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Abstract 

Organic polymers are becoming emerging thermoelectric materials. Tremendous progresses have 

been achieved for p-type doping, but efficient n-type organic materials are still rare. By 

investigating potassium-doped n-type poly(nickel-ethylenetetrathiolate) using density functional 

theory coupled with Boltzmann transport equation, we find that (i) formation of electron polaron 

band (EPB) split from conduction band (CB) dominates electron transport; (ii) at low doping 

concentration, the upper CB gets involved in transport in addition to EPB as temperature rises, 

leading to highly elevated Seebeck coefficient and power factor; (iii) at even higher temperature, 

since the CB starts to dominate, Seebeck coefficient levels off and then decreases with temperature. 

Such “exotic” non-monotonic temperature effect has been found in experiment but never been 

explained. We find such behavior is primarily due to polaron effect. Doping induced polaron band 
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can be employed to boost the Seebeck coefficient, making organic coordination polymer a peculiar 

n-type thermoelectric material. 
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As a green energy solution to waste heat recycling, thermoelectrics has been gaining renewed 

attention.1-5 However, the low energy conversion efficiency has limited the application.3 The 

performance of thermoelectric materials is evaluated by the figure of merit 
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α is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, κe and 

κL are electronic and lattice thermal conductivity, respectively. Therefore, the effective way to 

improve the performance of thermoelectric materials is to increase the Seebeck coefficient and 

conductivity of the material, and reduce the total thermal conductivity. Nevertheless, this is often 

challenging because these parameters are coupled with each other.1 

The development of organic thermoelectric materials (OTEs) has advanced rapidly in recent 

years. Compared with inorganic materials, OTEs have the advantages of low cost, low toxicity, 
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and low thermal conductivity.6 Owing to their low electrical conductivity, doping is usually needed 

to improve the thermoelectric performance. By virtue of the careful control of the doping level and 

removal of ineffective dopants, zT values of 0.25 and 0.42 have been achieved in tosylate (Tos) 

and polystyrene sulphonic acid (PSS) doped poly(3,4-ethylenedioxythiophene) (PEDOT), 

respectively.7-8 This makes PEDOT by far the best p-type OTE. The development of n-type OTEs 

also makes significant progress. The poly(nickel-ethylenetetrathiolate) (poly[Ni-ett]), a metal 

coordination polymer first synthesized by Poleschner et al.,9 has been found to be a high-

performing n-type OTE.10-14 In 2016, zT of 0.32 was reported for the potassium-doped poly[Ni-

ett] prepared by electrochemical deposition,13 which is so far record-high among n-type OTEs.  

However, understandings towards the role dopants played in optimizing the performance of 

OTEs are far from satisfactory. In contrast to inorganic thermoelectric materials, OTEs are soft 

and flexible, so the dopants not only inject charge carriers to the host materials, they may also 

affect the conduction of charge carriers, via altering the packing structure of the host and scattering 

with the charge carriers. Crispin et al. showed that the p-doping of PEDOT with Tos counterion 

altered the electronic structure of polymer via bipolaron formation. The formation of bipolaron 

band makes PEDOT:Tos a semimetal, which is the origin of the large Seebeck coefficient 

observed.15-16 Previously, we studied the effect of doping on the thermoelectric properties of 

PEDOT,17 by explicitly including the counterions Tos and their scattering to charge carriers in the 

model. The scattering, which arises from the screened Coulomb interactions between the charges 

on PEDOT and the counterions, has been ascertained to play a dominant role in the thermoelectric 
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transport of PEDOT:Tos. Recent studies of thermoelectric coordination polymers by Yang et al. 

were based on the rigid band model.18-20 In this work, we utilize an explicit doping model to 

uncover the doping effect on the thermoelectric properties of potassium-doped n-type poly[Ni-ett]. 

We observed the significant band structure change owing to the polaron formation on the polymer 

chain in poly[K(Ni-ett)n] (short for K1Nin hereafter). The electron polaron band (EPB) split from 

the conduction band (CB) shows much lower carrier mobility than CB, and dominates the n-type 

transport for both electrical conductivity and Seebeck coefficient at low temperature. As the 

temperature rises, charge carriers in lightly-doped K1Ni14 and K1Ni20 can be thermally activated 

from EPB to CB, boosting Seebeck coefficient and power factor to anomalously large values. At 

further higher temperature, CB takes over and the Seebeck coefficient starts to decline. Such 

abnormal temperature behavior of Seebeck coefficient, previously observed in experiment,13 is 

discussed with the concept of transport entropy and has been attributed to the polaron formation 

in conducting polymers.  

Since the intrachain electronic coupling constitutes the major electron conduction pathway of 

poly[Ni-ett],13, 21 here we set up a one-dimensional model for the crystalline domain of the material, 

which was manifested to exist by the grazing-incidence X-ray diffraction (GIXRD) result.13 

Structural optimizations and electronic structure calculations were then carried out using the 

Vienna Ab-initio Simulation Package (VASP)22 with the LDA+U (U = 6.04 eV) functional.23-24 

The optimized cell length of pristine poly[Ni-ett] (along the polymer chain, a axis) is 5.85 Å, which 

is very close to the experimental value of 5.95 Å.25 The optimized potassium-doped polymers, 



5 

 

poly[K(Ni-ett)n] (short for K1Nin hereafter), show that the K-atom is located on top of the C-C 

bond, which is in accordance with the structural model proposed by Vogt et al. based on the 

experimental analysis. 26 The doping level is denoted by 1/n and usually less than 100%,12-13, 25-28 

so we take n from 1 to 20 to represent various doping levels. 

We identify a structural transformation of the polymer backbone after doping upon charge 

injection (Figure 1a). 28 Around 0.88 electrons are transferred from potassium to the polymer 

backbone based on Bader’s charge analysis. The C-S bond is elongated and C-C bond is shortened 

(Figure 1a). The structural transformation is only observed in bonds close to K+. Such localized 

change of bond length indicates the formation of·polarons due to Coulomb interactions between 

charge on the polymer backbone and counter ion, K+, as reported in previous theoretical studies of 

other polymers including PEDOT, polythiophene and polypyrrole.29-31 
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Figure 1. (a) Chemical structure of pristine poly[Ni-ett] and poly[K(Ni-ett)2]. The length of 

C-C, C-S, and Ni-S bonds (in unit of Å) are given. The bond length change (in unit of Å) after 

doping (in poly[K(Ni-ett)2]) is shown in the parentheses as well. (b) Top and side views of 

optimized pristine poly[Ni-ett] in a unit cell. (c) Top and side views of poly[K(Ni-ett)2] in a 

unit cell. The color code for atoms is grey for C, yellow for S, blue for Ni, and cyan for K.  

 

The pristine poly[Ni-ett] is a semiconductor with the direct band gap of 0.42 eV at the Γ point, 

with the conduction band width of 1.32 eV (Figure 2a). The partial density of states (pDOS) shows 
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that p orbitals of C, S, and Ni as well as d orbitals of Ni constitute the CB (Figure 2a), forming a 

π-d conjugation system. After K-doping, the CB splits into a series of narrow bands, and bandwidth 

of the lowest one decreases dramatically with increasing the numebr of nickel atoms n (Figure 2e). 

According to pDOS (Figure 2a-d), the composition of bands barely changes after splitting, 

indicating that the band narrowing in doped polymers is not caused by the participation of dopant 

orbitals. Actually, K orbitals do not contribute to these bands. The electron density distribution at 

the Fermi level, as shown in Figure 2f, clearly demonstrates the charge localization near K+ in 

lightly-doped polymers, such as K1Ni10. It is coincident with the localized bond distortion 

mentioned above, indicating the formation of polarons. According to previous theoretical and 

experimental researches, the polaron arises from both the electron-phonon coupling (often 

manifested by backbone distortion) and Coulomb interaction between the excess charge and the 

dopant through the “pinning effect”, 29, 32-38 which lower the energy of charge carriers. The carriers 

become self-trapped and polarons are formed when the stabilization energy is large enough.36. The 

electron polaron band (EPB) arises in the forbidden band with the narrow band width due to self-

trapping.38 The EPB here is half-filled with the Fermi energy lying in the band, which is a marked 

feature of polaron bands. The other bands split from the pristine CB are normal conduction bands 

(CBs), which possess better transport properties than EPB. The energy gap between EPB and the 

lowest CB is not large, giving the electrons in EPB a good chance to be thermally activated to CB.  

The exact size of polaron, or the charge localization length, can be derived from the inverse 

participation ratio (IPR),39 defined as 
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where cij denotes the wave function expansion coefficient at site j for the i-th crystal orbital. If the 

wave function is delocalized completely over M sites, IPR = 1/M. So the localization length is 

represented by 1/IPR, and shown in Figure 2e for K1Nin. With n increasing, it converges to 4.5 

monomers. The above analysis reveals a polaron size of 4.5 monomer sites. Polaron band width 

decreases exponentially with n (Figure 2e), because the polaron coupling (hopping integral) 

decreases exponentially with the inter-polaron distance.  



9 

 

 

Figure 2. Band structure and partial density of states (pDOS) of (a) pristine poly[Ni-ett], (b) 

K1Ni5, (c) K1Ni10 and (d) K1Ni20. The conduction band (CB) and valence band (VB) in the 

pristine poly[Ni-ett], the electron polaron band (EPB) in the doped polymers, as well as the 
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lowest CB in K1Ni20 are highlighted in pink. The Fermi level is at 0 eV. (e) Electron polaron 

band width (EPBW) and charge localization length estimated by 1/IPR as a function of n for 

poly[K(Ni-ett)n]. (f) Charge density distribution (violet red isosurface, top and side views) of 

EPB in poly[K(Ni-ett)10], which shows obvious charge localization near K+. 

 

The polaron band narrowing and charge localization effect significantly have strong influences 

on the thermoelectric properties. The electrical conductivity σ and the Seebeck coefficient α at the 

temperature of 400 K are shown in Figure 3. The effective cross-sectional area of 5.9 Å × 3.2 Å 

taken from experiment13 is applied to convert the conductance to conductivity. The Seebeck 

coefficients for K1Ni14 and K1Ni20 are substantially larger than other polymers. Although the 

electrical conductivity in lightly doped polymers is low due to the band narrowing and charge 

localization effect, the power factor reaches the peak value at the doping level of n = 14. The 

conductivity and Seebeck coefficient relation obviously deviates from that derived from the one-

band transport model, α  lnσ (Figure S5).40 Herein, we propose a two-band transport model to 

explain the deviation and the temperature dependence of thermoelectric properties in lightly doped 

polymers.  
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Figure 3. The conductivity, Seebeck coefficient, and power factor as a function of charge 

density N (at temperature T = 400 K). 

Figure 4 shows the charge mobility, conductivity, and Seebeck coefficient for K1Nin as a 

function of temperature. Two categories are easily demonstrated: those of heavy dopings with n  

5 exhibit slight temperature dependence, and those of light dopings with n = 14 and 20 show non-

monotonic temperature dependence, which is unusual and will be explained by including both EPB 

and CB in charge transport. The turnover in the conductivity-temperature curve (Figure 4a) was 

observed in experiment on electrochemical doped poly[Kx(Ni-ett)].13. In lightly doped polymers, 

there exists a small energy gap between EPB and CB. When temperature is low, EPB dominates 

charge transport, which gives rise to low mobility and conductivity. With the increase of 

temperature, the ionized impurity scattering, the dominant scattering mechanism here (Figure S6), 
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is enhanced due to the decrease of screening strength (Figure S7), which then leads to the reduction 

of mobility and conductivity (Figure 4a and 4b). However, as temperature rises further, more 

charge carriers can be thermally activated from EPB to CB due to the small energy gap between 

them (e.g. the energy gap is ~ 0.17 eV in K1Ni20). Since CB (e.g. the bandwidth is 14.6 meV in 

K1Ni20) is much more dispersed than EPB (e.g. the bandwidth is 0.96 meV in K1Ni20), charge 

carriers in CB move faster. So at higher temperature, both mobility and conductivity increase. 
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Figure 4. (a) Electric conductivity, (b) mobility, (c) Seebeck coefficient, and (d) power factor 

(PF) as a function of temperature for poly[K(Ni-ett)n] at different doping levels. The turning 

points of electrical conductivity and mobility in K1Ni14 and K1Ni20 are specifically denoted in 

the figure.  

The sudden increases in Seebeck coefficient at 250 K and 150 K are found in K1Ni14 and 

K1Ni20, respectively (Figure 4c), which coincide with the turning points observed in the 

conductivity-temperature curve, indicating that CB starts to play a role in charge transport. 

Surprisingly, the Seebeck coefficient of K1Ni20 starts to drop again at 250 K (Figure 4c). According 

to our calculation, such nonmonotonic temperature dependence of Seebeck coefficient is due to 

the two-band transport behavior (see Figure 5 and the corresponding below). Such unusual 

behavior has been observed in experiment, where the Seebeck coefficient increases with 

temperature first and then starts to drop at 510 K in electrochemical doped poly[Kx(Ni-ett)].13  

According to the Onsager's reciprocal relations and Kelvin relations, the Seebeck coefficient 

α can be expressed as the “transport entropy” S divided by the charge of electron -e.41 This transport 

entropy consists of three parts: the change of entropy of mixing upon adding a carrier, the change 

of entropy resulting from the spin degeneracy, and the change of entropy due to the effect of 

injecting a carrier on molecular vibrations.38, 42 Since the last two terms are not sensitive to the 

temperature,38, 42 only the change of entropy of mixing is considered when discussing the 

temperature effect. In the narrow band limit, the entropy of mixing for a system with N0 states and 

N = N0f0 carriers (where f0 is the Fermi-Dirac distribution function) can be expressed as 
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Obviously, the Seebeck coefficient is large when the transport band is nearly empty or nearly full-

filled. For a half-filled band f0 = 0.5, and αmix = 0. At low temperature, the EPB of K1Ni14 and 

K1Ni20 is narrow and half-filled, so the Seebeck coefficient is small. The conclusion that polaron 

bands have low Seebeck coefficient was also drawn by Bubnova et al.15 The sudden increase of 

Seebeck and anomalously large values at higher temperature can be attributed to the thermal 

activation of electrons from EPB to CB. Since CB is now nearly empty, its Seebeck coefficient is 

large. Our conclusion that the wide CB possesses larger Seebeck coefficient than the narrow EPB 

is not in conflict with Mahan et al.’s viewpoint that narrow band benefits the thermoelectric 

conversion,43 because their deduction is based on the assumption that the two bands have similar 

electron occupancy f0, which is however very different for CB and EPB here. The occupancy of 

the band is more important to the Seebeck coefficient in our case. In the regime of two-band 

transport, the total Seebeck coefficient α is the average of αi (i = EPB, CB) weighted by their 

contribution σi to the total conductivity: 38 

+

EPB EPB CB CB

EPB CB

   


 


         (4) 

With more carriers activated to CB at elevated temperature, both σCB and  increase.  
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Yet the Seebeck coefficient cannot keep rising. When CB dominates the charge transport (σCB >> 

σEPB), Eq. (4) is reduced to α = αCB, which decreases with temperature and f0. This explains the 

drop of α when T > 250 K in K1Ni20. 

 

Figure 5. Schematics of the two-band transport model for K-doped poly[Ni-ett]. The Fermi 

level εF lies in the half-filled electron polaron band (EPB). Electrons can be thermally 

activated from EPB to conduction band (CB) at high temperature due to the small energy 

gap. 

Overall, the two-band transport model has satisfactorily explained the temperature 

dependence of thermoelectric properties in lightly doped polymers, highlighting the importance of 

polaron induced charge localization effect in boosting Seebeck coefficient of K1Nin.  

To conclude, we have identified the polaron formation in K-doped poly[Ni-ett]. The polaron 

size is of ~ 4.5 monomers in the vicinity of K+, thus it has been directly observed in lightly doped 

polymers and has changed significantly thermoelectric transport behavior. The polaron induced 

charge localization causes the significant narrowing of EPB, and dramatically reduces the 
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conductivity. Doping can reduce the energy gap between half-filled EPB and CB, making thermal 

activation of charge carriers to the much wider CB feasible at higher temperatures. The unusual 

non-monotonic temperature dependence of Seebeck coefficient and its sudden increase for lightly 

doped K1Nin with n = 14 and 20 can be perfectly explained by the polaron band formation coupled 

with a two-band transport model. The calculated optimal doping level is 1/n = 1/14 at 400 K, which 

is close to the value (~10%) found in experiment. 12  

 

Computational details 

Electronic structure calculation. -centered k-meshes of 4×1×1 (pristine and poly[K(Ni-ett)n] 

with n = 1, 2, 3 ), 2×1×1 (n = 4), and 1×1×1 (n = 5, 8, 10, 12, 14, 20) were used during optimization, 

while 8×1×1 (pristine and n = 1, 2, 3, 4), 4×1×1 (n = 5), and 2×1×1 (n = 8, 10 ,12, 14, 20) for 

single-point energy and charge density calculations. Band energies on fine Monkhorst-Pack k-

meshes of 300×1×1 (K1Ni4), 240×1×1 (K1Ni5), 120×1×1 (K1Ni10), 80×1×1 (K1Ni14), 60×1×1 

(K1Ni20) were used for BoltzTraP calculation.44 Band energy interpolation of 50 times was applied 

for all systems. 

Relaxation time calculation. The electrical conductivities and Seebeck coefficients were 

calculated based on the Boltzmann transport equation45 through BoltzTraP code44. The relaxation 

time is obtained through first-principles calculations. Both acoustic phonon scattering and ionized 

impurity scattering mechanisms were included to account for the charge carrier relaxation, with 

the former modeled by the deformation potential (DP) theory46 and the latter derived from the 
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Lindhard screening function for Coulomb interaction between the charge carrier and the 

counterion.47-48 Assuming that the scatterings are independent, the Matthiessen’s rule was applied 

to get the total relaxation time:
1 1 1

ac ion      , where τac and τion are relaxation times due to 

acoustic phonon scattering and ionized impurity scattering, respectively. The acoustic phonon 

relaxation time is obtained by 
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where εk and vk are the energy and group velocity of electronic state k , respectively. E1 is the 

deformation potential constant, and Ca
1D the 1-D elastic constant along the polymer chain (a 

direction). 

The ionized impurity relaxation time is obtained by 
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Here the screening effect caused by the free carriers is considered. Ve-ion(q) is the unscreened 

scattering matrix. F(q) describes the influence of wave-vector change q of charge carriers during 
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the scattering on the screening strength. The screening factor Scr reflects the effect of carrier 

concentration and temperature on the screening strength. (y0, z0) and Z respectively are the 

coordinate and charge number of the ionized impurity. e is the elementary charge. εr is the relative 

dielectric constant and ε0 the permittivity of vacuum. L0 is the unit cell length. K0 is the zeroth-

order modified Bessel function of the second kind.    
2

y,z y,z   is the charge density 

distribution in the plane perpendicular to the chain, and χ(y, z) represents the wave function in the 

plane perpendicular to the chain. n1D,e/h is the 1D concentration of electrons/holes. The factor 
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  , where gs represents spin degeneracy. A detailed derivation 

of the ionized impurity relaxation time formula is provided in Supporting Information. 

The deformation potential constant was obtained by the linear fit of the Fermi level shift with 

the lattice dilation, calibrated by the vacuum level. The Bader charge analysis was carried out to 

get the charge carried by the ionized potassium.49 The charge on potassium had a similar value of 

about +0.88 in all doped chains, showing a nearly complete charge transfer (Figure S4). We also 

calculated the relative dielectric constant εr of the pristine chain using the VASP software, which 

is 4.37. The ionic charge and dielectric constant were used for the calculation of ionized impurity 

scattering time. 
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