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Metal organic coordination polymers (MOCPs) provide an
intriguing platform to design functional thermoelectric materials
through modifying metal atoms, organic ligands, etc. Based on
density functional theory (DFT) coupled with Boltzmann trans-
port theory, the thermoelectric properties of several MOCPs,
which is designed by intercalating organic linkers ranging from
benzene to pentacene between two inorganic units, have been
investigated. We found that the interplay of d orbital of Ni atom

and π orbitals of the organic linkers play an important role in
band engineering and then thermoelectric efficiency. Combining
the high conductivity for π orbitals of organic ligands and high
Seebeck coefficient of the d orbital of Ni atom, such intercalated
MOCPs provide new way to design high performance thermo-
electric materials. © 2018 Wiley Periodicals, Inc.

DOI:10.1002/jcc.25639

Introduction

Motivated by the rapid growing global demand in energy,
highly efficient thermoelectric (TE) materials have attracted
great attentions in recent decades.[1–5] Organic thermoelectric
(OTE) materials have received increasing research interests due
to their intrinsically low thermal conductivity, low cost, low
weight, environment friendly, and elements abundance.[6–12]

For p-type transport Poly(3,4-ethylenedioxythiophene; PEDOT)
blended with poly(styrenesulfonate) (PSS) has been shown the
highest dimensionless figure of merit zT up to 0.42. Neverthe-
less, very few n-type OTE materials have been reported yet, as
low electrical conductivity is detrimental to their TE
efficiency.[13–17] The effectiveness of TE materials is measured
by a dimensionless figure of merit as zT:

zT ¼ S2σT
κe + κl

ð1Þ

where S is the Seebeck coefficient, σ is electrical conductivity,
S2σ is power factor, T is the average temperature, and κ is ther-
mal conductivity for electrons and lattice. It is highly challeng-
ing, to boost this promising green power generation
technology by enhancing the figure of merit zT of current
organic TE materials.[2,12,18] However, it is knotty to enhance the
zT value in a straightforward way as all these parameters are
strongly interdependent with each other.[5,19] To obtain a highly
efficient TE material, it is required to lower thermal conductivity,
to increase electrical conductivity, and to enhance Seebeck
coefficient, respectively.[20,21]

Metal organic coordination polymers (MOCPs), formed by
transition metal ions and organic ligand are ladder-like poly-
mers; the absence of rotatable single-bond connections makes
the polymer chain highly rigid, as a result facilitates the exten-
sion of the charge conjugation through the polymer back-bone
and the intrachain charge transport is expected to be highly

efficient. To the best of our knowledge, Poly[Kx(Ni-ett)] formed
by the metal Ni atom and ethylene ligand have been found to
possess the highest efficiency for n-type organic thermoelectric
materials with power factor of 453 μWm−1 K−2 at 300 K ever
reported to date.[21] Poly(Na2Ni-ett) also revealed good n-type
TE properties due to high electrical conductivity and maximum
power factor up to 27.62 μWm−1 K−2 at room temperature has
been achieved.[22,23] Similar conducting polymers, by modifica-
tions in organic moieties and inorganic metal ions have been
synthesized and investigated right after and to improve the
carrier density and electrical conductivity, the doping with
counter cations, that is, K+ and Na+ have been generally
introduced.[24–30] Since, high carrier concentration and charge
mobility are destructive to Seebeck coefficient (S). Conversely, in
MOCPs the combination of localized d-orbital of Metal atom and
delocalized π orbitals of organic ligands will probably provide
high conductivity and large Seebeck coefficient simultaneously.
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Band engineering based on molecular design has been found an
effective methodology to enhance zT of TE materials.[31–35] As the
physical properties (i.e., electronic bandgap, bandwidth) of MOCPs
are tunable by varying the composition of the organic bridging
linker. By insertion of organic linkers of various lengths between
two inorganic units, we can modulate TE efficiency through band
engineering. Herein, we report a series of MOCPs, Poly(A2Ni-Y-ts)
(as Scheme 1) containing (A = Na, Y = ethylene, benzene, naphtha-
lene, anthracene, tetracene, and pentacene, respectively, and
ts = tetraselenolate), (Ethylene-tetraselenolate = ets, Benzene-tetra-
selenolate = bts, Naphthalene-tetraselenolate = nts, Anthracene-
tetraselenolate = ats, Tetracene-tetraselenolate = tts, and
Pentacene-tetraselenolate = pts) and investigated their TE
properties. Based on Boltzmann theory coupled with deforma-
tion potential theory at the first-principles level, we found that
Poly(NaxNi-ets) reveals the best N-type TE properties, the maxi-
mum power factor for Poly(Ni-ets) is achieved up to
470 μWm−1 K−2 at room temperature, which is comparable
with the power factor (453 μWm−1 K−2) for Poly(KxNi-ett).

[21]

Through introduction of different organic ligands of varied
chain lengths, the TE efficiency can be modulated due to band
structure engineering.

Computational and Methodological
Approaches

The geometric and electronic band structure calculations were
done under the density functional theory (DFT), by using pro-
jected augmented wave (PAW) method as executed in the
Vienna Ab initio Simulation Package (VASP, version 5.3.2).[35,36]

The Perdew–Burke–Ernzerhof (PBE)[37] exchange correlation func-
tional was adopted for optimization. For the optimization of the

lattice parameters and atomic positions, 4 × 1 × 1 Monkhorst–
Pack[38] k-mesh was used until the forces were relaxed within
0.01 eV/Å on each atom. The criterion in the self-consistent field
iteration for total energy convergence was fixed to 10−5 eV and
the kinetic energy cutoff was set to be 600 eV. The hybrid func-
tional (HSE-06)[39] exchange correlation functional was adopted
for SCF, band structure and densities of states DOS calculations.
For the convergence of charge density, 8 × 1 × 1 Monkhorst–
Pack k-mesh was adopted, while denser Monkhorst–Pack k-mesh
21 × 1 × 1 was used to calculate transport coefficients. With
respect to highly oriented polymer chain, band transport mecha-
nism dominates due to strong intrachain electronic delocaliza-
tion. Under the relaxation time approximation, Seebeck
coefficient S and electrical conductivity σ can be obtained by
solving the steady-state Boltzmann transport equation and using
BoltTraP code.[40]

Boltzmann transport theory

The Boltzmann transport equation (BTE) is used to get the thermo-
electric properties in our calculation. The electronic distribution fol-
lows the Fermi-Dirac Distributionwhen no external field presents.

f0 εkð Þ¼ 1
exp εk −εfð Þ=kBT½ �+1

ð2Þ

Where εf is the Fermi level, and εk is the electronic band
energy at a given k-point, kB is Boltzmann constant, and T is the
temperature.[17] Under the external fields and at steady-state
including the electric or magnetic fields and thermal gradient,
the distribution function in the phase space f (r, k, t), is
expressed by Boltzmann transport equation: [41,42]

Scheme 1. Schematic representation
of a) Poly(Na2Ni-ets), b) Poly(Na2Ni-bts),
c) Poly(Na2Ni-nts), d) Poly(Na2Ni-ats),
e) Poly(Na2Ni-tts), and f ) Poly(Na2Ni-
pts). Pz orbital points in the c-direction.
[Color figure can be viewed at
wileyonlinelibrary.com]
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∂f
∂t

¼ −v:rrf +
e
ℏ

E +
1
c
v ×H

� �
:rkf +

∂f
∂t

����
scatt:

ð3Þ

In eq. 3 v is the group velocity vector as v¼ 1
ℏ=kεk . The relax-

ation time τ is the measure of the time required by the elec-
trons to restore to the equilibrium distribution via scatterings.
The scattering term is usually simplified by the relaxation time
approximation:

∂f
∂t

����
scatt:

¼ −
f − f0
τ

ð4Þ

The Boltzmann transport equation is a semi-classical equation
such as the motion of electrons in solid (more details can be
found elsewhere.[43,44]). This requirement is fulfilled when the
size of electronic device is far larger than the unit cell. In addi-
tion, the external field should be weak and changing slowly so
that the Ehrenfest theorem can be satisfied. These conditions
are fulfilled for our MOCP system calculations.

In the presence of a weak electric field and considering only
the first-order term, the steady state distribution can be written as

fk ¼ f0 εkð Þ+ e
∂f0 εkð Þ
∂εk

τkvk �E ð5Þ

Using the definition of electrical conductivity and Seebeck
coefficient, the expression of the former two quantities can be
derived as

σ¼ e2
X
k

−
∂f0 εkð Þ
∂εk

� �
vkvkτk ð6Þ

S¼ e
σT

X
k

vkvkτk −
∂f0 εkð Þ
∂εk

� �
εk −εfð Þ ð7Þ

Both the conductivity and Seebeck coefficient are tensors,
whose components are

σαβ ¼ e2
X
k

−
∂f0 εkð Þ
∂εk

� �
vαkv

β
kτk ð8Þ

Sαβ ¼ e
σαβT

X
k

vαkv
β
kτk −

∂f0 εkð Þ
∂εk

� �
εk −μð Þ ð9Þ

respectively.
The charge carrier concentration is defined from above distri-

bution function and the density of state (DOS) g(ε), for electron
and hole, respectively, as follows:

Nn ¼ 2
ð
CB

g εð Þf 0 εkð Þdε ð10Þ

Np ¼ 2
ð
VB

g εð Þ 1− f 0 εkð Þ� �
dε ð11Þ

According to eqs. 8 and 9, the band energies εk on a k-mesh
of 8 × 1 × 1 for all the systems were calculated based on the

converged charge density, τ(k) is relaxation time originating
from long wavelength acoustic phonons scattering. Based on
deformation potential model, the relaxation time from longitu-
dinal acoustic phonons scatterings can be expressed as:

1
τ kð Þ¼

2πkBTE21
ℏCii

X
k’

δ εk −εk’ð Þ 1− cosθð Þ ð12Þ

In the above expression Cii and E1 are the elastic constant
and deformation potential constant, respectively. The elastic
constant is calculated as the second-order derivative of total
energy shift on dilation, the lattice is deformed individually in
main chain direction. The deformation potential constant is
calculated as the valence (conduction) band energy shift on
dilation for hole (electron).[45–47]

Results and Discussion
Geometric and electronic structures

The crystal structure of heavy Na-doped polymer (two Na ions
doping in unit cell) was taken from Ref. [29] with one-dimensional
periodic boundary conditions, as shown in Scheme 1. All the
geometric parameters are listed in Supporting Information
Table S1. We found that the MOCPs show good planarity and a
very little changes in bond lengths with successive addition of
one benzene ring in each system while moving from 0, 1, 2…5
rings system, respectively. Sun et al. found that electrochemical
oxidation can modulate the counter Na ions ratio and then car-
rier concentration.[21] With respect to pristine and light doped
cases (one Na ions doping in unit cell), the geometrical optimiza-
tion and band structure calculation has been performed, as
shown in Supporting Information Figure S3. We found that the
sodium doping does not change the band structures and, there-
fore, rigid band approximation satisfied. And thereby, the doping
effect can be modeled simply by shifting the Fermi level position.
To simplify the story, we following discuss the band structure
based on heavy Na atoms doped cases and assuming Fermi level
will be shifted according to the carrier concentration.

The variations in elastic constant can be explained by consid-
ering the strength of bonds involved. The C-C covalent bond in
an aromatic ring possesses stronger bond than the Ni-S coordi-
nate bond, for the former has much shorter bond length
(~1.3 Å) than the latter (~2.3 Å). From r = 0 to r = 5, the number
of stronger C-C bonds per unit length increases, which leads to
larger elastic constant. The deformation potential is related to
the electronic band structure. For polymers with similar struc-
tures, the deformation potential constant is small when the
wave function, thus, charge is delocalized along the stretching
direction (the direction along the polymer chain here).[48] For
the same system, the charge of flat band is more delocalized
than the wide one along the stretching direction. The deforma-
tion potential of the flat band maximum (for VB, minimum
when it is CB) is smaller, which agrees with our prediction. For
the bands with the same type (flat band or wide band here),
the charge becomes more localized along the stretching direc-
tion as r increases. Hence, the deformation potential constant
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increases with r. Both the elastic constant and the deformation
potential grow up with the increase of r. These two parts cancel
each other when calculating the relaxation time [in accordance
with eq. 12].

The electronic band structures, total densities of states DOS,
and charge density distribution at the conduction band mini-
mum (CBM) and at the valence band maximum (VBM) for differ-
ent organic linker are shown in Figure 1. For ethylene organic
ligand, the conduction band reveals large dispersion, with
wavefunction delocalized on the Se PZ orbitals (Pz orbital is
along the c-axis, perpendicular to the NiSe4 polymer in ab-
plane). PZ orbitals of ethylene ligands and the d orbitl of Ni,
and thus large dispersion for conduction band. While the
valence band present flat character, which is comprised of
localized d orbital of Ni atom and PZ orbitals of Se atoms.

With organic linker length increasing, the lowest unoccupied
molecular orbital (LUMO) energy of organic ligand will shift down-
wards, the highest occupied molecular orbital (HOMO) energy
level will shift upwards with the length of fused acene increase.[29]

The valence band and conduction band undergoes cross over at
benzene (bts) and naphthalene (nts), and, thus, Poly(Na2Ni(bts)],
Poly(Na2Ni(nts)] have no bandgap and reveal metal like proper-
ties. When the LUMO energy level shifts downward in further,
two bands separated, and thus, the original conduction band
turn to the valence band, and the original valence band turn to
the conduction band for Poly(Na2Ni(ats)], Poly(Na2Ni(tts)], and
Poly(Na2Ni(pts)]. Therefore, the conduction band width (CBW)
decreases and valence band width (VBW) increases.

For the anthracene, tetracene, and pentacene organic ligands,
the conduction band localized to organic ligand mainly, while the
valence band delocalized on the d orbital of Ni atom, the PZ orbital
of Se atoms, and the PZ orbital of C atoms. Consequently, the den-
sity of state (DOS) exhibits a sharp peak near the Fermi level. The
valence band shows large dispersion than that of conduction
band. Large band dispersion suggests high charge mobility; while
sharp DOS distribution promises large Seebeck coefficients.
Through engineering band structure and density of states (DOS)
to combine large electrical conductivity and large Seebeck, we can
thereafter modulate charge transport and TE properties.

Thermoelectric properties

Under the deformation potential approximation, the elastic con-
stant and deformation potential constant can be derived through
acoustic phonon scattering at long wavelength limit. Based on
Boltzmann transport equation (BTE), we can obtain electrical
conductivity σ and Seebeck coefficient S as a function of charge
carrier concentration within the rigid band approximation. It has
been noted that TE properties are very sensitive to temperature
and charge carrier concentrations.[10,47–49] The rigid band approxi-
mation assumes that the doping process can be achieved by
shifting the Fermi energy irrespective of the band structure
variation. This approximation has been widely adopted in previ-
ous theoretical reports about properties of organic TE
materials.[1,10,50–52] Compared with the band structure of intrinsic
Poly (Ni(ets)] in Supporting Information Figure S3, the zero of

Figure 1. Electronic band structures, total densities of states (DOS), charge density at high symmetry points, that is, Γ and X point for valence band maximum
(VBM) and conduction band minimum (CMB) of a) Poly(Na2Ni(ets), b) Poly(Na2Ni(bts), c) Poly(Na2Ni(nts), d) Poly(Na2Ni(ats), e) Poly(Na2Ni(tts), and f )
Poly(Na2Ni(pts). The blue dashed line shows the Fermi level corresponding to the best doping concentration at the highest power factor. In part (d) inset plot
shows the magnified view of band gap. [Color figure can be viewed at wileyonlinelibrary.com]
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energy for Poly(Na2Ni(ets)] corresponds to the top of the conduc-
tion band, as shown in Figure 1, which mean counter ions two
Na+ in one unit cell corresponds to high electron concentration
doping. Different counter ions concentration and oxidation will
induce different carrier concentration. Here, we present the opti-
mal carrier concentration to maximize the power factor, the Fermi
energy (EF) is shifted and labeled as blue line as show in Figure 1.
Under the concentration of −1.98 × 104 cm−1, the Poly (Ni(ets)] is
calculated with the maximum power factor of 470 μWm−1 K−2 at
room temperature (300 K), as shown in Table 1. Due to high elec-
trical conductivity and relatively large Seebeck coefficient, the
Poly(Na2Ni(ets)] show the largest power factor among all N-type
compounds.

In the case of organic ligands containing benzene and naph-
thalene for Poly(Na2Ni(bts)] and Poly(Na2Ni(nts)]; these two
systems, having no bandgap and metal like properties, will go
against to TE properties, and thus we don’t discuss them in this
work. With respect to antracene (ats) organic ligand, the band
gap becomes significantly narrow in this condition. When the
Fermi level is close to the crossing point between the valence
and the conduction band, both the wide band and the flat
band contribute to the transport. The transport function
σ(E) = eN(E)μ(E)kBT (by Mott and Cutler[53]) is determined by
N(E) the density of states, and μ(E) the energy-dependent
carrier mobility, which have a sudden change at the crossing
point (or at the band edge). the final sign of Seebeck coefficient
can be understood by the following expression:[54]

S¼ −
1
σ

kB
e

� �ð
E−EF
kBT

� �
σ Eð Þ −

∂f
∂E

� �
dE ð13Þ

Since the Seebeck coefficient is sensitive to (E-EF) as well as
the distribution of N(E) and μ(E). Flat band has higher N(E) but
lower μ(E), while the wide band has higher μ(E) but lower N(E).
Because the Poly(Na2Ni(ats)] presents opposite character for
valence and conduction band, as shown in Figure 1d, the holes
in valence band have larger σ(E) than the electrons, and, thus,
this system reveal overall positive and the largest Seebeck coef-
ficient for investigated systems. Combined with moderate elec-
trical conductivity, Poly(Na2Ni(ats) possesses the highest P-type
Power Factor of 1471 μWm−1 K−2 at 300 K.

In the case of tetracene and pentacene organic ligands, the
Fermi energy level lies in flat conduction bands, which is far
from the valence band due to large bandgap. The TE properties
can be analyzed in the frame of a one-band model. The
expression for Seebeck Coefficient can be simplified as follows
accoring to Sommerfeld expansion:

S≈ −
π2

3
k2BT
e

d lnσ Eð Þ
dE

����
E¼EF

ð14Þ

Here, σ(E) can be expand to σ(E) = eN(E)μ(E)kBT,
[53] N(E) is the

density of states, and μ(E) is the energy-dependent carrier mobil-
ity. Bubnova et al.[52] has pointed out that the change of μ(E) is
trivial and then S/ d lnN Eð Þ=dEjE¼EF

. Here, d lnN Eð Þ=dEjE¼EF
> 0,

cosidering the flat conduction band induce low conductivity for
electron, and thus Poly(Na2Ni(tts) and Poly(Na2Ni(pts) possesses
moderate power factor act as an N-type organic TE material.
Similar band structure and effective mass induce similar TE
properties for Poly(Na2Ni(tts) and Poly(Na2Ni(pts).

To investigate the relationship of thermoelectric properties
with doping concentration, we investigated the dependence of
electrical conductivity, Seebeck coefficient, and power factor with
carrier concentration, as shown in Figure 2. As for the counter
ion Na+ in general induce electron doping, we put emphasis on
negative carrier concentration. We found that Poly(Na2Ni-tts)
Poly(Na2Ni-pts) reveal typical semiconductor properties. Similar
band structure and effective mass lead to similar TE properties.
The Seebeck coefficient drops drastically with carrier concentra-
tion. Due to low electrical conductivity for electron, Poly(Na2Ni-
pts) have relatively low power factor. If hole carrier concentration
can be introduced, high conductivity and moderate Seebeck
coefficient for hole will suggest high P-type power factor.

Compared with Poly(Na2Ni-tts) and Poly(Na2Ni-pts), it must
be noted that Poly(Na2Ni-ets) and Poly(Na2Ni-ats) display
completely different TE properties dependence on carrier con-
centration, since these two systems possess very small band
gap 80 meV and 27 meV, respectively. The small band gap
leads to the coexistence of electrons and holes. This, however,
enhances the electrical conductivity but lowers Seebeck coeffi-
cient, as here the “zero” carrier concentration does not mean
no carriers, but the balance of electron and hole concentration.
Due to the large difference in electron and hole band structure
and then effective mass, as shown in Table 1. However, the
Sofo model supposed similar effective mass for electron and
hole should be satisfied.[55] In this case, Seebeck coefficient will
decay to zero at low carrier concentration for narrow band gap
system. Due to the large difference in effective mass and then
mobility μ(E) and conductivity σ(E) for electron and hole, the
Seebeck coefficient does not decay to zero according to eq. 13
at low concentration for narrow bandgap case, the Sofo’s
model fails in such cases. It should be noted that Poly(Na2Ni-
ets) display not only high conductivity but also large negative
Seebeck coefficient at low carrier concentration, which makes
Poly(Na2Ni-ets) an excellent N-type thermoelectric material. As

Table 1. Thermoelectric parameters: effective mass, carrier concentration, Seebeck coefficients, electrical conductivities, and power factors at 300 K.

MOCPs

Effective mass (m*
e)

[a]N(cm−1) S (μVK−1) σ (Scm−1) PF (μWm−1 K−2)Electron hole

Poly(Na2Ni(ets)] 0.04 4.50 −1.98 × 104 −128.20 285.01 470
Poly(Na2Ni(ats)] 0.60 0.27 −5.19 × 105 166.30 531.02 1471
Poly(Na2Ni(tts)] 0.76 0.23 −1.11 × 106 −200.21 17.90 72
Poly(Na2Ni(pts)] 0.74 0.22 −9.20 × 105 −204.01 18.20 76

[a] Carrier Concentration defined in BoltzTraP code as N = Np − Nn
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for Poly(Na2Ni-ets), the system display wide conduction band
and flat valence band and narrow bandgap. However,
Poly(Na2Ni-ats) reveal wide valence band and flat conduction
band, the Seebeck coefficient turned positive sign, and high P-
type TE properties for Poly(Na2Ni-ats) can be expected.

To see whether constant relaxation time approximation is
applicable or not, we have tested our MOCP systems by plotting
relaxation time versus carrier concentration. The results show that
the relaxation time converges at high carrier concentration for
conduction band (electrons as carriers) and the valence band
(holes as carriers) in poly(Na2Ni(ets)). The constant relaxation time
approximation is, therefore, valid for CB and VB in this system.

The relaxation time of the valence bands changes much when
increasing the carrier concentration except for poly(Na2Ni(ets)),
indicating that τ(k) varies for different k points (Fig. 3). Hence, the
constant relaxation time approximation is not appropriate for the
systems, that is, Poly(Na2Ni-ats), Poly(Na2Ni-tts), and Poly(Na2Ni-
pts). As a result, it is necessary to use deformation potential theory
to obtain k dependent relaxation time instead of constant relaxa-
tion time approximation. The reason behind this is not clear and
might be discussed in near future work.

Summary and Outlook

In summary, we have investigated the electronic structures and
thermoelectric properties of a series of organic MOCPs based on
first principles calculations. By introducing different organic
linkers with various chain lengths between two inorganic units,
the band structures display semiconductor, metal, and finally back
again to semiconductor character, because of the relative align-
ment of the energy level between the d orbital of Ni and
π orbitals of acene. The TE properties vary significantly from the
N-type to P-type: the Poly(nickel-ethylenetetraselenolate) [Poly
(Ni-ets)] material reveal the largest N-type TE alloy properties.
With increase in the length of organic linker, Poly(Na2Ni-ats) pre-
sents the largest p-type power factor up to 1471 μWm−1 K−2 at
300 K, which is the highest efficiency ever reported for p-type
organic TE materials. This is because of the high carrier concentra-
tion resulting from small band gap, suggesting high electrical
conductivity. In addition, the large difference in effective masses
between conduction band and valence band leads to large See-
beck coefficient. With the bandgap increases, the bandwidth of
the conduction band turns narrower with less dispersion for the

Figure 2. Carrier Concentration
dependence of thermoelectric
parameters a) electrical conductivity,
b) Seebeck coefficient, and c) power
factor for Poly(Na2Ni-ets), Poly(Na2Ni-
ats), Poly(Na2Ni-tts), and Poly(Na2Ni-
pts). [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 3. Carrier Concentration vs relaxation time for Poly(Na2Ni-ets),
Poly(Na2Ni-ats), Poly(Na2Ni-tts), and Poly(Na2Ni-pts). [Color figure can be
viewed at wileyonlinelibrary.com]
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acene part, sharpening the DOS distribution for CBM, leading to
large negative Seebeck coefficient, and making Poly(Na2Ni-pts)
and Poly(Na2Ni-tts) efficient n-type TE materials. We conclude that
MOCPs have great potential in TE application.
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