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Abstract
Modulating the structural order of conjugated polymers has emerged as a significant approach to enhance the 
organic thermoelectric performance. Among these materials, poly(3,4-ethylenedioxythiophene) is considered a 
promising candidate due to its high conductivity. However, its low thermopower remains a major obstacle to 
further improve its performance as an organic thermoelectric material. To address this issue, a series of thiophene 
derivatives with high rigidity and containing dioxyethylene groups were synthesized, and polymer films were 
prepared through a simple and mild in-situ polymerization method. The polymer molecule containing a thiophene 
block, named poly[bi(3,4-ethylenedioxy)-alt-thienyl] , exhibits significant self-rigidification due to non-covalent 
interactions between oxygen and sulfur atoms, resulting in highly ordered assembly. By adding thiophene and 
thieno[3,2-b]thiophene structures to the intermediate precursor bi(3,4-ethylenedioxy), the 3,4-ethylenedioxy 
content in the polymer molecule is altered, leading to an almost four-fold increase in the thermopower of the thin 
film polymer and achieving a maximum thermopower of around 26 μV·K-1. Although poly[bi(3,4-ethylenedioxy)-
alt-thienyl] shows a significant increase in thermopower compared to poly[bi(3,4-ethylenedioxy)], the thin film 
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conductivity exhibits a nearly imperceptible decreasing trend due to its highly ordered microstructure. This work 
highlights the potential to control the aggregation state of polymer molecules and achieve an approximate 
decoupling between the conductivity and thermopower of thermoelectric materials by rationally designing polymer 
molecules.

Keywords: Aggregation regulation, precursor structure modification, polythiophenyl derivatives, organic 
thermoelectric material

INTRODUCTION
Extensive efforts have been invested in comprehending the correlation between structure and performance, 
which has led to significant advancements in organic π-conjugated materials over the last two decades[1]. 
The design of molecular structure plays a crucial role in controlling the morphology and thermoelectric 
(TE) properties of materials, making π-conjugated polymers highly promising for use in TE generators[2]. 
Research has shown that the ordered structure of π-conjugated polymers, ranging from the molecular scale 
to the macroscale, significantly affects the properties of organic TE materials[3-7]. Within crystalline domains, 
the conjugation of molecular units leads to planar structures that orderly stack against each other (i.e., π 
stacking), resulting in close intermolecular contacts at the π-electronic levels, intermolecular electronic 
coupling, and effective charge transfer[7-12]. Reasonable structural design of precursor molecules, such as 
expanding the conjugated plane and introducing non-covalent interactions to promote self-rigidification of 
the conjugated backbone, can achieve control over the microscale ordered structure of polymer molecules 
to a certain extent. For instance, non-covalent interactions between atoms such as S, O, F and H can reduce 
the twisting angle between conjugated planes, promote ordered stacking of molecules, and optimize the 
spatial aggregation state of molecules[13-17]. Additionally, extending the conjugated backbone of the precursor 
is viewed as a convenient approach to narrow band gaps and regulate the electrical properties of organic 
conjugated materials[12,18-22].

At present, the substituents of thiophene (Th), thieno[3,2-b]thiophene (TT), and 3,4-
ethylenedioxythiophene (EDOT) are commonly used as building blocks to extend the conjugation plane in 
organic electronic devices. TT, which is the simplest fused Th consisting of two annulated Th units, has 
more rigid and elongated π-conjugation structures than Th. This makes it a valuable tool for adjusting the 
band gap and enhancing intermolecular interactions in solid-state organic materials. Compared to Th, the 
presence of the dioxyethylene group in the EDOT structure can increase the charge density on the Th ring. 
This is beneficial for lowering the monomer oxidation potential and promoting effective doping of the 
polymer molecules. Imae et al. explored the effect of different proportions of EDOT units in polymer 
molecules on their electrochemical, optical, and electronic transport properties. They accomplished this by 
designing the structures of precursor molecules based on derivatives of polythiophene (PTh)[23,24]. Xue et al. 
designed and synthesized a series of binary or ternary precursors using components such as EDOT, Th, and 
TT. They studied the electrochemical and electrochromic properties of their monomers and polymers[23-27]. 
Poly(3,4-ethylenedioxythiophene) (PEDOT) is widely recognized as a leading organic TE material due to its 
environmental stability, broad conductivity (σ) range, and ability to be processed in solution[28]. However, 
the inadequate thermopower (S) of PEDOT has long impeded its widespread adoption as an organic TE 
material in the market[29-31]. In contrast, the Th and their derivatives generally have a higher S and a lower σ 
for PEDOT. It is important to note that the morphology and properties of the polymer film can vary 
significantly depending on the specific preparation techniques employed. Compared to the conventional 
chemical oxidation method, electrochemical polymerization produces PEDOT with a more uniform and 
continuous structure, resulting in an improvement of its σ by an order of magnitude[32-33]. Xiong et al. have 
demonstrated that well-ordered thin films of Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
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RESULTS AND DISCUSSION
As our understanding of the relationship between structure and performance continues to advance, the 
synthesis of low-solubility, highly rigid polymers are becoming increasingly prevalent. However, this has 
presented a significant challenge in terms of film formation during polymer preparation, and conventional 
methods may not be sufficient to achieve high-quality polymer films. The rigidity of BEDs molecules 
[Supplementary Scheme 1] further complicates this task, making it even more difficult to obtain high-
quality polymer films[36,37] .To overcome the film quality problem for conjugated polymers, we propose a 
novel method for preparing high-quality films using the spray-spin coating method for polymerization[38], as 
illustrated in Figure 1. In this method, the monomer solution is atomized by an extremely fine atomizer and 
uniformly deposited on a substrate coated with a thin film of oxidizing agent. The monomer solution 
immediately reacts with the oxidizing agent, and high-quality polymer films are obtained after ethanol 
rinsing. Detailed film preparation steps are presented in the polymerization of BEDs monomers and 
polymer films preparation section of the Supplementary Material. By using a precursor with a large π-
conjugate structure, we are able to achieve high-quality polymer preparation through a simple and low-cost 
solution treatment method. This opens potential applications in the field of photoelectricity.

To determine the coupling mode during precursor polymerization, we conducted Fourier transform 
infrared (FTIR) spectroscopy on the PBEDs films [Here, we define PBEDs as a group of polymer PBED, 
P(BED-T) and P(BED-TT)]. Supplementary Figure 4 shows that there are hardly any absorption peaks near 
3,000-3,100 cm-1 (which were not depicted in the graph), corresponding to the C-H bond vibration at the 2 

(PEDOT:PSS) can be prepared using a commercially available material and a simple dilution filtration
method[34]. Li et al. have successfully obtained PEDOT:PSS thin films with a power factor (PF) as high as 133
μW·m-1·K-2 using this method[35]. Since the discovery of classic conductive polymers, π-conjugated polymers
have been a focus of attention in various organic electronic device fields due to their convenient structural
modification and the close relationship between their structure and properties. However, modifying π-
conjugated polymers often involves developing larger π-conjugated planar systems, which requires
consideration of the poorer solution processability and film-forming performance caused by the
introduction of large rigid structures. Hence, researchers must continue to explore a straightforward,
dependable, and practical approach for producing polymer films from precursors with high rigidity
structures. This requires continuous research and comprehension of the correlation between polymer
molecular structure and performance, along with persistent exploration of advanced material preparation
technology. As a result, the dimensionless figure of merit (ZT) value of organic TE materials has
significantly expanded. However, earlier studies failed to consider the impact of microstructural aggregation
state of polymer molecules on TE performance, leading to fragmented understanding of the relationship
between polymer structure, properties, and microstructural aggregation state. Due to this lack of clarity,
organic TE materials are currently unable to achieve large-scale commercial applications.

We have synthesized three monomers, according to the 1H NMR spectra in Supplementary Figures 1-3, 
namely 2,2',3,3'-tetrahydro-5,5'-bithieno[3,4-b][1,4] dioxine (BED), 2,5-bis(2,3-dihydrothieno [3,4-
b][1,4]dioxin-5-yl)thiophene (BED-T), and 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl) thieno[3,2-b]
thiophene (BED-TT) by integrating the building units Th and TT into the EDOT block. The detailed
synthesis procedures are presented in the Supplementary experimental section. We investigated the effects
of changing the backbone conjugated structure of precursors on the preparation of polymer films,
morphology, band gap, and TE performance. Our findings suggest that the introduction of Th units
expands the conjugate plane of precursor molecules, which effectively promotes the ordered stacking of
polymer molecules. This leads to decoupling between the σ and S, ultimately significantly improving the TE
properties of the material.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5725-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5725-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/fcf868be-a6b8-4452-b96f-756ec8df4dd0/5725-SupplementaryMaterials.pdf
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Figure 1. The schematic of the preparation of PBED, P(BED-T), and P(BED-TT) films. BED-T: 2,5-bis(2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl)thiophene; BED-TT: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thieno[3,2-b]thiophene.

and 5 position on the Th ring[39]. This indicates that the polymerization reaction mainly occurred at the α 
position of the conjugated Th. Additionally, we observed absorption bands for the stretching vibration of 
the C=C bond in the Th ring at 1,513 cm-1[40]. This suggests that the polymerization process did not involve 
any ring-opening reactions. In summary, our results demonstrate that we have successfully produced 
reliable PBEDs films.

The impact of introducing thienyl on the quality of PBEDs were evaluated by comparing their macroscopic 
uniformity and micro-roughness. Figure 2A-C indicates that PBEDs exhibit excellent uniform continuity, 
indicating that the addition of thienyl groups to the precursor does not affect the homogeneous continuity 
of the polymer film. This finding suggests that the spray-spin coating polymerization technique is a highly 
effective strategy for preparing high-quality films of precursor molecules with large conjugated rigid 
structures. Furthermore, we used atomic force microscopy (AFM) to analyze the morphology of PBEDs 
films and quantify the change in surface flatness caused by the introduction of thienyl groups. Figure 2D-F 
depict the topography of PBED, P(BED-T), and P(BED-TT) films, respectively. No differences in their 
aggregation at the topographic level were observed. Interestingly, the root-mean-square roughness (Rms) of 
PBED, P(BED-T), and P(BED-TT) films were measured to be 49.4 nm, 26.9 nm, and 16.8 nm, respectively. 
This indicates a decrease in the Rms of PBEDs film with the introduction of a larger conjugated structure of 
thienyl. The observed result is attributed to the introduction of larger conjugated structures, which increase 
the effective conjugated length of polymer molecules and promote their planar packing. Additionally, the 
non-covalent intermolecular and intramolecular interactions of O and S atoms of EDOT and Th or TT tend 
to give the polymer molecules a one-dimensional planar structure. The line profile graphs and large 
scanning areas of 80 μm × 80 μm, as shown in Figure 2G-I and Supplementary Figure 5, respectively, 
support the results of the above analysis.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5725-SupplementaryMaterials.pdf
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Figure 2. Figure 2A-C, D-F and G-I are digital photos, AFM morphology images and line profile graphs of AFM morphology of PBED, 
P(BED-T), P(BED-TT) films prepared by spray-spin coating polymerization method, respectively. Notes: the insets in Figure 2A-C 
shows the chemical structure corresponding to the PBEDs film and AFM morphology image of films scan area is 10 μm × 10 μm. AFM: 
atomic force microscopy; BED-T: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophene; BED-TT: 2,5-bis(2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl)thieno[3,2-b]thiophene.

It is widely acknowledged that the electronic transport performance in classic semicrystalline polymers, 
such as PEDOT, poly(3-hexylthiophene-2,5-diyl) (P3HT), and poly(2,5-bis(3-alkylthiophene-2-yl) 
thieno[3,2-b] thiophenes) (PBTTT), is primarily determined by the long-range order[41-44]. To gain a better 
understanding of this phenomenon, the molecular stacking of PBEDs films was analyzed using grazing-
incidence wide-angle X-ray scattering (GIWAXS), as depicted in Figure 3. The results reveal that both 
PBED and P(BED-T) molecules exhibit a combination of face-on (π-π stacking) and edge-on (lamellar 
stacking) mixed stacking modes, with an edge-on orientation. Notably, the P(BED-T) film demonstrates 
stronger crystallinity compared to PBED, indicating that the self-assembly behavior of the polymer 
molecules can be improved by introducing Th to increase the effective conjugation length of the monomer. 
Additionally, the (010) peaks of PBED and P(BED-T) are observed at Qz = 1.78 Å-1 and 1.83 Å-1, respectively, 
corresponding to d-spacing of 3.52 Å and 3.43 Å, as shown in Figure 3D. These results demonstrate that the 
polymer with Th exhibits a smaller π-π stacking distance and stronger backbone coupling compared to 
PBED. This can be attributed to the introduction of Th, which has a conjugated planar structure that 
enhances the conjugate plane of the entire polymer molecule. Figure 3E shows a third peak at around 1.25 
Å-1, which can be assigned to the (300) diffraction. However, the low intensity of this peak indicates that 
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Figure 3. GIWAXS pattern of (A) PBED, (B) P(BED-T), and (C) P(PBED-TT) films; (D) in plane and (E) out-of-plane line-cuts in 
GIWAXS pattern of PBEDs films.

there is only a finite long-range order along the z-axis. This is due to the weak non-covalent bond between
the O-S atoms of the EDOT and Th block, which reduces the effect of steric hindrance caused by the
introduction of Th, increases the coplanarity of the polymer molecules and promotes the orderly stacking of
polymer molecules. However, the introduction of the TT structure clearly alters the polymer molecules
from their original ordered layered structure to a completely disordered amorphous structure in the 2D
GIWAXS pattern and scattering intensity. This may be due to the increased rigidity of the monomer
resulting from the introduction of the TT rigid structure, which limits the weight growth of the polymer
molecules and reduces their effective conjugation length, making it unfavorable for the crystallization of the
polymer molecules[31,45,46].

Furthermore, the PBEDs film exhibited ordered regions, and the incorporation of the Th structure
enhanced the long-range ordered packing of polymer molecules, as confirmed by high resolution
electron microscopy (HRTEM) [Figure 4]. Interestingly, the P(BED-TT) film also
some ordered stacking regions and electron scattering signals, as shown in Figure 4C and F. However, unlike the
long-range ordered stacking of P(BED-T) [Figure 4B and E], the ordered region of P(BED-TT) had a
smaller network structure. This finding contradicts the results of GIWAXS characterization, which may be
due to the unique short-range ordered network structure of P(BED-TT) that is not sufficient to yield
prominent signal peaks in GIWAXS characterization. Therefore, these results suggest that the introduction
of a Th block can promote the long-range ordered stacking of polymer molecules, while the incorporation

displayed 
transmission
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Figure 4. HRTEM images of (A), (D) PBED, (B), (E) P(BED-T) and (C), (F) P(BED-TT) films.BED-T: 2,5-bis(2,3-dihydrothieno[3,4-
b][1,4]dioxin-5-yl)thiophene; BED-TT: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thieno[3,2-b]thiophene; HRTEM:confirmed by 
high resolution transmission electron microscopy.

of an excessively rigid structure such as TT can lead to the realization of a short-range ordered network 
structure. It is well established that the long-range ordering of the majority of polymer molecules can 
significantly enhance carrier transport compared to the short-range ordered packing structure. Increasing 
carrier mobility is a crucial strategy for improving the σ of TE materials.

In addition, doping serves as a crucial method for regulating the properties of TE materials. By adjusting the 
degree of doping, the carrier concentration of the material can be effectively regulated, ultimately leading to 
the optimal value of σ and S[29]. To assess the doping level of semiconducting materials, ultraviolet-visible 
(UV-vis) absorption spectra are commonly used. In this study, we analyzed the UV-vis spectra of PBEDs 
films [Figure 5] and observed a significant absorption peak after approximately 600 nm, which is associated 
with the polaron and/or dipolaron subgap transition in the polymers[47,48]. This finding suggests that the 
BEDs monomers were effectively doped with the counter anions in the oxidant during the polymerization 
process. Notably, the incorporation of Th and TT altered the EDOT content of the polymer molecule, 
resulting in significant differences in the doped polymer molecules. Specifically, both P(BED-T) and 
P(BED-TT) exhibited pronounced absorption peaks at around 800 nm, whereas PBED displayed a broad 
and large absorption peak after 600 nm. Moreover, compared to PBED and P(BED-T), the neutral-state 
absorption peak of the π-π* transition nearly disappeared after doping in P(BED-TT), which still exhibited a 
neutral-state absorption peak at around 500 nm[49]. This observation may be attributed to the introduction 
of the TT unit, which significantly reduced the electron cloud density within the polymer molecule[23,24], 
thereby decreasing the degree of doping in the polymer molecule.

To further investigate the effect of extending the conjugate plane by introducing thienyl groups on the 
electrical properties of monomers and polymers, the correlation between molecular structure and electrical 
properties was considered. The anodic polarization curve of Figure 6A inset reveals that the initial oxidation 
potential (Eox) of BED is significantly lower than that of EDOT (Eox = 1.2 V, as shown in Supplementary 
Figure 6), reaching 0.57 V. This is mainly attributed to the increased effective conjugated chain length of the 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5725-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5725-SupplementaryMaterials.pdf
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Figure 5. UV-vis absorption spectra of PBED, P(BED-T), P(BED-TT) films by spray-spin coating polymerization method. P(BED-TT) 
films. BED-T: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophene; BED-TT: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-
yl)thieno[3,2-b]thiophene.

Figure 6. (A) Cyclic voltammetry curve of 0.01M BED in PC/LiClO4. Potential scan rate: 50 mV·s-1. Inset: Anodic oxidation curves of 0.01 
M BED (black), BED-T (blue) and BED-TT (red) in PC/LiClO4. Potential scan rate: 10 mV·s-1; (B) Cyclic voltammetry curve of PBED, 
P(BED-T), and P(BED-TT); the inset shows the cyclic voltammogram of ferrocene/ferrocenium (Fc/Fc+) couple used as an internal 
reference, and its Eox is 0.27 V in our measure system.BED-T: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophene; BED-TT: 2,5-
bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thieno[3,2-b]thiophene.

BED monomer. Moreover, the effective conjugation length of the monomers increases further with the 
introduction of Th and TT, resulting in lower Eox values for BED-T and BED-TT. It is worth noting that the 
Eox value of BED-TT is slightly higher than that of BED-T. This suggests that BED-TT has a smaller effective 
conjugate length compared to BED-T, due to the existence of a larger twist angle between the TT and 
EDOT conjugate structure compared to BED-T. Additionally, the cyclic voltammetry curve studies 
[Figure 6A and Supplementary Figure 7] demonstrate that BEDs exhibit good redox activities, and the redox 
reversibility is not significantly affected by the introduction of thienyl groups.

In addition, it should be noted that the energy levels of polymers can have a significant impact on their 
photoelectric properties, and the size of the band gap is closely related to their chemical structure. 
Therefore, we conducted an analysis of the electrochemical energy bands and optical bands of PBEDs 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5725-SupplementaryMaterials.pdf
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[Figure 6B and Table 1]. The PBEDs films exhibited deep highest occupied molecular orbital (HOMO) 
levels, with onset oxidation and reduction potentials estimated to be less than -6 eV, which is significantly 
deeper than PEDOT's -5.1 eV[3]. This difference could be attributed to the more rigid structure of PBED 
precursors, resulting in fewer repeating units compared to PEDOT[50-53]. Furthermore, the UV-vis 
absorption spectra of PBEDs films after de-doping with hydrazine hydrated ethanol solution were analyzed 
and presented in Supplementary Figure 8. The absorption spectra of PBEDs showed strong absorption in 
the 400-700 nm region. Notably, the absorption spectrum of P(BED-T) exhibited a blue shift phenomenon, 
while P(BED-TT)'s had a slight red shift. The difference in the maximum absorption peak position of the 
PBEDs film may be due to the variation in intermolecular π-π stacking interaction between these 
polymers[54]. Additionally, the optical bandgap of PBEDs was estimated by absorption edge and presented in 
Table 1. The results showed that the optical band gap of the PBEDs film was very small, ranging between 
1.73-1.78 eV, demonstrating that the incorporation of thienyl groups minimally affected the energy band of 
PBEDs.

Figure 7 illustrates the density functional theory (DFT) calculation of the BEDs trimer, revealing that the 
lowest occupied molecular orbital (LUMO) level of the polymer experiences a significant impact upon the 
incorporation of thienyl groups, leading to an increase in its electronic affinity. The results indicate that the 
introduction of thienyl groups can reduce the intramolecular charge density, resulting in a decrease in the 
effective doping degree with dopant molecules. In Figure 8, the incorporation of Th results in a reduction of 
the distortion angle between conjugate planes from 1.25° to 0.62° and 0.57° by utilizing non-covalent forces 
between O and S atoms. Furthermore, a distinct twist angle of the conjugated plane is observed, with the 
embedded TT structure resulting in a larger change in the twist angle compared to the introduction of the 
Th structure. This could be due to the rigid structure and steric hindrance of the TT structure, which affects 
the overall conformation of the molecule. This phenomenon is consistent with the precursor Eox 
electrochemical characterization and validates the results of GIWAXS characterization. Notably, the 
electron cloud of the polymer is mainly distributed on the conjugated ring. However, upon introducing 
thienyl groups, the distribution of electron clouds on the conjugated main chain of the molecule becomes 
relatively uneven and aggregates towards the center when compared to PBED. This effect is more 
pronounced in P(BED-TT).

The TE properties of PBEDs films were measured using a standard four-point probe technique. As shown 
in Figure 9A, the embedding of the Th structure had a relatively small impact on the σ of the polymer film 
compared to the PBED film. The GIWAXS and HRTEM characterization of the films suggest that the slight 
decrease in film σ may be attributed to the ordered stacking of P(BED-T) molecules, which promotes carrier 
mobility. On the other hand, the embedding of the TT structure in the P(BED-TT) film resulted in a 
significant decrease in its σ due to the absence of apparent long-range ordered stacking of molecules. The 
embedding of the Th and TT structures resulted in a decrease in the proportion of EDOT units in the 
polymer molecules, which reduced the charge density on the polymer molecules, leading to a lower HOMO 
energy level and unfavorable effective doping. Consequently, the S of P(BED-T) and P(BED-TT) showed a 
significant increase, approximately four times that of the S of the PBED film.

To further optimize the TE performance of P(BED-T) films, we annealed the polymer films to release 
intermolecular stress and promote the free stretching of polymer and dopant molecules, thereby further 
optimizing the ordered stacking of polymer molecules. Figure 9B illustrates the impact of different 
annealing durations on the TE performance of the films. The TE performance of the films was optimized 
after annealing for 10 minutes at 120 ºC in air, reaching 14.9 μW·m-1·K-2. This represents a nearly 50% 
increase in the PF compared to before annealing. Surprisingly, high temperature annealing in air led to a 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5725-SupplementaryMaterials.pdf
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Table 1. Optical and electrochemical data of PBED, P(BED-T), P(BED-TT)

Molecules Ered (V)a Eox (V)b cHELE/dHDFT [eV] cLELE/dLDFT [eV] λedge
fil. [nm]e Eg

opt. [eV]f

PBED -1.18 1.60 -6.10/-4.18 -3.35/-1.72 717 1.73

P(BED-T) -1.23 1.58 -6.08/-4.18 -3.30/-2.06 698 1.77

P(BED-TT) -1.12 1.85 -6.30/-4.35 -3.41/-2.18 685 1.78

athe Ered and bEox were observed by the cyclic voltammograms of PBEDs. cthe HELE and LELE represent HOMO and LUMO energy levels measured by 
electrochemical methods, respectively, and energy level were carried out by the equation EHOMO/LUMO = - [Eox - E1/2(ferrocene) + 4.8], where Eox is 
the onset oxidation potential of the polymer, and E1/2(ferrocene) is the half peak potential of ferrocene vs Ag/Ag+. dthe HDFT and LDFT represent 
HOMO and LUMO energy level measured by DFT calculation. eabsorption edge λedge

fil. of the conducting polymer films in the UV-Vis absorption 
spectra. fthe values of Eg

opt. were calculated based on the formula of Eg
opt. = 1240 / λedge

fil..

Figure 7. Chain conformations of designed PBEDs were expected from their trimer’s conformation calculation under minimized energy 
state, and their dimer’s electron distributions both in HOMO/LUMO state are illustrated. HOMO: Highest occupied molecular orbital; 
LUMO: lowest occupied molecular orbital.

Figure 8. Molecular models of BED, BED-T and BED-TT fragments (calculated with DFT/B3LYP/6-31G method). BED-T showed more 
planar backbone than BED and BED-TT due to the nonbonding. BED: interactions.2,2',3,3'-tetrahydro-5,5'-bithieno[3,4-b][1,4]dioxine; 
BED-T: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophene; BED-TT: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-
yl)thieno[3,2-b]thiophene.

significant decrease in the σ of the polymer film, while the S value increased significantly. There are two 
possible reasons for this phenomenon. Firstly, the high temperature annealing of the PBEDs film in air may 
cause oxygen in the air to react with the Th derivative chain, partially converting the double (π) bonds to 
single bonds[55]. This reaction increases the electron affinity of the polymer molecules and reduces the 
doping efficiency between the polymer molecules and the dopant. Additionally, since p-toluene sulfonic 
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Figure 9. (A) TE parameters of PBEDs films that as-prepared directly by spray-spin coating polymerization method; (B) annealing time 
dependence of σ, S and PF of the P(BED-T) film at 120 ºC.TE:thermoelectric; BED-T: 2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-
yl)thiophene.

acid ions were used as dopants, and the boiling point of p-toluene sulfonic acid is around 116 ºC, a small 
amount of dopant may evaporate from the film during annealing at 120 ºC. This leads to the phenomenon 
of de-doping the polymer, resulting in a decrease in σ and an increase in the S value.

CONCLUSIONS
In conclusion, modifying the conjugated structure of BED led to the synthesis of three types of p-type 
polymers, whose microscopic aggregation and TE properties were studied. The embedding of Th and TT 
structures did not affect the homogeneous continuity of polymer films. However, it did reduce the content 
of EDOT within the polymer molecules, leading to a lower HOMO energy level and reduced doping 
efficiency of the dopant. As a result, both P(BED-T) and P(BED-TT) exhibited nearly fourfold increase in S 
values compared to PBED. The non-covalent interactions between S and O flattened the polymer molecule, 
promoted ordered assembly of polymer molecules, and enhanced the migration efficiency of charge carriers. 
After embedding the Th structure, the σ was not significantly reduced, achieving the decoupling of σ and S. 
These findings highlight the importance of understanding the relationship between polymer molecular 
structure, microstructure, aggregation structure, and properties for the preparation of high-performance TE 
materials.
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