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ABSTRACT: Extraordinary progress has been achieved in polymer-based thermoelectric
materials in recent years. New emerging z-conjugated transition-metal coordination polymers are
one of the best n-type polymer-based thermoelectric materials. However, the microscopic
descriptions on geometric structures, orbital characteristics and the most importantly

thermoelectric properties remain elusive, which has seriously hampered the experimentalists to



draw a straightforward design strategy for new n-type polymer-based thermoelectric materials.
Herein, we assess the n-type thermoelectric properties of 20 z-conjugated d® metal center
coordination polymers and rationalize their thermoelectric properties in terms of molecular
geometry, orbital nature and electron-phonon coupling based on first-principles calculations. An
explicit screening rule for high-performance n-type m-conjugated transition-metal coordination
polymeric thermoelectric materials was found, i.e., the smaller metal center d orbital component
ratio in the conduction band minimum, the weaker electron-phonon coupling, the higher intrinsic
mobility and thereby the higher thermoelectric power factor can be achieved. Guided by this
rule, poly(Pd-CzS4) and poly(Ni-C2Ses) show very high power factors. We built a map of high-
performance m-conjugated transition-metal coordination polymers for n-type thermoelectric
applications, which will help to accelerate the screening and design of innovative n-type

thermoelectric polymers.

1. Introduction

Thermoelectric (TE) materials, which can directly generate electricity from heat for power
generation via Seebeck effect or convert electricity to heat via Peltier effect for refrigeration,
play an important role in relieving environmental and energy problems. The performance of a TE
material is determined by a dimensionless figure of merit, zT = (S%0T)/x, where S, 6, x and T
are the Seebeck coefficient, electrical conductivity, total thermal conductivity and the average
absolute temperature of the hot and cold junctions, respectively. In solid matter, both electrons
and phonons are heat carriers, so the total thermal conductivity is expressed as k = k. + ki,
where ke and x_ are electronic and lattice thermal conductivity, respectively. However,
developing highly-efficient TE materials is a challenging task, because these parameters are

interrelated and conflicts with each another. For instance, increasing Seebeck coefficient



decreases conductivity, while increasing conductivity enhances electronic thermal conductivity.*
Engineering the band structures and suppressing the lattice thermal conductivity are believed to
be the most successful strategy to enhance zT.?2

Significant progress has been achieved in p-type polymer-based TE materials.>® They are
flexible, biocompatible, easy to process and possess relatively low lattice thermal conductivity,
which makes them superior to conventional inorganic TE materials.® The development of high-
performance n-type TE polymers is quite challenging, but very recently, polymer-based n-type
TE materials with outstanding performance have been emerging,’® such as transition-metal
coordination polymers,® ladder-type conducting polymers,® etc. Among them, z-conjugated
transition-metal coordination polymers are one of the best n-type polymer-based TE materials.®
For example, poly(nickel-ethylenetetrathiolate), i.e., poly(Ni-C2S4) powder shows a high zT
value of 0.2 at 440 K, and its zT can even reach up to 0.32 in its films with conductivity of 310
S cm?, Seebeck coefficient of —150 uV K and total thermal conductivity of 0.8 W m? K? at
400 K.!'2 However, the mechanism behind such high performance remains unclear, and the
microscopic descriptions of geometric structure, electronic properties and the most importantly
TE transport process in general are far from being complete due to polymeric complex
morphologies. Therefore, understanding the relationship of TE property with molecular
geometry and electronic structure at the atomistic level is highly demanded and really urgent,
where theoretical investigations can provide extremely important information. As far as we know,
theoretical explorations on the n-type TE properties of z-conjugated transition-metal
coordination polymers have never been reported before.

In this work, we study the intra-chain n-type TE properties of 20 z-conjugated d® transition-

metal coordination polymers and elucidate the relations of their TE performance to the polymer



backbone configurations, electronic structures and electron-phonon coupling using density
functional theory (DFT). It is found that the p orbitals of coordination atoms and carbon atoms in
the linking bridge contribute approximately 80% to the conduction bands (CB); more
importantly, less metallic d orbital component ratio at the conduction band minimum (CBM)
weakens the electron-phonon coupling and thus increases the intrinsic mobility and eventually
enhance the TE power factor. Guided by this screening rule, poly(palladium-
ethylenetetrathiolate) [poly(Pd-C2S4)] and poly(nickel-ethylenetetraselenol) [poly(Ni-C2Ses)] are
predicted to have the highest power factors among these 20 polymers. Additionally, we
demonstrated that the intrinsic electron-phonon scatterings in these ladder-like coordination
polymers are dominated by longitudinal-acoustic phonon scatterings at room temperature. These
results will be very helpful for the experimentalists in screening and designing new high-
performance n-type polymer-based TE materials.

2. Computational Methods

2.1 Electronic structure calculations. In a real polymer thin film, both crystalline and
amorphous regions are present. For the crystalline domains, both the intra-chain and inter-chain
TE transport processes coexist. Herein, as a first step, we used isolated ‘ideal’ polymer chains to
explore the intra-chain TE transport properties. A more elaborate model including inter-chain TE
transport processes is being studied and incorporating amorphous domains will be studied in the
future. The polymer backbones lie along the a-axis. The unit cell lengths in the in-plane b and
out-of-plane ¢ axes are both fixed at 20 A. Both the lattice parameters of a and ionic positions
were optimized by the projector augmented wave (PAW) method®® with the Perdew-Burke-
Ernzerhof exchange correlation functional** with the dDsC dispersion correction®® (PBED)

functional in the Vienna ab initio simulation package (VASP).1® The different functionals have



been performed to optimize the structure for 1 (Table S1). The electronic structure calculations
were conducted by the HSEO06 functional.!” The different functionals have been tested to carry
out the band structure calculations for 1 (Figure S3 and S4). Throughout the calculations, the
convergence criterion of the total energy was set to be 10° eV in the self-consistent field
iteration. The cutoff energy for the plane-wave basis set was set to be 900 eV. The k-mesh of
16x1x1 was used during the optimization. The single-point energy and charge density
calculations were performed on the k-mesh of 32x1x1.

2.2 TE transport coefficients calculations. Boltzmann transport theory®® was employed to
model the TE transport coefficients, including the conductivity, o, and Seebeck coefficient, S,

which can be expressed as
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Here f,(ex) = 1/[exp((ex—er)/kgT) + 1] is the Fermi-Dirac distribution function; er is the

Fermi energy; V is the volume of unit cell; v, = (1/A)V¢ is the group velocity; e is the band
energy at a given k-point; z« is the relaxation time, and 7 is reduced Planck constant. The group
velocity was derived from the first-principles band structure calculations. To estimate the
summation in the k-space, we applied the Wannier function-based interpolation to obtain the
ultra-dense band energies via the wannier90 program.'® The TE transport coefficients were
calculated by revised BoltzTraP program,?® where relaxation times were obtained from first-
principles calculations.?>%2

2.3 Relaxation time calculations. The relaxation time has the form 1/, =

Qr/aV) XM (k, k)26 (e — &) (1 — cos ), where @ is the scattering angle, calculated from



first-principles electronic structures. We herein considered the longitudinal acoustic phonon
scattering. The DP theory?® was applied to quantitatively estimate the electron-acoustic phonon
scattering, under which, the scattering matrix element takes the form |M(k, k")|?> = kgTEZ/C;;,
where E; is the DP constant and Cii is the elastic constant. The DP theory has proven to be a
robust strategy to predict the intrinsic mobility of low-dimensional carbon-based materials,>* TE
properties of doped organic molecular crystals® and TE properties of doped crystalline
conjugated polymers.?52” Both the DP constant and elastic constant were determined from first-
principles calculations, and the detailed calculation methods are shown in Section 3 of the SI.
The phonon dispersion, accurate electron-phonon coupling and relaxation time for 1 were
calculated by density functional perturbation theory (DFPT)?® combined with Wannier function
interpolation?®. Phonon dispersion was calculated using norm-conserving pseudopotential®® with
PBE exchange correction functional' in QUANTUM ESPRESSO package.® The cutoff energy
for plane-wave basis set was set to be 80 Ry. The k- and g-mesh of 16x1x1 were used. Electron-
phonon coupling and phonon dispersion were interpolated into a finer mesh using maximally
localized Wannier functions through Electron-Phonon coupling using Wannier functions (EPW)
program.®? The electron relaxation time was evaluated through the relation 7, = — #/[2 Im(Z)],
where Im(Z},) is the imaginary part of Fan-Migdal quasiparticle self-energy.
3. Results and Discussion
3.1. Polymer backbone structure resolution.
20 coordination polymers studied in this work are given in Figure 1la, where 1-3, 5 and 6 are
constructed with tetrathiooxalate-like linking bridges (C2Ss, C2Ses, C2Tes) and Ni or Pd metal
centers, respectively; while 4 is a Ni-tetraimine coordination. 7-9 possess a dithiocarbamate-like

coordination geometry and they are the isomers of 1, 2 and 5, respectively. The calculated



binding energy for 1 is 0.11 eV/atom lower than that of 7 [Table S1 in Supporting Information
(SD], indicating that the dithiolene coordination geometry is more favorable than the
dithiocarbamate one. This agrees with the previous theoretical calculations by Hoffmann et al.,
who claimed that both dithiolene and dithiocarbamate coordination modes should be stable based
on extended Hiickel methodology; nevertheless, the dithiolene-like coordination is more stable.®*
10 is poly(Ni-tetrathiosquarato) [poly(Ni-ttsq)]. 11-13 consist of quinoid-like moieties in their
ligands, namely 1,4-dithiins, 1,4-dioxin and 1,4-dimethylpyrazine; and 14-17 contain either
benzene or hetero-aromatic rings including thiophene, furan and pyrrole. While, 18 and 19 have
multiple thiophenes fused with one and two benzene ring(s) in their ligands. 20 is poly(Ni-
tetrathiofulvalenetetrathiolate) [poly(Ni-ttftt)].

All these polymer backbones have a planar configuration and their optimized structural
parameters are given in Figure S1 and Table S1. Using the extended X-ray absorption fine
structure technique, experimentalists have characterized 1, where the bond lengths of Ni-S, C-S,
and C-C are 2.169 A, 1.75 A and 1.35 A; and the bond angles of S-Ni-S and Ni-S-C are 95° and
103°, respectively,® which are well reproduced by our calculations at PBED level (Table S1). In
these 20 polymers, the metal centers, Ni and Pd are typical d® electron transition-metals, and
their dsp? hybridization shows a square-planar configuration when four ligands coordinated. The
ligands in these structures consist of z-conjugated fragments without rotatable single bonds,
making them highly rigid and thereby facilitating the extension of electron conjugation along the
polymer chains (Figure 1b), which promotes the high intra-chain charge transport properties. A
wide variety of organic ligands and metal centers in these polymers provides considerable

chemical tunability in the electronic structure, charge transport and TE property.



Generally, the coordination bond lengths depend on the size of coordination atoms and metal
centers. For example, the coordination bond lengths increase from 1 to 3 (2.154 A, 2.270 A and
2.440 A) as van der Waals (vdW) radii increase from 1.80 A (sulphur) to 1.90 A (selenium) and
2.06 A (tellurium). The shortest bond length is found in 4 because nitrogen has the smallest vdwW
radius of 1.55 A (Table S1). However, the situation is different when the coordination
configurations become different. For example, the coordination bond lengths in 7-9 (2.202 A,
2.314 A and 2.348 A for 7-9) are longer than that in 1, 2 and 5 because of the strong repulsion of
the lone-paired electrons on the two coordination atoms in four-membered rings. Meanwhile, no
significant change of Ni-S distances is found in 10-20 (Table S1).
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Figure 1. (a) The chemical structures of 20 m-conjugated d® transition-metal coordination
polymers studied in this work. (b) Schematic illustration of coordination geometry of these

polymers, in which the d® metal centers show a square-planar coordination geometry. The metal



centers, coordination atoms and carbon atoms in the linking bridges are represented in blue,

yellow and grey, respectively.

3.2. Electronic structure characteristics.

It can be found that the band gaps increase when the electron effective mass increases (Figure
2a), because the repulsion between CB and valence bands (VB) increases the band curvature.
Mahan has proven that the band gap of a potential TE material should be larger than 10kgT,
namely around 0.26 eV at room temperature so as to avoid the bipolar effects on the Seebeck
coefficients, which attenuates the Seebeck coefficients significantly.>® We do observe the bipolar
effect on Seebeck coefficient for 2, 11-12, 14-17 and 20, and we will discuss it in the section of
‘TE properties’ in detail. The band gaps of the rest coordination polymers are much larger than
10kgT, which effectively avert the bipolar effects on the reduction of Seebeck coefficients. On
the contrary, the larger band gaps result in heavier effective mass as show in Figure 2a, which
inevitably leads to low mobility. Fortunately, nine polymers, 1, 5-9, 13 and 18-19 exhibit modest
band gaps and small effective masses, which implies good charge transport and TE properties.
To obtain the insight of structural effects, we plot the atomic orbital component ratios within CB
(Figure 2c), including the orbitals of coordination atoms (S, Se or Te), carbon atoms in the
linking bridges and metal centers (Ni or Pd). It is noted that the p; orbitals of 4-fold coordination
atoms and carbon atoms in linking bridges and the dx, orbital of one metal center contribute
approximately 90% to the CB; among them the p, orbitals of coordination atoms possess about
49%; carbon atoms 32% and metal dx, 12%, respectively. Therefore, to effectively engineer the
electronic structures for good charge transport and thereby TE properties, modifying these atoms

is an efficient way.
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Figure 2. (a) The relation between electron effective mass, m /me and band gap. The red dashed
curve shows the trend. The detailed data are given in Table S2. (b) The important atoms, that is,
coordination atoms, carbon atoms in the linking bridges and metal centers. (c¢) The atomic orbital
component ratios contributed to CB, including the orbitals of coordination atoms, carbon atoms
in the linking bridges and the metal centers highlighted in the dashed line circles in Figure 2b.
The dashed lines in Figure 3b represent the averaged ratios for these twenty polymers. The
detailed data for electron effective masses, band gaps and atomic orbital component ratios at CB

are summarized in Table S3.

In general, the strength of p-d orbital coupling between the z-conjugated fragments and metal
centers can be expressed as V4 = (plAVld)Z/(ep — ed), where AV is the coupling potential and
(sp - sd) is the energy difference between the p and d orbitals. Due to the relatively high
energies of d orbitals, the energy differences between metallic d orbitals and conjugated
fragment p orbitals are small, which results in strong p-d interactions, i.e. strong z-d interactions
in these coordination polymers.3” That is the reason for 1-6 exhibiting wide CB bandwidths
(Figure 3), meaning the electron delocalization and thereby decent charge transport properties. In

addition, 1-6 are direct band gap semiconductors (Figure 3) and all of them show small electron
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effective masses around 0.03~0.38m. (see Figure 2a and Table S2). Using angle resolved
photoemission spectroscopy, it has been verified that highly aligned semicrystalline conjugated
polymers, like cyclopenta [2,1-b:3,4-b’]dithiophene pyridyl[2,1,3]-thiadiazole (PCDTPT) show
electron delocalized characteristics and have extremely small hole effective mass of 0.106me
along the polymer chain direction at room temperature.® Such hole effective mass is smaller
than the conduction band effective masses (0.97me, 0.19me, 1.08me and 0.26me for longitudinal,
transverse, density of state and conductivity effective masses, respectively) and valence band
effective masses (0.61me and 0.16me, for density of state and light-hole effective masses,
respectively) of silicon single crystal.®® Compared with PCDTPT, our calculated electron
effective masses for 1, 3-6 are of the same order of magnitude and even one magnitude smaller
for 2 (Table S2), indicating their electron delocalized nature. Meanwhile, 1 and 2 have almost the
same CB bandwidths (1.40 eV), but 3 shows a small CB bandwidth (0.84 eV). This is because
the longer Ni-Te bonds (2.440 A) and C-Te bonds (2.093 A) attenuate the p-d and p-p
interactions. The CB bandwidths of 5 and 6 are almost the same (1.07 eV for 5 and 1.08 eV for 6,
respectively), but 6 exhibits a narrower band gap (0.50 eV) than 5 (1.14 eV). Besides, due to the
larger electronegative difference between Ni and N atoms, 4 has a wide band gap (3.14 eV)
(Figure 3 and Table S2). Except for 4 in 1-6, 1-3, 5-6 possess relatively low LUMO level
(-6.0~-5.4 eV), namely large electron affinity (Table S2). Currently, the experimental reported
electron affinity of the state-of-the-art n-type organic semiconductor, 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) is 5.08 eV,*® which is still a little bit higher than our
calculated values for 1-3, 5 and 6. Such unique features facilitate these coordination polymers to

realize n-type TE properties easily.
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Figure 3. (a)-(f) Orbital-projected band structures and charge density isosurfaces for 1-6,
respectively. The symbol size shows the relative weight of the component ratio. The non-orbital-
projected band structures are displayed in the black dashed lines and red dashed lines are the
Fermi energy levels. The reciprocal coordinates of high-symmetry k-points in the first Brillouin
zone are I' = (0, 0, 0) and X = (0.5, 0, 0). The band structures of the rest 14 coordination
polymers are shown in Figure S5 and S6; and their charge density isosurfaces are presented in
Figure S7 and S8. The detailed data of bandwidths, band gaps and LUMO energy levels are
summarized in Table S2. Band structures calculated by LDA, PBE, PBE+U, B3LYP, HSE06 and
HSEO06 with spin polarization for 1 are displayed in Figure S3. Band structures calculated by
PBE+U with different U values for 1 are displayed in Figure S4. The electron localization

function map and Bader charge analysis for 1 are shown in Figure S9.

Compared with above tetrathiooxalate structures, 7-9 have smaller CB bandwidths (0.99, 1.04

and 0.82 eV for 7, 8 and 9, respectively) due to their longer coordination bonds (Table S1),
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which weaken the z-d interaction. 10 is a semiconductor with direct band gap of 1.87 eV (Figure
S5 and Table S2). While, 11-13 containing the quinoid-like fragments, show very different band
structures (Figure S5) and their CB bandwidths narrow down to 0.50~0.60 eV, because the
quinoid-like moieties are averse to the conjugation along backbones. Very similar band
structures were found for 14-17 (Figure S6), and they all show narrow CB bandwidths as the p;
orbitals of heteroatoms in thiophene, furan or pyrrole contribute little to the CB (Table S3). 20 is
a narrow band gap semiconductor having a very small CB bandwidth (0.38 eV) (Figure S6 and
Table S2). We can see that introducing aromatic or quinoid-like moieties in the ligands does not
benefit the CB bandwidth-widening, but increases the metal centers dx, orbital ratios at CBM
(Figure S7 and S8). This is because those aromatic or quinoid-like fragments are electron
attractive which shift down the LUMO levels closer to the metal dy; orbital level.

3.3. Electron-phonon coupling.

It is well known that the intrinsic charge transport is limited by the inherent lattice vibration in a
perfect crystal. Based on DFPT? combined with Wannier function interpolation®, we conducted
the electron-phonon coupling calculations for 1. From the accumulative scattering rate (Figure
4a), it is very interesting to find that about 89% contribution of electron scattering is derived
from the phonon modes with energy lower than 2.0 meV at room temperature, which means that
the low-energy acoustic phonon plays a dominant role in the charge transport process.
Furthermore, our calculated room-temperature electron relaxation time by deformation potential
(DP) theory? is 290 fs, which is very close to the calculated value considering all phonon modes
scattering (202 fs). This clearly demonstrates again that the acoustic phonon scattering governs

the charge transport process at room temperature.
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density of states are displayed in Figure S10.

Based on DFPT combined with Wannier function interpolation, Shuai et al. have shown that the
intrinsic electron-phonon scatterings in two-dimensional carbon-based materials are dominated
by the low-energy longitudinal-acoustic phonon scatterings in the temperature range of 10 K to
600 K.*! It was also demonstrated that the acoustic phonon scattering intensities in oligoacene
single crystals are larger than that caused from optical phonon, and the calculated mobility
matched better with the experimental results for ultrapure single crystals.*> Besides, Bardeen and
Shockley also provided a simple criterion to justify the dominant role of acoustic phonon in the
charge transport process. At room temperature, the electron energy is around 26 meV (~ kgT),
corresponding to its velocity of 10° m sX. In this context, the de Broglie wavelength is about 70

A, and the energy of a phonon of corresponding wavelength is about 2 meV, which is the
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acoustic phonon in the long wavelength limit.?® According to the phonon dispersion of 1 (Figure
4b), we can find that the optical branches with the lowest energy locate around 6 meV, higher
than 2 meV, so such optical branches cannot scatter the electron effectively. Therefore, for this
series of polymers, it is reliable to consider the longitudinal acoustic phonon scatterings to
calculate the charge transport and TE properties based on the DP theory.?

In DP theory, DP constants and elastic constants are the two pivotal physical quantities to
describe the electron-phonon coupling quantitatively. Our calculated electron DP constants and
elastic constants are summarized in Table S4. It can be seen that smaller component ratios of dx;
orbitals from metal centers at the CBM result in smaller electron DP constants, which
significantly depress electron-phonon coupling (Figure 5a). Furthermore, we use the tight-
binding model to qualitatively uncover the relation between the electron DP constants and metal
centers dy, orbital component ratios at CBM. The detailed derivation is given in Section 4 of SI.

A unit cell of coordination polymers in our study can be represented as a Hamiltonian, H =
£aalaq + &paha, + (tpa/2)ala, + (tya/2)aha,, where al, and a,,, are the creation and
annihilation operators on d (metal center) and p (z-conjugated fragment) sites, respectively; epd

and tps are the corresponding on-site energy and the p-d inter-site electronic coupling for

measuring the p-d orbital coupling strength. So the absolute value of DP constant can be

— 1 — eff
represented as |E;| = (1—kpd/k,,,,)(z/a)+(kpd/kpp)(1/r)‘/Wd(l wq) |(dtsh /dr)|. Here, kpa and
5 @ @

kop are the local elastic constants of d-p sites and p-p sites, respectively; r, a and wg are the d-p

inter-site distance, the lattice parameter and the metal center d orbital component ratio at CBM,

eff

respectively. tyq

& t,q Is the periodic effective p-d inter-site electronic coupling, and the

detailed description of this parameter is given in Section 4 of SI. Accordingly, the DP constant is
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determined by three terms. Term-(1) reflects the influence of polymer backbone geometry and
bond stiffness. Term-(2) shows the d orbital contribution. It is clear that a small fraction of d
orbital contribution, wg will result in a small DP constant, which is exactly what we have
observed in Figure 5a. Term-(3) reflects electron-phonon coupling, mainly determined by the p-d
electronic coupling in these coordination polymers. Combining the first and the third terms, we
can understand the larger r/a ratio, the small DP constant, which requires large radius of
transition-metal center and short organic ligand, like 1-6. The derivation is given in Section 4 of
Sl

It is noted that the DP constants of 1-2, 4 and 6 are very close (2.248 eV, 1.862 eV for 1-2, and
1.795 eV, 2.175 eV for 4, 6); but 3 shows a larger DP constant (4.537 eV) due to its obvious Ni
dx. orbital ratio at the CBM (Table S3 and S4). Interestingly, 5 has an ultra-low DP constant
(0.2881 eV) because of the large deformation of Pd-S coordination bond (0.55%); meanwhile, Pd
dx. orbital has no contribution to the CBM (Table S3 and S5). This implies its weak electron-
phonon coupling in polymeric backbone and thereby excellent charge transport properties.
Besides, 7-9 also show small DP constant (0.2185 eV, 0.8672 eV and 0.3426 eV for 7-9,
respectively) and the reason is the same as that in 5.

The gradual decrement in elastic constants in 1-6 (1.592 for 4, 1.183 for 1, 1.080 for 5, 1.060
for 2, 0.9470 for 3, and 0.8577 for 6, unit: x10" J m™, Table S4) is due to the increment of vdw
radii of coordination atoms or ionic radii of metal centers, i.e., the increment of coordination
bonds (Table S1). It suggests that the polymeric chain stiffness can be engineered via the
substitutions of metal centers or coordination atoms. By the way, these 20 coordination polymers
are much more rigid than polyguanylic acid, but are as rigid as graphdiyne nanoribbons. Because

the calculated elastic constants for these ladder-like coordination polymers (0.8-2.5x107 J m™?)
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are much larger than those for polyguanylic acid (4.36x10%° J m™),*3 but comparable with those
for graphdiyne nanoribbons (1.66-2.99x107 J m™) (Table S4).** Such rigid ladder-like
backbones for these coordination polymers warrant the high intra-chain charge transport
properties.

In addition, we can see that the smaller dy, orbital component ratio at CBM, the smaller DP
constants, and eventually the longer mean electron relaxation times (Figure 5b). The electron
relaxation times of 5, 7 and 9 (4,698 fs, 3,332 fs and 1,340 fs) are one or two order(s) of
magnitude higher than those of the rest structures, which attributes to their ultra-low DP
constants. The relaxation time for a perfect graphene can reach up to 20 ps at room temperature
verified by the cyclotron resonance response technique;* yet this value is still one order of
magnitude higher than our calculated values for 5, 7 and 9. Besides, the electron relaxation times
of 1-2, 6, 8, 10 and 14-19 fall in hundreds femtosecond, and 3-4, 11-13 and 20 in dozens

femtosecond (Table S4).
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Figure 5. (a) The trend of electron DP constants, E; vs. dx. orbital component ratios within CBM.
(b) The trend of mean electron relaxation times, <> vs. metal center dy. orbital component ratios
within CBM at 298 K. The logarithmic mean relaxation times are shown in the ordinate. The

detailed data for electron DP constants and mean relaxation times are summarized in Table S4.

17



3.4. Intrinsic mobility.

The intrinsic charge carrier mobility, 4, is a crucial measureable quantity to determine the TE
properties for a material because larger mobility means higher conductivity at a given carrier
concentration as ¢ = ueN, where e is the elementary charge, and N is the carrier concentration.
Intrinsic mobility is dependent on relaxation time, which is a quantitative index of electron-
phonon coupling. Long relaxation time leads to large mobility (Figure 6a) owing to the relation
u=e<t>/m" Due to the small differences in electron effective mass for these coordination
polymers (Figure 2a), the electron-phonon coupling plays the dominant role in the charge
transport properties.

In detail, 1-2, 6, 8-10 and 14-19 show excellent mobilities (~ 10% cm? V1 s1), while for 3-4, 11-
13, and 20, the mobilities are one order of magnitude lower (Figure 6a and Table S4). To date,
the experimental measured mobility for such coordination polymers is still unavailable. But an
extremely high field-effect mobility (116 cm? V1 st for electrons and 99 cm? V! st for holes) at
room-temperature for a highly crystalline films of z-conjugated copper coordination polymer,
Cu-BHT (BHT = benzenehexathiol) was reported.*® Moreover, the intra-chain hole mobilities of
isolated ordered ladder-like poly(p-phenylenes) chains are found to be close to 600 cm? V! s at
room temperature based on time resolved microwave conductivity measurement.*” Our predicted
electron mobilities for 3-4, 11-13, and 20 are close to these two experimental observations,
suggesting that these planar z-conjugated transition-metal coordination polymers should have
prominent electron mobility as well. Among these 20 polymers, 5 and 7 possess the highest
mobility (6.38x10* cm? V! s for 5 and 2.00x10* cm? V1 st for 7, respectively) due to their

large CB dispersion and the most importantly the very weak electron-phonon couplings. The

18



calculated electron mobilities for 5 and 7 are comparable with graphdiyne nanoribbons at room
temperature (~ 10* cm? V-1 1) 44

In this work, we adopted an ‘ideal’ crystal model for these ladder-like coordination polymers
and employed Boltzmann transport theory assuming the electronic properties can be described by
the delocalized bands. In view of many cutting-edge experimental*® and theoretical*® studies,
near room temperature the band transport behavior dominates the charge transport process in
crystalline or highly-oriented polymer-based materials, such as those used in this work. Because
the electrons in the highly oriented conducting polymers shows delocalized behavior at room
temperature, 38052 and the room-temperature measured mobilities for some highly aligned
polymers are close to 100 cm? V1 51535 and the highest reported value is 600 cm? V! s1.47
Moreover, band-like mobility-temperature relations are detected in many different highly aligned
conjugated polymers.>>->" More detailed discussions on the validity of our theoretical framework
can be found in Section 5 of SI.
3.5. TE properties.
Herein, we adopted the rigid band approximation to simulate the doping effect. By shifting Fermi
energy, Seebeck coefficient and conductivity can be presented as a function of electron
concentration. The calculated Seebeck coefficients of 1 decay linearly with the logarithm of the
electron concentrations, while the conductivity increases with the electron concentration shown
in Figure S14. Consequently, a peak value of power factor appears at around 9.8x10%° m3,
denoted as the optimal electron concentration. The electron concentration dependent TE
properties of these 20 polymers, i.e., the optimal electron concentration, the corresponding room-
temperature Seebeck coefficients, conductivities and peak value of power factors are given in

Table 1. We can see that the optimal electron concentrations for these 20 polymers are in the
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range of 10%°-10%! cm and their Seebeck coefficients fall in the range of —80 to —210 uV K7,
which is quite accordant with the experimental measured value for poly[Kx(Ni-C2S4)], i.e. =125
uwV Kt at room temperature.'? However, the conductivities of these polymers fluctuate wildly
from 10* to 107 S cm™, mainly due to the large difference in their mobilities. It was reported that
the conductivity of poly[Kx(Ni-C2S4)] powder is 40 S cm™ at room temperature,** and it can be
elevated six times higher to 230 S cm™ by improving the structure-ordering in its films; while its
Seebeck coefficients almost remain the same level, implying the mobility enhancement.?

We believe that the experimentally measured low conductivities for z-conjugated transition-
metal coordination polymers are mainly due to their low carrier concentrations and poor
mobilities. In reality, realization of effective high carrier concentration in semiconducting
polymers is a challenge owing to their poor chemical doping efficiency.® Moreover, the
morphology of the experimentally prepared samples is amorphous, adopting coiled
configurations with chain entanglements and folding, which localizes the charge carriers and
significantly depresses the mobilities. High conductivity for coordination polymers could be
achievable once the structural ordered degrees are improved. Liquid-liquid interfacial synthesis
technique® and the liquid-bridge-mediated nano-transfer printing with vapor phase
polymerization method>* were proven to be extraordinary powerful ways for preparing the highly
ordered polymers. It has been experimentally demonstrated that the room-temperature
conductivity of poly(3,4-ethylenedioxythiophene) thin films can be improved significantly from
0.007 S cm™ to 1500 S cm™* at the same doping level by improving the structural order.®° Due to
the difficulty in polymerization, some of these coordination polymer samples are often oligomers

with an averaged degree of polymerization of range 3-8 only.5%62 Experimentalists have proven
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that the molecular weight plays a key role in improving the mobilities as crystallinity can be
improved with growing molecular weight.®3

The carrier concentration dependent TE properties are very important for TE materials,
especially the peak value of the power factor at the optimal carrier concentration. Thereby in the
following, we focus on the peak value of power factors of these 20 polymers and try to bridge
the gap between the intrinsic transport properties of a material and the carrier concentration
dependent power factor. It is found that the peak value of power factors increases with intrinsic
relaxation times increasing, and the underlying mechanism is the increment of intrinsic mobility
(Figure 6b). Among these 20 polymers, 5 possesses the highest peak value of power factor at
room temperature because of its ultra-high intrinsic mobilities (Figure 6a) benefitting from its
ultra-weak electron-phonon coupling. In addition, 1-2, 6, and 7-9 also show high peak values of

power factor (~ 106 uW m™ K2) and the rest of coordination polymers are around 10° pW m™* K-

2 magnitude.
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Figure 6. (a) The relation between the intrinsic electron mobility, 4 and mean relaxation time,
<t>. The logarithmic mobility and mean relaxation time are shown in the ordinate and abscissa,
respectively. The detailed data for electron mobilities are summarized in Table S4. (b) The

relation between the peak value of power factor, (S°0)max at the optimal electron concentration
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and mean relaxation time, <t>. The logarithmic maximum power factor and mean relaxation
time are shown in the ordinate and abscissa, respectively. The detailed data for Seebeck
coefficients, conductivities and peak value of power factors at optimal electron concentration are

given in Table 1.

Table 1. Optimal electron concentration, Nopt and the related n-type TE properties, including

Seebeck coefficient, S, conductivity, ¢ and power factor, $°c at 298 K.

Compound Nopt (10%° cm™3) S (uV K 0 (10°Scm?) S2%0 (10° yW m1 K?2)
1 9.896 -210.5 5.524 15.16
2 5.286 -175.7 9.191 28.37
3 10.23 -181.2 0.7058 2.320
4 8.590 -183.3 0.3468 1.170
5 13.24 -156.3 199.3 487.0
6 6.862 -182.0 3.582 11.86
7 16.42 -141.8 67.79 136.4
8 13.22 -155.2 13.15 31.69
9 15.00 -143.6 16.57 34.16
10 9.084 -168.4 1.824 5.180
11 13.06 -86.60 1.330 0.9976
12 6.182 -189.8 0.3347 1.210
13 12.22 -171.0 2.088 6.107
14 6.068 -182.7 1.947 6.500
15 5.410 -174.6 1.065 3.250
16 9.039 -111.1 4.355 5.380
17 5.758 -179.4 1.350 4.350
18 7.110 -109.9 2.018 2.440
19 6.176 -188.5 1.099 3.910
20 13.45 -85.95 1.603 1.180

In consideration of the doping dilemma in experiments, we provide the TE transport

coefficients at additional three lower electron concentrations of 108, 10° and 10%° cm™ and the
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results are given in Table S6. It is seen that 2, 5 and 7-9 still keep high power factors and 2
shows the best power factors in all concentrations. Although experimentally measured carrier
concentrations are not available so far for these coordination polymers, a high room-temperature
conductivity up to 1580 S cm™ was detected recently in highly crystalline films of Cu-BHT
using standard four-probe method.*® The high-quality polyacetylene films exhibit ultra-high
conductivity of 10*-10° S cm™ after doping with iodine at room temperature.®4%> Compared with
these experimental reports, our predicted conductivities for these coordination polymers (10%-10°
S cm™) are on the same order of magnitude at the electron concentration of 10%° cm (Table S6).
7-9 exhibit high power factor, but they are less stable as discussed above. So we won’t
recommend them as potential TE materials.

We have noted that the Seebeck coefficients for 2, 11-12, 14-17 and 20 show bipolar effect
(Figure S15), because their band gaps are quite small (0.12-0.35 eV). When the electron
concentration reaches around 5x10%° cm™ (near the optimal electron concentration), 2, 11-12, 14-
17 and 20 show much smaller Seebeck coefficients than 1 which has a wide band gap of 0.82 eV,
(Figure S15).

3.6. General selection rule for high-performance z-conjugated transition-metal
coordination TE polymers.

The general Seebeck coefficient, S can be expressed as an integral over one electron energy
states,®® namelyS = —(kg/e) [ (¢ — ep)a(e)/(kgTo) de, where kg, e, er and T are Boltzmann
constant, elementary charge, Fermi energy and temperature, respectively; o = [ o(e)de is the
conductivity. In the case of mobile electron in the CB only, the power factor can be expressed as

a function of electron concentration, Ne,

2 _kBZ 2
S0 = T.UNe[ln(Ne/Neff)] ) 3)
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where x is the intrinsic mobility and Nesr is the effective density of states determined by the
intrinsic electronic structure of a material.?® The condition d(S%0)/dN, = 0, gives the general

expression for the maximum value of power factor

kg®

e

(Sza)max = uexp(lnNeff - 2)' (4)

at the optimal electron concentration N, = Negr/e?, where e is the mathematical constant. The
detailed formula derivation is provided in Section 6 of SI.

Based on Equation (3), we can see that a higher intrinsic electron mobility will lead to a higher
power factor at all electron concentrations, when effective density of states fixed. In addition, a
larger effective density of states also gives rise to a higher power factor. Interestingly, the
optimal electron concentration only depends on the effective density of state linearly; but
unfortunately, higher effective density of state leads to a higher optimal electron concentration
(Figure S16). In practice, low optimal doping levels are desirable as the negative effect of
dopants on the charge transport and TE properties can be minimized. According to Equation (4),
we can plot the maximum power factor as a function of the effective density of states and
intrinsic electron mobility shown in Figure 7, where the peak values of power factors increase
linearly along the mobility rising, and the maximum power factor likewise increases with the
increment of effective density of states. It is noted that the first-principle calculated peak values
of power factors for these 20 polymers are consistent with this trend as well (Figure 7), which
further confirm the importance of high intrinsic mobility in these polymers for high peak value
of power factor. It is noteworthy that for a given mobility, one can use Figure 7 to estimate the
power factor easily. For example, when the mobility is about 1 cm? V! s at room temperature
(nowadays, it is easy to realize such room-temperature mobility for many conducting polymers),

the peak value of power factor can reach up to about 102 uW m™ K (Figure 7). This value is on
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the same magnitude of the recently measured maximum power factor for 1 (453 uW m™* K2).22 If
the intrinsic mobility of a z-conjugated transition-metal coordination polymer can be enhanced,
the maximum power factor will be improved significantly and approach to our predicted results.
Thus, we have directly bridged the gap between the intrinsic mobility and peak value of power

factor for a TE material.
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Figure 7. General selection rule for high-performance m-conjugated d® transition-metal
coordination TE polymers. The dependence of peak value of power factor, (S°0)max and intrinsic
mobility, x. The first-principles predicted maximum power factor, (S°0)max for each coordination
polymer is labeled as x in the figure. The magnitude of the measured effective density of states
for organic semiconductors is usually on the order of around 10?' ¢m™.%7 The logarithmic

maximum power factor and mobility are shown in the ordinate and abscissa, respectively.

Based on the established relations between the peak value of power factor, intrinsic orbital
characteristics and electron-phonon coupling, we can thus conclude a general screening rule for
high-efficiency z-conjugated transition-metal coordination polymers for n-type TE applications,
i.e. the less metallic d orbital component ratio at CBM, the weaker electron-phonon coupling, the

higher mobility, and thereby the higher TE power factor. 1, 2 and 5 meet above selection rule
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well, and they are expected to have the best n-type TE performance among these 20 coordination

polymers.

4. Conclusions

In summary, we studied the TE properties of 20 z-conjugated d® transition-metal coordination
polymers from first-principles calculations. A screening strategy was proposed to achieve high
intrinsic mobility and thereby high n-type TE performance, i.e., searching the coordination
polymers with minimum metallic d orbital component ratio at CBM. This is because the lower d
orbital component ratio at CBM will weaken the electron-phonon coupling. A weaker electron-
phonon coupling leads to a higher intrinsic mobility and thereby a higher peak value of power
factor. For these 20 polymers, only the backbones without aromatic and quinoid fragments in the
ligands meet the above requirement. Our proposed orbital-engineering-based design criteria for
high-performance n-type TE polymers can be realized by substitution or modification of
coordination atoms, atoms in linking bridges and metal centers, because the p and d orbitals from
these atoms contribute approximately 90% to the conduction bands. According to this screening
rule, poly(Pd-C2S4) and poly(Ni-C2Ses) possess the best n-type power factor among these 20
polymers. In addition, we demonstrated that the longitudinal-acoustic phonon scatterings play a
dominant role in the electron-phonon scatterings process for these ladder-like coordination
polymers at room temperature. We believe that this orbital-engineering approach will help
experimentalists to screen and design next-generation z-conjugated transition-metal coordination

n-type TE polymers.
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