastic region 

where only amorphous domains deform). Nevertheless, an appreciable storage modulus is 

maintained, e.g. the value 𝐸∥N ~ 0.4 GPa at room temperature is similar to the modulus of 

unoriented low-density polyethylene (LDPE).25 
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Table 1. Draw ratio 𝜆, storage and loss modulus, 𝐸N and 𝐸NN, at 0 °C, glass transition 

temperature 𝑇) and beta relaxation temperature 𝑇O from DMA (𝑇) and 𝑇O from peaks of 𝐸NN); 

electrical conductivity 𝜎 and Seebeck coefficient 𝛼 at room temperature. 

dopant 𝝀 

(-) 

𝑻𝒈 

(°C) 

𝑻𝜷 

(°C) 

direction of 

measurement 

𝑬N 

(GPa) 

𝝈 

(S cm-1) 

α 

(µV K-1) 

no
ne

 

1 23 -87 isotropic 0.6 - - 

4 29 -93 ⊥ 0.2 - - 

4 21 -90 II 1.1 - - 

M
o(

tfd
-C

O
C

F 3
) 3

 1 21 -91 isotropic 0.5 0.3 ± 0.1 138 ± 1 

4 20 -82 ⊥ 0.1 1.6 ± 0.4 113 ± 1 

4 17 -90 II 0.4 12.7 ± 3.3 112 ± 1 
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Figure 3. Dynamical mechanical analysis (DMA) thermograms of Mo(tfd-COCF3)3 doped 

P3HT: λ = 1 (blue), λ ~ 4 perpendicular to the stretching direction (yellow), λ ~ 4 parallel to 

the stretching direction; Storage and loss modulus, 𝐸N and 𝐸NN (solid and dashed lines). 
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In a further set of experiments we explored the thermoelectric properties of Mo(tfd-

COCF3)3-doped P3HT. For as-cast films we measure a conductivity of 𝜎H ~ 0.3 ± 0.01 S cm-1 

and a Seebeck coefficient of 𝛼H ~ 138 ± 0.3 µV K-1, which differ considerably from the 

corresponding values of 34.1 ± 0.2 S cm-1 and 64 ± 1 µV K-1, respectively, found for 70 nm 

thin films. It appears that the bulk samples studied here are less heavily doped than thin spin-

coated films. Since we do not observe a gradient in dopant concentration (cf. EDX; Figure 1) 

we argue that our bulk samples are saturated with the Mo(tfd-COCF3)3 dopant, and, therefore, 

thin films cannot merely contain a higher concentration of the dopant. We, therefore, 

tentatively propose that the higher conductivity of thin films is due to a more strongly doped 

surface layer where additional dopant does not need to fully diffuse into the polymer to still 

dope a significant fraction of the active layer. Further, we would like to point out that Mo(tfd-

COCF3)3 (electron affinity EA ~ 5.6 eV;26-27 reduction potential 𝐸YZ[ ~ +0.39 V vs. 

ferrocene28) is a stronger oxidant than F4TCNQ (EA ~ 5.2 eV29), which allows the former, 

but not the latter, to dope disordered P3HT (cf. doping of regio-random P3HT; Supporting 

Information, Figure S6). This explains why we observe a high electrical conductivity despite 

the dopant being located only in amorphous domains. 

For stretched samples we find increased conductivity both parallel and perpendicular 

to the drawing direction, with values of 𝜎∥ ~ 12.7 ± 3.3 S cm-1 and 𝜎Q ~ 1.6 ± 0.4 S cm-1, 

respectively, leading to an anisotropy of 𝜎∥/𝜎Q ~ 8. In contrast, the Seebeck coefficient only 

slightly changes from 𝛼H ~ 138 µV K-1 to 112 µV K-1 upon drawing, but does not display any 

anisotropy. As a result, the power factor of 16 µW m-1 K-2 that we measure along the drawing 

direction deviates from the empirical trend given by equation 1, leading to a significant gain 

upon stretching, i.e. the power factor is about five times larger than predicted (Figure 4). We 

also compared our results with F4TCNQ doped films, and find that the conductivity of as-cast 

P3HT 𝜎H ~ 0.4 S cm-1 only increases to 𝜎∥ ~ 5 S cm-1 for stretched samples, accompanied by a 



12/21 
 

lower Seebeck coefficient of ~ 80 µV K-1. As a result, the power factor of 3 µW m-1 K-2 that 

we measure along the drawing direction does not deviate significantly from the empirical 

trend given by equation 1. 

 

Figure 4. (a) Seebeck coefficient 𝛼 and (b) power factor 𝛼#𝜎 as a function of electrical 

conductivity 𝜎 for P3HT doped with Mo(tfd-COCF3)3 (triangles) and F4TCNQ (circles); 

closed symbols indicate 48 h doping; open symbols indicate 72 h doping; dashed lines show 

the empirical trends 𝛼	~	𝜎\& ]⁄  and 𝛼#𝜎	~	𝜎& #⁄ . 

 

We constructed a simple model to rationalize the impact of anisotropy on the 

thermoelectric properties of the doped polymer. The model consists of a two-dimensional 
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resistor network forming a rectangular grid (Figure 5b) where the resistance between sites i 

and j with energies 𝐸_ and 𝐸 , randomly sampled from an exponential density of states (DOS; 

disorder = 60 meV),30-31 is given by:  

𝑅_` = 𝑅H × exp f
|𝐸_ − 𝐸h| + j𝐸 − 𝐸hj + j𝐸_ − 𝐸 j

2𝑘𝑇 l	 (3) 

where 𝐸h  is the Fermi level. Using the Einstein relation, the prefactor 𝑅H can be approximated 

by: 

𝑅H =
6𝑘𝑇

𝑛 × 𝜈 × 𝜉# (4) 

where 𝑛 is the total charge concentration, 𝜈 the attempt frequency of hopping, which includes 

the tunneling probability, and 𝜉 a characteristic length scale in the direction of the current. 

Both 𝜈 and 𝜉 can differ parallel and perpendicular to the drawing direction, giving rise to two 

prefactors 𝑅H
∥  and 𝑅HQ. We define an anisotropy ratio as 𝑅HQ/𝑅H

∥ that we vary from 𝑅HQ/𝑅H
∥  = 1 

for an as-cast and, therefore, isotropic sample, to 𝑅HQ/𝑅H
∥ >> 1 for a highly oriented sample, in 

which the resistance is lower along the drawing direction due to a higher 𝜈 and/or 𝜉; i.e. a 

higher charge carrier mobility along the drawing direction. Hence, the model assumes that, to 

a first approximation, stretching the sample affects the relative positions of the hopping sites 

(i.e. the nanostructure) rather than the site energies.  

The anisotropy in conductivity and thermopower are calculated by solving Kirchhoff’s 

laws for the resistor network as detailed in the Supporting Information. We find that the 

anisotropy in conductivity increases roughly linearly with the anisotropy ratio, reaching a 

value of 𝜎∥/𝜎Q ~ 8 for 𝑅HQ/𝑅H
∥ ~ 10 (Figure 5c), while the Seebeck coefficient, in contrast, is 

largely unaffected by an increasing anisotropy. Both findings agree with our experimental 

results (cf. Figure 4a), indicating that the tensile drawing mainly affected the material’s 

nanostructure while preserving the energetics.  
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Figure 5. (a) Schematic of the nanostructure of tensile drawn P3HT illustrating crystals 

(purple) within an amorphous matrix (light blue); the dopant Mo(tfd-COCF3)3 (grey circles) is 

only located in amorphous domains. (b) Two-dimensional resistor network used to simulate 

the electrical properties of tensile drawn P3HT. Dots indicate hopping sites connected by 

resistive links. The resistance 𝑅_` depends on the (random) energies 𝐸_, 𝐸  of sites i and j as 

well as the temperature according to the (inverse) hopping rate as calculated from the Miller-

Abrahams expression as outlined in the Supporting Information. (c) Anisotropy in electrical 

conductivity 𝜎∥/𝜎Q and Seebeck coefficient 𝛼∥/𝛼Q parallel and perpendicular to the drawing 

direction (charge carrier concentration 𝑐 = 0.1). 
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We conclude that tensile drawing of the conjugated polymer P3HT creates the opportunity to 

enhance the thermoelectric power factor, when doped with large acceptors such as Mo(tfd-

COCF3)3. The conductivity strongly increases along the drawing direction, whereas the 

Seebeck coefficient is largely unaffected, leading to a power factor of up to 16 µW m-1 K-2. 

Doping of oriented samples does not affect the 𝑇) ~ 20 °C, and an adequate storage modulus 

of e.g. 𝐸∥N ~ 0.2 GPa is maintained at room temperature, which suggests that tensile drawing is 

a promising tool for the fabrication of flexible thermoelectric materials. 
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Experimental 

Materials. P3HT was obtained from Sungyoung Ltd. (regioregularity ~ 93 %, number-

average molecular weight of 𝑀, ~ 91 kg mol-1, polydispersity index ~ 1.8). The 

regioregularity was determined with a 475 Agilent (Varian) MR 400 MHz spectrometer with 

CDCl3 as the solvent. The molecular weight was measured with size exclusion 

chromatography (SEC) on an Agilent PL-GPC 220 integrated high temperature GPC/SEC 

system in 1,2,4-trichlorobenzene at 150 °C using relative calibration with polystyrene 

standards. F4TCNQ was purchased from TCI Chemicals and used without further 
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purification. Mo(tfd-COCF3)3 was synthesized according to ref. [28]. Solvents with purity 

>99% were purchased from Sigma-Aldrich (p-xylene) and Fisher Scientific (acetonitrile). 

Sample preparation and sequential doping. P3HT was dissolved at 80 °C at a concentration 

of 20 g L-1 in p-xylene. Films were drop cast from 80 °C hot solutions onto cleaned glass 

substrates at 90 °C and covered with a petri dish until dry. Substrates were cleaned with soapy 

water followed by sonication bath; first with acetone (15 min) then with isopropanol (15 min) 

and finally dried with nitrogen. The dried films were peeled from the substrates and cut before 

stretching. Tensile drawing was performed using a Q800 DMA (TA Instruments) at 60 °C at a 

rate of 0.5 mm min-1 until a draw ratio of 𝜆	~	4 was reached. Sequential doping was 

performed by immersing the film into a solution of Mo(tfd-COCF3)3 or F4TCNQ in 

acetonitrile (5 g L-1) for 48 or 72 h; films were then rinsed with acetonitrile and dried under 

nitrogen flow.  

Energy dispersive X-ray analysis (EDX). EDX was carried out at 5 kV in a Ultra 55 FEG 

SEM equipped with a Lithium-drifted silicon detector. Samples were freeze-fractured and 

sputtered with palladium prior to analysis.  

Wide angle X-ray scattering (WAXS). WAXS diffractograms were obtained using a 

Mat:Nordic instrument from SAXLAB equipped with a Rigaku 003+ high brilliance micro 

focus Cu-radiation source (wavelength = 1.5406 Å) and a Pilatus 300K detector placed at a 

distance of 88.6 mm from the sample. 

Differential scanning calorimetry (DSC). DSC was carried out under nitrogen between 25 

to 300 ºC at a scan rate of 10 ºC min-1, using a Mettler Toledo DSC2 calorimeter equipped 

with a HSS7 sensor and a TC-125MT intracooler. The sample weight was 2 to 3 mg. 

Dynamic mechanical analysis (DMA). DMA was performed using a Q800 instrument from 

TA Instruments in tensile mode. Films (2.5´1cm, gauge length ~1´1cm) were subjected to a 
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dynamic strain of up to 0.1% at a frequency of 1 Hz, while ramping the temperature at 2 °C 

min-1 from -100 °C to +40 °C. 𝑇) was taken as the peak of the loss modulus. 

Electrical characterization. The electrical resistance of free-standing films was determined 

with a Keithley 2400 sourcemeter using a two-point probe configuration by contacting 

samples with dimensions of 10 mm ´ 2 mm with silver paste (Agar Scientific); gold 

electrodes were sputtered on selected samples to rule out a large degree of contact resistance. 

Seebeck coefficients were measured at 300 K with a SB1000 instrument equipped with a 

K2000 temperature controller from MMR Technologies using a thermal load of 1 to 2 K and a 

constantan wire as an internal reference. Samples of about 1´4 mm were mounted on the 

sample stage using silver paint (Agar Silver Paint, G302). 
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