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Theoretical search for high-performance thermoelectric donor-
acceptor copolymers: the role of super-exchange couplings 

Xue Yong a, Gang Wu†a, Wen Shia, Zicong Marvin Wonga, Tianqi Denga, Qiang Zhuc, Xiaoping Yange, 
Jian-Sheng Wangb, Jianwei Xuc,d, and Shuo-Wang Yang*a  

Donor-acceptor (D-A) copolymer is a type of prototypical conducting conjugated polymers with remarkably high mobility 

approaching 100 cm2 V−1 s−1, empowering them as potential thermoelectric (TE) candidates. However, only limited pioneer 

experimental works have been devoted to drawing the microscopic understandings of the relationship between atomic 

structure and TE properties of D-A copolymers, which hampered the effort to enhance their TE performance. As such, our 

work seeks to establish a comprehensive understanding of the intrinsic electronic, geometric, and TE properties of a series 

of D-A copolymer chains. By using density functional theory methods combined with Boltzmann transport and deformation 

potential theories, we found the strong intra-chain superexchange (SE) coupling to be a key indicator for high mobility and 

TE performance. Strong SE couplings induce not only small hole effective mass but also weak electron-phonon couplings, 

resulting in high mobility and high power factors. Furthermore, we provide a route to establish strong SE coupling and 

optimize the TE performance by minimizing the energy difference between the frontier molecular orbitals of the donor and 

acceptor moieties. Our work thus provides strong indications that D-A copolymers represent a class of systems with high 

potential in TE applications. 

Introduction 

Polymeric semiconductors have become the state-of-the-art 

thermoelectric (TE) candidates in recent years because of their 

unique properties, such as low toxicity, high flexibility, and good 

structural tunability via chemical modification.1 In particular, 

the intrinsic high flexibility makes them potential wearable 

heating and cooling devices. TE efficiency is quantified by the 

dimensionless figure of merit: 𝑧𝑇 = 𝑆2 𝑇 ⁄ , where S,  , , 

and T are the Seebeck coefficient, electrical conductivity, 

thermal conductivity, and absolute temperature, respectively. 

As  values of copolymers are in general similar and smaller 

than those of inorganic materials,2 therefore, enhancing 

polymeric thermoelectric relies largely on optimization of the S 

and  known as power factor 𝑆2𝜎.  

  A typical representative of conducting polymers is donor-

acceptor (D-A) copolymer which consists of alternating 

electron-rich (i.e., electron donor) and electron-poor (i.e., 

electron acceptor) moieties as repeat units. In recent years, 

benefiting from the development in synthesis techniques, a 

large number of D-A copolymers composing of most widely 

used electron-rich fragments, such as benzothiadiazole (BT), 

diketopyrrolopyrrole, and naphthalene diimide (NDI), have 

been developed3 and their electrical conducting properties 

were investigated systematically by chemical or 

electrochemical doping. Remarkably high mobility up to 100 

cm2 V−1 s−1 was reported for highly oriented copolymers, e.g., 

cyclopentadithiophene-benzothiadiazole (molecular weight 

Mw: > 140 kDa) and its fluorinated analog.4 These highly 

oriented D-A copolymers have been reported to possess a band-

like transport behavior and a strong intrachain electronic 

delocalization. Charge transports dominantly along the 

conjugated backbone.5,6 Another important advantage of D-A 

copolymer is that they can form both p─ and n─device by the 

rational choice of different D and A moieties. These features, in 

particular, the high intrinsic mobility empowers D-A copolymers 

to be promising TE candidates. However, most studies on D-A 

copolymers were devoted to the photovoltaic and transistor 

applications, and only a basic understanding of the 

unconventional conducting and optical properties has been 

obtained up to date. Only more recently D-A copolymers were 

considered for TE applications in limited experiments. It was 

shown, for instance, that a power factor of 4.65 μW m-1 K−2 (𝑆 =

235  µV K-1 and 𝜎 = 1.30 ± 0.20  S cm-1; 𝑀w = 29.9  kDa) was 

obtained for n-type NDI-based copolymer7 and a power factor 

19 µW m-1 K-2 (𝑆 = 190.53 ± 2.42 µV K-1 and 𝜎 = 2.13 ± 0.01 

S cm-1; 𝑀w = 26 kDa)8 was obtained for the p-type BT and CDT-
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based copolymer. Despite the possible influences of the 

packing, morphology and fabrication conditions, the material 

should possess inherent potential for high power factor. 

Therefore, it is of utmost importance to gain an in-depth 

understanding of structure-property relationships, which would 

promote efficient screening of promising materials.  

  One important feature of D-A copolymers is the overall strong 

couplings including direct D-A9 and indirect adjacent D-D/A-A 

couplings through space mediated by A/D moiety, defined as 

super-exchange (SE) coupling. The unique SE couplings have 

been thought to play a key role in electrical transport in D-A 

copolymers,10,11 and other charge transfer compounds 

including DNA12 and organic mixed-stack charge-transfer 

crystals solids,13–16 although the mechanisms underlying the 

unconventional high mobility of D-A copolymers are not yet 

fully elucidated. The SE couplings were reported to induce small 

effective mass and high mobility for BTCDT. However, SE 

coupling was rarely considered as a screening parameter in the 

search for high-performance D-A polymeric electronic 

semiconductors. Here, we present the first theoretical 

calculations on the intrinsic geometrical, electronic, SE 

couplings, and p-type thermoelectric properties of a series of D-

A copolymers based on density functional theory, deformation 

potential, and Boltzmann transport theories.17–19 We found that 

strong SE coupling is indeed a key indicator of high TE 

performance. The strong SE coupling results in not only large 

bandwidth and small effective mass, but also weak electron-

phonon interactions, which eventually leads to high mobility 

and high TE power factors. In addition, we also unveiled a 

chemical rule for strong super-exchanges in terms of frontier 

orbitals of D and A moieties. 

Computational details  

Geometrical and electronic structure calculations  

We report here the investigation of the intrinsic intra-chain TE 

properties of D-A copolymers by using isolated copolymer 

chains. We built 9 copolymers from the donor shown in Figure 

1a. The periodic direction of the infinite copolymer chain is 

defined as the x axis. (Figure 1c). Each isolated chain was placed 

in an orthorhombic cell padded with a vacuum spacing of about 

30 Å in the in-plane y and out-of-plane z directions, which is 

large enough to avoid inter-chain interactions. Perdew-Burke-

Ernzerhof (PBE)20 functional with the Grimme’s DFT-D3 van der 

Waals dispersion corrections (PBED) 21 was used to optimize the 

lattice constant 𝐿𝑥  and atomic positions since it was shown to 

be appropriate for polymer optimizations. The residual force on 

each atom was optimized to be smaller than 10-2 eV Å -1. A 

uniform 10  1  1 Monkorst-Pack mesh was used for k-point 

sampling in geometry optimizations. Different functionals 

including PBE, B3LYP,22 HSE06, and PBE0 with the Grimme’s 

DFT-D3 van der Waals dispersion corrections have been 

evaluated for the band structure calculations (Figure S2). The 

band profiles, e.g., the valence and conduction band dispersion, 

obtained by different functionals have negligible differences. 

The band gaps of BTCDT computed with hybrid functional are 

larger (HSE06: 0.97 eV, B3LYP: 1.27 eV, and PBE0: 1.51 eV) than 

that computed with PBE (0.57 eV). However, the hole 

conductivity and Seebeck coefficients computed with different 

functionals are almost identical at carrier concentrations up to 

2.0  1020 cm-3 (Figure S3). Thus, considering the balance 

between accuracy, computational cost, and the investigation of 

TE properties as our main aim, PBED was employed for 

electronic structure and transport calculations, with a 20  1  

1 k-point mesh for Brillouin zone sampling. A 50  1  1 k-point 

mesh was used to compute the band structures. All calculations 

were performed using Vienna ab Initio Simulation Package 

(VASP) code,23–26 employing projector-augmented wave 

(PAW)27 and plane wave basis set for C, S, N, and H atoms with 

the cut-off energy of 1000 eV for geometrical optimization and 

600 eV for electronic properties.  

SE coupling calculations 
We derive the SE couplings from the tight-binding (TB) model 
based on (a) in-house derived models and (b) maximally 
localized Wannier28,29 functions which is an ab initio-based 
method. In the TB model, the SE couplings are the second 
nearest hopping/electronic couplings terms. In our derivation, 
the copolymer model with -A-D-A-D- linkage can be described 
as  
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(Eqn. 1) 

where �̂� is the Hamiltonian, 𝑎d,a
1,2† and 𝑎d,a

1,2 are the creation and 

annihilation operators on d (donor moiety) and a (acceptor 

moiety) sites in the first and second periods, respectively, and 

휀𝑑,𝑎, 𝑡𝑑𝑎, and 𝑠𝑑𝑑/𝑎𝑎 are the corresponding on-site energy, the 

D-A direct intersite electronic couplings, and indirect second 

nearest neighbour electronic coupling for measuring the  

orbital couplings. Then the two highest occupied bands and two 

lowest unoccupied bands are represented as:  

휀1,2 = 1 2⁄ [휀𝑑 + 휀𝑎 − (𝑠𝑎𝑎 + 𝑠𝑑𝑑) cos 𝑘𝜋 ±

√(휀𝑑 − 휀𝑎 − 2(𝑠𝑑𝑑 − 𝑠𝑎𝑎) cos 𝑘𝜋)2 + 16𝑡2 sin2(𝑘𝜋 2⁄ )]  (Eqn. 

2) 

and 

휀3,4 = (1 2⁄ )[휀𝑑 + 휀𝑎 + (𝑠𝑎𝑎 + 𝑠𝑑𝑑) cos 𝑘𝜋 ±

√(휀𝑑 − 휀𝑎 − 2(𝑠𝑑𝑑 − 𝑠𝑎𝑎) cos 𝑘𝜋)2 + 16𝑡2 cos2(𝑘𝜋 2⁄ )]. (Eqn. 

3) 

After solving the four equations with energies taken from DFT 

results, the 𝑡𝑑𝑎, 𝑠𝑑𝑑/𝑎𝑎 , and SE = 𝑠𝑑𝑑 + 𝑠𝑎𝑎  are obtained. (See 

Section III in supporting information). In Wannier 

representation, the band Hamiltonian is directly constructed via 

the Wannier90 program30 and each parameter has the intuitive 

physical meaning of amplitude for electron hopping from one 

site to another. Here the site is defined by the basis set we 

provide. In our calculations, we use the pz-like orbitals of each 

D/A moiety to represent one site. 

TE transport coefficient calculations 

The electrical conductivity 𝜎 =
𝑒2

𝑉
∑ (−

𝜕𝑓0(𝜀𝒌)

𝜕𝜀𝒌
) 𝑣𝒌𝑣𝒌𝜏𝒌𝒌  and 

Seebeck coefficient 𝑆 =
𝑒

𝑉𝜎𝑇
 ∑ (−

𝜕𝑓0(𝜀𝑘)

𝜕𝜀𝒌
) (휀𝒌 − 휀𝐹)𝑣𝒌𝑣𝒌𝜏𝒌𝒌 , are 

obtained by solving the Boltzmann transport equation in 
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relaxation time approximation. Here, 𝑓0(휀𝒌) = 1/[exp((휀𝒌 −

휀𝑭)/𝑘B𝑇) + 1] is the Fermi-Dirac distribution function, 𝜏𝒌, 휀𝐹 , 

V, and 𝑣𝒌 represent the relaxation time, Fermi energy, volume, 
and group velocity, respectively. The effective V is defined as 
the volume of a repeating segment of the polymer in crystal 
form, which is obtained by direct relaxation of the lattice 
parameters and atomic positions. The same V is also used to 
comptue the three-dimension carrier concentrations Wannier-
function-based interpolation techniques were used to obtain 
the ultra-dense band energies for the accurate summation in 
the k-space. The TE properties were calculated by BoltzTraP 
program.31,32  
  According to Fermi’s Golden rule, relaxation time, 𝜏𝒌  is 
obtained via the formula 1 𝜏𝒌⁄ =
(2𝜋 Vℏ⁄ )∑ |𝑀(𝒌, 𝒌′)|2𝛿(휀𝒌 − 휀𝒌′)(1 − cos 𝜃)𝒌′ ,  (Eqn. 4)  
here ħ is the reduced Planck’s constant, 𝛿(휀𝒌 − 휀𝒌′) is the Dirac 
delta function, θ is the scattering angle between 𝒌 and 𝒌’ states, 
and 𝑀(𝒌, 𝒌′) is the scattering matrix element.33 In this work, 
the electron-phonon scattering matrix element is modeled from 
the deformation potential (DP) theory,34–36 which has the form, 
|𝑀(𝒌, 𝒌′)|2 = 𝑘B𝑇𝐸1

2/𝐶𝑖𝑖, here 𝐸1 is the DP constant and 𝐶𝑖𝑖  is 
the elastic constant. More computational details for TE 
properties can be found in Section IV in SI. 

Results and Discussion  

Geometry structure  

We considered some commonly used acceptor and donor 

moieties (Figure 1a) which are rigid planar fragments, or 

multiple rigid fragments bridged by rotatable single bonds. The 

acceptor moieties are benzothiadiazole and its derivatives 

including nitrogen-substituent (pyridal[2,1,3]-thiadiazole (PT)), 

fluorinated-benzothiadiazole (DFBT), and benzobisthiadiazole 

(DBT). The donor moieties are cyclopentadithiophene (CDT) and 

its derivatives which are Si/N-substituted (SiDT and NDT), 

indacenodithiophene (IDT), and benzodithiophene (BDT). The 

positions of the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) for the four 

acceptor units are higher than donor units (Figure 1b). The PT, 

DFBT, and DBT have lower LUMOs, and thus stronger electron-

accepting capability. The HOMOs of IDT and NDT are higher 

than those of CDT, BDT, and SiDT, indicating that the former two 

have better electron-donating ability. Significant charge (0.11 e 

─ 0.48 e, Table S1) transfer from the donor fragment to acceptor 

fragment is also observed in the formed copolymers. With 

stronger electron-accepting ability, DBTCDT (0.48 e), DFBTCDT 

(0.40 e) and PTCDT (0.25 e) have the largest charge transfer 

while the rest are around 0.11 e. In addition, we emphasize that 

all the D-A copolymer investigated have already been 

successfully synthesized as reported in the literature.4,37–42  

  The acceptor or donor units can arrange in either parallel (trans) 

or antiparallel (cis) configurations in linear D-A copolymers. 

Furthermore, the acceptor moieties in the low-energy 

conformation usually adopt trans conformations according to 

previous theoretical calculations.10,43 Therefore, the repeating 

unit of the D-A copolymers are composed of two donor units and 

two acceptor units forming -D-A-D-A- linkage. The trans and 

cis conformations of the donor moieties were also considered, 

and the results reported below are based on the structure with the 

lowest energy. The BT-based polymers have been suggested to 

reveal coplanar conformation.10,43–45 The optimized D-A 

copolymers also show rigid coplanar structures as shown in 

Figure S1 (optimized tetramer), Figure S4, and Figure S5, and 

thereby facilitate the extension of electron conjugation along the 

copolymer chains. The repeating unit length of BDCDT is 24.17 

Å which deviates only by 2% from the GIWAXS analysis (23.60 

Å)46. The repeating unit length of BDIDT is larger than BDCDT 

due to larger donor moiety, while the rest have a similar size as 

BDCDT. As such, from a structural point of view, the 

modification or fusing with the aromatic ring affects the unit 

length of the polymer, while merely element substituents alone 

have minimal effects. D-A copolymers show aromatic-like bond 

length alternations (Figure S4 and Figure S5). The intra-ring C-

C bonds are around 1.44 Å; the inter-ring C-C bonds are around 

1.42 Å ─ 1.46 Å and 1.39 Å ─ 1.42 Å in the six and five-member 

aromatic ring, respectively. These coplanar aromatic structural 

characters suggest that all these D-A copolymers should have 

good electron conjugations facilitating the intra-chain charge 

transfer. 

Electronic Structure   

SE coupling is an important parameter that relates to band 

dispersion and effective mass. The SE couplings are obtained 

from a TB model based on (a) in-house derived models and (b) 

Wannier functions. The TB model is a fast and cheap method 

while the Wannier approach is an ab initio-based method. In 

addition, the derivation from TB model does not require cutting 

the D-A copolymers into isolated fragments avoiding the 

complex process to renormalize the wave functions for the 

projection of copolymer couplings onto isolated sub-building 

blocks. In the Wannier functions, we require the calculations to 

meet the following criteria: a) the entangled energy band 

structure reproducing the DFT calculations, b) the corresponding 

Wannier basis sets being localized on A, D, A, D respectively 

(Figure 2c and Figure S6). To our best efforts, only calculations 

for BTCDT, BTNDT, BTSiDT, DFBTCDT, and BTBDT 

(Figure 2) meet these criteria simultaneously. We found that the 

SE couplings from TB agree well with those from Wannier 

calculations (Figure 2a). For example, the SE coupling for 

BTCDT is 0.21 eV from TB and 0.16 eV via Wannier functions 

(Figure 2d) and for BDBDT is 0.09 eV from TB and 0.08 eV via 

Wannier functions (Figure 2i). These results further support the 

fact that the TB is sufficient to describe the SE couplings, and as 

such, only SE couplings from the TB model are considered for 

the discussions presented below. In addition, the SE obtained in 

the current work are in the same magnitude of order as obtained 

by the partition method used in Ref 10. DBTCDT has the largest 

SE coupling (0.26 eV) while BTBDT has the smallest. SE 

couplings of the rest compounds are 0.14 eV ─ 0.22 eV 

(PTCDT: 0.21 eV, DFBTCDT: 0.20 eV, BTSiDT: 0.18 eV, 

BTNDT: 0.22 eV, BTIDT: 0.14 eV) 

  The band structures, electron localization functions (ELF), 

partial charge distribution functions at the valence band 

maximum (VBM) and conduction band minimum (CBM) of 

BTCDT and BTBDT are given in Figure 2e─h, and those of the 

https://www.sciencedirect.com/science/article/pii/B9780080965192000928
https://www.sciencedirect.com/science/article/pii/B9780080965192000928
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Figure 1 (a) Scheme for the donor and acceptor moieties, (b) corresponding energy levels of highest occupied molecular orbitals (HOMO) 

and unoccupied molecular orbitals (LUMO) of each donor/acceptor moiety, computed with the 6-311+G(d,p) basis set and B3LYP exchange-

correlation functional47 as implemented in Gaussian 16 program48 were used, and (c) representation of the strong couplings including direct 

D-A (𝑡𝑑𝑎)9 and indirect adjacent D-D or A-A couplings (𝑠𝑎𝑎 or 𝑠𝑑𝑑) through space mediated by A/D moiety, known as super exchange coupling 

(𝑆𝐸 = 𝑠𝑑𝑑 + 𝑠𝑎𝑎). 

other compounds are provided in Figure S7 and Figure S8. The 

comparison shown in Figure S7 and Figure S8 illustrates two 

important common features: 1) The ELFs, VBM, and CBM 

distribute uniformly along the copolymer chains, indicating 

good electron delocalization of these D-A copolymers. Good 

electron delocalization, in general, leads to large band 

dispersions and small effective masses. 2) No band crossings 

around valence and conduction bands exist in these copolymers 

due to the lack of symmetry within the unit cell.9 In principle, 

since band crossings are avoided, flat band and large effective 

mass are expected. Therefore, the bandwidth and effective 

mass are the results of these two competing factors. In fact, we 

found that the bandwidths of D-A copolymers are small (0.31 eV 

to 0.54 eV) and increase linearly with the increment in SE 

couplings (Figure 3a), which also agree with previous theoretical 

simulations10. The hole effective mass decreases with the 

increment in SE couplings (Figure 3b). However, though the 

bandwidths are small, these D-A copolymers have low intrinsic 

hole effective masses (0.050 me ─ 0.111 me) due to strong intra-

chain SE couplings. Thus, a strong intrinsic intra-chain SE 

coupling provides an important route to achieve small hole 

effective mass which leads to good charge transport and TE 

properties.   

  Most of these D-A copolymers have smaller hole effective 

mass than those of the excellent conducting homo-copolymer, 

such as poly(3-hexylthiophene-2,5-diyl), P3HT (0.140 me)49, p-

type poly(3,4-ethylenedioxythiophene), PEDOT (0.093 me),50 

and polythiophene, PT (0.120 me)50. To explain such a 

difference, we also compute the SE coupling for PEDOT. We 

found the SE coupling of PEDOT (0.09 eV) (defined as the second 

nearest neighbour interaction between mono-units) to be 

smaller than those of D-A copolymers (0.09 eV ─ 0.26 eV). 

BTCDT, PTCDT, and DFBTCDT have similar SE couplings, and 

thus similar bandwidths (0.51 eV ─ 0.54 eV) and hole effective 

masses (0.061 me ─ 0.067 me), indicating similar charge 

transport behaviour. The computed hole effective mass for 

PTCDT is in very good agreement with previous theoretical 

simulations9 and experimental estimates based on field-

dependent photocurrent measurements on PTCDT.51 DBTCDT 

has similar unit length, but larger SE coupling than BTCDT and 

thus its hole effective mass is smaller (0.050 me) than BTCDT, 

indicating a potentially higher mobility. BDNDT has similar SE 

coupling with BDCDT due to similar size and the electron-

donating ability of NDT and CDT donor moieties, the bandwidth 

(0.53 eV) and hole effective mass (0.067 me) are also similar to 

those of BTCDT. BTSiDT has a smaller bandwidth (0.48 eV) due 

to smaller SE coupling and the longer Si-C: 1.877 Å (C4-C9: 1.512 

in BTCDT) bond. Thus, BTSiDT displays larger hole effective 

mass at 0.083 me, but it is still similar to that of PEDOT and 

smaller than those of P3HT and PT. BTBDT have a bandwidth of 

0.31 eV due to its small SE coupling. Thus, BTBDT shows a hole  
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Figure 2 Electron localization functions (ELF), band structures, and super-exchange (SE) couplings (a) Comparison of SE couplings computed 

from tight-binding model (TB) and wannier function (b) Band structure for BTCDT from projective Wannier functions (black) shown together 

with the result of the DFT calculation (red). (d) and (i) the optimized structure with the SE couplings labelled, (e) and (h) ELF, VBM, and CBM 

partial charge distributions, (f) and (g) band structures of BTCDT and BTBDT. 

effective mass (0.110 me) close to that of PT. With a larger unit 

length but larger SE coupling than BTBDT, BTIDT possesses 

similar bandwidth (0.32 eV) as BTBDT but smaller hole effective 

mass (0.086 me). Therefore, from a structural point of view, the 

modification or fusing with the aromatic ring is more effective 

in the modification of the hole effective mass and bandwidth, 

while elemental substitution has minimal effects.  

An ideal TE candidate should have a band gap larger than 10 kBT, 

that is around 0.26 eV at room temperature to overcome the 

bipolar effects on the Seebeck coefficient, which attenuates the 

Seebeck coefficients significantly.52 Fortunately, all these D-A 

copolymers have band gap close to or larger than 0.26 eV, and 

thus no bipolar effect on Seebeck coefficients was observed. 

The bandgap decreases with the increment in SE couplings 

(Figure 3c). In addition, the bandgap increases from 0.24 eV in 

DBTCDT to 0.94 eV BTBDT along with the increment of SE 

couplings. The remaining compounds have moderate band gaps 

(BTCDT: 0.52 eV, PTCDT: 0.45 eV, DFBTCDT: 0.63 eV, BTSiDT: 

0.63 eV, BTNDT: 0.54 eV, BTIDT: 0.71 eV). These D-A 

copolymers possess relatively high HOMO levels in the range of 

(-4.78 eV ─ -4.17 eV), implying strong electron-donating ability. 

Currently, the electron-donating ability for the state-of-the-art 

p-type organic semiconductor, PEDOT, computed with a similar 

method is around -5.0 eV,50 which is lower than our calculated 

values for the D-A copolymers. Such unique features facilitate 

these coordination copolymers to attain p-type TE properties 

easily.  

  We also provide the contribution from the donor/acceptor 

fragment  orbital to the copolymer VB. Generally, the VB is 

mainly contributed by the donor fragment  orbital (40% ─ 70%, 

Figure S9). With a fixed donor fragment, the contributions from 

donor fragment  orbital decreased when an electron-

accepting ability of the acceptor moiety increases. For example, 

the CDT fragments  orbital contribute 68% to the VB of BTCDT. 

But it decreases to 34% in DBTCDT because DBT adopts stronger 

electron-accepting ability than BT. Meanwhile, a fragment of 

larger size also contributes more to the VB. For example, IDT  
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Figure 3 SE couplings and electronic properties: the dependence of (a) Band dispersion, (b) hole effective mass and (c) band gaps on SE 

couplings. 

 orbital contribute 78% to BTIDT because IDT is longer and 

has 5 fused six-/five- membered aromatic rings. 

Electron-phonon coupling 

Charge transport depends on the electron-phonon couplings. 

Here we study the charge transport properties by considering 

the longitudinal acoustic phonon scatterings of charge carriers   

in the long wavelength limit using the DP theory. The DP theory 

has been successfully applied to the study of the charge 

transport for graphene,53 carbon nanoribbon,54 PEDOT,55 and 

coordination copolymers.56–58 In DP theory, the electron-

phonon interaction is determined by the DP constant 𝐸1  and 

elastic constant 𝑐𝑖𝑖. The hole DP and elastic constants of these 

D-A copolymers are summarized in Table S3. The hole DP 

constants adopt varying values across different D-A copolymers. 

And the hole DP constants are found to decrease with the 

increment of SE couplings, as shown in Figure 3a, Thus, we can 

observe a strong correlation between small DP constants and 

large SE couplings. This can be understood by the fact that a 

copolymer with large SE would have a more delocalized 

wavefunction10–14 and hence a more delocalized charge carrier. 

Therefore, smaller electron-phonon coupling is expected14,59 

which indicates that the polymer should have a small DP 

constant. In fact, we found the valence bands of the conjugated 

D-A polymer to be composed of the highest occupied molecular 

orbitals (HOMOs) of donor and acceptor fragments and are a 

mixture of bonding and anti-bonding characters (Figure S1). 

Under lattice vibrations, the fragmental orbital energy levels 

(site energies) change accordingly. In the picture of the 

deformation potential theory, the deformation constant can be 

regarded as the simultaneous changes in the bonding energies 

interaction (donor and acceptor fragments), ref, and 

fragmental orbital energy levels (site energies), relative. Under 

1% lattice strain, the bonding 

energies decrease due to a larger distance between the 

adjacent D and A fragments, and the topmost valence band (the 

anti-bonding state in the HOMO-HOMO interaction scheme in 

Figure S12a and Table S2) shifts downwards. In the meantime, 

the fragmental orbital energies of the both moieties shift down 

due to the lattice dilation, but the donor always has larger 

shifting and leads to better alignment between the frontier 

orbitals of donor and acceptor. The latter effect cancels the 

changes in bonding energies partially and resulting in smaller 

deformation constants (Figure S12b). In particular, a good 

alignment between the frontier orbitals can manifest as a larger 

SE coupling due to better tunnelling effect. For example, BDIDT, 

which has a small SE coupling of 0.14 eV, shows larger shift in 

the fragmental energy levels (ref = 0.043 eV). PTCDT has larger 

SE couplings of 0.21 eV, but smaller ref of 0.034 eV. Therefore, 

such simultaneously small rigid shift in the energy levels makes 

the valence band to act as a “non-bonding” band60 and thus 

shows smaller deformation constants.  

  BTBDT and BDIDT have smaller SE coupling (0.14 eV) and thus 

adopt larger DP constants than the other compounds (7.19 eV 

for BTBDT and 8.10 eV for BDIDT). These computed values are 

still smaller than those of PEDOT55 and graphene (around 10.0 

eV)53. The remaining D-A copolymers have even smaller DP 

constants, suggesting that these D-A copolymers should possess 

higher mobility than PEDOT. BTCDT, PTCDT, DFBTCDT, and 

BTNDT have similar moderate SE couplings, and thus moderate 

hole DP constants of 5.78 eV, 5.84 eV, 6.43 eV, and 6.99 eV 

respectively, which are similar to those of carbon nanoribbons 

(5.00 ─ 7.00 eV)54. BTSiDT has a relatively small hole DP 
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Figure 4 SE couplings and electron phonon coupling and TE properties: the dependence of (a) DP constants and (b) mean carrier relaxation 
time on SE couplings, (c) the intrinsic mobility and carrier relaxation time, and (d) the maximum TE power factor and intrinsic mobility. The 
relaxation time, mobility and power factor for DBTCDT is given in Table S3. 

constant of 2.87 eV. DBTCDT has the largest SE couplings among 

all the D-A copolymers studied and it has the smallest hole DP 

constant of 0.34 eV. This value is similar to that of the Ni-based 

coordination polymer with high mobility.56 

  BTSiDT has a relatively smaller elastic constant of 0.64  10 -7 J 

m-1 compared to other D-A copolymers because of the larger 

vdW radii of Si and thus weaker Si-C bond. The remaining D-A 

copolymers have larger but similar elastic constants (1.12 for 

BTCDT, 1.11 for PTCDT, 1.26 for DFBTCDT, 1.23 for DBTCDT, 

1.37 for BTNDT, 2.06 for BTBDT, and 1.33 for BTIDT, unit:  10 -

7 J m-1). These computed elastic constants are comparable to 

those of graphdiyne nanoribbons (1.66─2.99  10−7 J m−1) 

anthose of the ladder-like coordination polymers56,61. Hence, 

these D-A copolymers are as rigid as graphdiyne nanoribbons 

and rigid coordination polymers. Such good rigidity warrants 

excellent intrachain charge transport properties.  

  In addition, we found that with an increment of SE coupling 

within the D-A copolymers, the DP constant decreases and 

eventually, the mean carrier relaxation time (Figure 4b) 

increases. In other words, a strong intrachain electron couplings 

implies small electron-phonon couplings. BTBDT has the 

shortest relaxation time of 27.72 ps at room temperature, due 

to its smallest SE couplings. This value is close to the room 

temperature relaxation time for perfect graphene which can 

reach up to 20 ps verified by the cyclotron resonance response 

technique.62 DBTCDT has the largest SE coupling and its room 

temperature relaxation time is 2 orders of magnitude larger 

than that of BTBDT but close to that for the p-type coordination 

copolymers with excellent hole transport properties.56 The 

room temperature relaxation time for the remaining D-A 

copolymer is around 2 times larger than that of BTBDT due to 

larger SE couplings, BTIDT (35.50 ps), BTCDT (42.42 ps), PTCDT 

(51.56 ps), DFBTCDT (45.48 ps), and BTNDT (56.00 ps). These 

values are close to those of the carbon nanoribbons (40 ─ 70 

ps). BTSiDT has a relatively smaller elastic constant and thus its 

relaxation time (70.31 ps) is slightly larger than those 

compounds with similar SE couplings. For comparison, we also 

computed the SE couplings, DP constants, and relaxation time 

for a homopolymer-based CDT, h-CDT. It is found the direct 

nearest neighbour coupling in the homopolymer is 2 times 
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larger than those of the D-A copolymers. The second nearest 

neighbour coupling which is the SE couplings in D-A copolymers 

are smaller than those of the D-A copolymers. In addition, in D-

A copolymers, the SE couplings are even similar to the direct D-

A couplings while the SE couplings in the homopolymers are 

almost 10 times smaller than the direct nearest electronic 

couplings. Thus, homopolymers have larger DP constants (8.95 

eV) and shorter relaxation time (31.96 ps) (Figure 4) which 

indicate that D-A copolymers have better electrical conductivity 

due to their unique strong SE couplings. 

Intrinsic mobility  

The charge carrier mobility   is a crucial measurable 

macroscopic quantity which determines the TE properties 

through the relation,  =  𝑛𝑒, where n and e are the carrier 

concentration and elementary charge, respectively. At a given 

carrier concentration, the higher the mobility, the higher the 

conductivity. Intrinsic mobility depends empirically on the 

effective mass and relaxation time based on the relationship, 

 = 𝑒 <  > 𝑚∗⁄ . The small hole effective mass of these D-A 

copolymers is one of the key reasons for the unconventional 

high mobility as reported for DFTBDT. However, compared to 

the small differences in the hole effective mass for different D-

A copolymers, the relaxation time which is a quantitative 

indicator of electron-phonon coupling plays a dominant role in 

their hole transport properties. We observed that the hole 

mobility of these D-A copolymers increases gradually with the 

increment in the relaxation times, as given in Figure 4c. 

  The highest mobility of highly oriented DFBTCDT was reported 

to approach 100 cm2 V−1 s−1 which is also the highest value for 

copolymers. Our calculated value (749 cm2 V−1 s−1) is of similar 

magnitude but 7 times larger than the experimental value. 

Possible reasons for such difference might be that a perfect 

copolymer model is applied in our theoretical simulations with 

no defect effect considered, while it is probable that there exists 

certain defect or impurity scattering in the experimental 

products. In addition, the performance of a field-effect 

transistor can be significantly reduced due to interaction with 

the substrate.63 Thus the true mobility might be smaller than 

749 cm2 V−1 s−1 but certainly larger than 100 cm2 V−1 s−1 . 

DBTCDT shows the highest hole mobility which is 6 times larger 

than that of DFBTCDT due to its larger SE couplings, smaller DP 

constant, and longer relaxation time. BTBDT (340 cm2 V−1 s−1 ) 

and BTIDT (319 cm2 V−1 s−1) have smaller hole mobilities due to 

shorter relaxation time. The hole mobilities of BTCDT (879 cm2 

V−1 s−1) and PTCDT (993 cm2 V−1 s−1) are slightly larger than that 

of DFBTCDT, while the mobility of BTNDT (812 cm2 V−1 s−1) is 

slightly smaller. These values are also of the same magnitude as 

some known high conductivity copolymers: for example, hole 

mobility of 99 cm2 V-1 s-1 for a two-dimensional analogue, Cu-

BHT (BHT = benzenehexathiol) at room temperature,64 600 cm2 

V-1 s-1 for a ladder-type poly(p-phenylenes) at room 

temperature.65 In summary, all these D-A copolymers have high 

hole mobilities warranting excellent hole transport.  

TE properties  

Using BTCDT as an example, we plotted the Seebeck coefficients 

and electrical conductivity as functions of carrier concentration 

in Figure S13. We found that the Seebeck coefficient decreases 

while the electrical conductivity increases with the carrier 

concentration. Consequently, there is a peak value of the power 

factor (( 𝑆2𝜎 )max) at certain carrier concertation, which is 

commonly known as the optimal doping value, nopt. The 

common approachable doping carrier concentration is 1019 

─1020 cm-3 for organic polymers.66–69 For all these D-A 

copolymers considered, the optimal doping values are 0.77 – 

2.76 × 1020 cm-3 which are thus experimentally feasible. The 

Seebeck coefficients for these D-A copolymers are similar with 

values around 180 µV K-1 at their corresponding optimal doping 

levels (173 µV K-1 for BTCDT, 177 µV K-1 for PTCDT, 190 µV K-1 

for DFBTCDT, 174 µV K-1 for DBTCDT, 190 µV K-1 for BTSiCDT, 

172 µV K-1 for BTNDT, 184 BTCDT). These values are close to the 

measured Seebeck coefficient for cyclopenta-dithiophene 

copolymer analogs (165─230 µV K-1)8,70 and PEDOT (70 μV K-1 ─ 

220 μV K-1).55,71 

  Significant differences in electrical conductivity are observed. 

With smaller SE couplings, smaller mobilities, and stronger 

electron-phonon couplings, BTBDT and BTIDT show lower 

electrical conductivities of 0.050 × 105 S cm-1 and 0.126 × 105 S 

cm-1. DBTCDT possesses the largest SE couplings, and thus 

weakest electron-phonon coupling and largest mobility with an 

electrical conductivity of 162 × 105 S cm-1. The rest display 

moderate electrical conductivity in the range of 0.212 − 0.662 × 

105 S cm-1.  

  Our computational results further suggest that the peak value 

of the power factor increases along with the increment of 

mobility (Figure 4d). For example, DBTCDT has the highest 

mobility, thus shows the best power factor (0.7 W cm-1 K-2) 

which is two magnitude of order than the remaining D-A 

copolymers, but of the same order of magnitude to the one-

dimensional coordination copolymers. BTIDT (0.19 × 10-3 W cm-

1 K-2) and BTBDT (0.72 × 10-3 W cm-1 K-2) have smaller power 

factor than the others. DFBTCDT has a power factor of 0.77 × 

10-3 W cm-1 K-2 while the rest have slightly larger power factors: 

1.41 × 10-3 W cm-1 K-2 for BTCDT, 2.08 × 10-3 W cm-1 K-2 for 

PTCDT, 1.29 × 10-3 W cm-1 K-2 for BTSiDT, and 1.20 × 10-3 W cm-

1 K-2 for BTNDT. 

The route to high TE power factor 

The above results unravel strong SE coupling to play a key role 

in high-performance TE D-A copolymer. A strong SE coupling 

within the D-A copolymer results in small effective mass, small 

DP constant, and thus, weak electron-phonon coupling, large 

charge carrier relaxation time, and consequently, high mobility 

and high TE power factor. Further analysis reveals that SE 

couplings increase when there is a minimal energy difference 

( ∆휀 = 𝐸HOMO(Donor) − 𝐸HOMO(Acceptor) ) between the 

HOMOs of the acceptor and donor moiety (Figure S14a-b). For 

example, with respect to the same donor fragment (CDT), the ∆휀 

for DBT is 0.85 eV, whereas it is enhanced to 1.47 eV for BT, 

1.93 eV for PT, and 1.92 eV for DFBT. The SE couplings, as 

given above, decrease from DBTCDT to DFBTCDT while the 

power factor increases from DBTCDT to DFBTCDT. In other 

words, SE couplings become stronger when there is appropriate 

frontier molecular orbital alignment between the donor and 
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acceptor moiety which agrees with our previous work that good 

molecular orbital alignment between the sub-building blocks 

leads to high TE power factor.56 Thus a strategy to achieve a high 

power factor in D-A copolymer is to minimize the energy 

difference between the donor and acceptor moieties which bring 

forth strong SE coupling. Here we’d like to emphasize that our 

strategy only provides a feasible way to enhance the SE 

coupling. In the polymer, both direct coupling (𝑡) and the SE 

exist and affect the transport properties. Our results indicate 

that the direct coupling 𝑡 of homopolymer is much larger than 

SE and dominating the transport properties. Thus, electronic 

properties of homo-polymers are mainly determined by the 

direct coupling. This was also suggested in literatures. 10,11 For 

example, the t is 6 times of SE in h-CDT; while t is only 1.5~3 

times of SE in the considered D-A polymer. As a result, long 

range coupling plays an important role in determine the 

electronic properties of D-A polymers. In this sense, 

homopolymer and D-A copolymer should be treated separately, 

and our strategy should be applied for D-A polymers only, so 

that a large SE and modest direct coupling can be achieved 

simultaneously. In addition, this approach would be only 

applicable to semiconducting D-A copolymers where the 

HOMO and LUMO of the acceptors are lower than those of 

donors.  

Conclusions 

In summary, we have performed extensive first-principle 

simulations combined with Boltzmann transport and DP theory 

on a series of D-A copolymers and investigated their intrinsic 

polymer geometry, electronic structures, and TE properties. 

Our results indicate that the high mobility of D-A copolymers 

mainly arises from the strong SE couplings which induce not 

only small hole effective mass but also weak electron-phonon 

couplings. The valence bands are composed of highly hybridized 

 orbitals with a mixture of bonding and anti-bonding 

interactions. With strong SE couplings, there is a better 

alignment between the frontier orbitals of the donor and 

acceptor fragment which gives rise to small deformation 

constant. As a consequence, with high mobility, high power 

factors are observed, in particular for DBTCDT which have the 

strongest SE couplings and best power factor. A strategy to 

establish strong SE coupling is to minimize the molecular energy 

difference between the HOMO of the donor and acceptor 

moiety. Our work would stimulate further experimental work to 

establish high-performance TE D-A copolymers.  
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