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Controlling the Thermoelectric Properties of
Organometallic Coordination Polymers via Ligand Design

Zilu Liu, Tianjun Liu, Christopher N. Savory, José P. Jurado, Juan Sebastidn Reparaz,
Jianwei Li, Long Pan, Charl F. J. Faul, lvan P. Parkin, Gopinathan Sankar,
Satoru Matsuishi, Mariano Campoy-Quiles, David O. Scanlon, Martijn A. Zwijnenburg,

Oliver Fenwick, and Bob C. Schroeder*

Organometallic coordination polymers (OMCPs) are a promising class of ther-
moelectric materials with high electrical conductivities and thermal resistivi-
ties. The design criteria for these materials, however, remain elusive and so far
material modifications have been focused primarily on the nature of the metal
cation to tune the thermoelectric properties. Herein, an alternative approach is
described by synthesizing new organic ligands for OMCPs, allowing modu-
lation of the thermoelectric properties of the novel OMCP materials over
several orders of magnitude, as well as controlling the polarity of the Seebeck
coefficient. Extensive material purification combined with spectroscopy experi-
ments and calculations furthermore reveal the charge-neutral character of the
polymer backbones. In the absence of counter-cations, the OMCP backbones
are composed of air-stable, ligand-centered radicals. The findings open up new
synthetic possibilities for OMCPs by removing structural constraints and put-
ting significant emphasis on the molecular structure of the organic ligands in

irreversible climate changes looming,
caused by high levels of anthropogenic
greenhouse gas emissions (e.g., carbon
dioxide, methane), it is essential to rea-
lign the primary energy sources and to
reduce the current dependence on fossil
fuels (e.g., oil, coal, gas). While aiming
for carbon neutrality should be the ulti-
mate goal, the development of transition
technologies to improve energy efficiency
in the short term could have a profound
and immediate impact on current carbon
footprints. Presently around 60% (around
350 x 10" J) of the global energy input
is lost as waste heat after conversion;
the equivalent of burning an additional
60 x 10° Dbarrels of oil per annum.l By

OMCP materials to tune their thermoelectric properties.

1. Introduction

Energy security is one of the cornerstones of economic and
human prosperity. However, with the imminent threat of

recovering this wasted heat and converting
it back into usable energy, i.e., electricity,
the overall energy efficiency would be
improved thereby reducing the demand
for further fossil fuel combustion. One of the most promising
technologies for waste heat recovery is thermoelectric genera-
tors (TEG), which convert a heat differential into an electrical
potential, a phenomenon known as the Seebeck effect.’”l Most
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TEGs employed these days focus on the recovery of high-tem-
perature waste heat (>500 °C) because the employed inorganic
materials are expensive and therefore need to be operated at
large temperature differentials to maximize device performance
and economic return. However, over 50% of waste heat origi-
nates from low temperature sources (<200 °C), which so far
cannot be recovered in an economically viable way. Organic
TEGs on the other hand have the potential to bridge this gap
because the thermoelectric materials are based on synthetic
organic materials. The typically low elastic modulus of organic
materials, compared to their inorganic counterparts, allows the
fabrication of conformal TEG to harvest waste heat from com-
plex shapes (e.g., hot water pipes, human body).?!

To enhance the currently low thermal voltages obtained with
organic materials, it is essential to develop new compounds,
able to harvest low-temperature waste heat more efficiently.l
The ideal thermoelectric material should simultaneously pos-
sess both a low electrical and high thermal resistivity in order
to maximize the figure of merit zT. While conceptually simple,
the synthesis of such materials has proven challenging to this
day. One class of materials that have shown promising ther-
moelectric properties are organometallic coordination poly-
mers (OMCPs). The ladder-type polymers, with the general
formula poly[A,(M-ett)], were first reported by Poleschner
et al. for their excellent electrical properties.”! Over the past
years, OMCP materials, poly[Na,(Ni-ett)] (where Ni-ett is
nickel ethenetetrathiolate) in particular, have been intensely
researched for their thermoelectric properties with zT values
exceeding 0.3.1°! The insolubility of all OMCP materials how-
ever significantly hampers the fabrication of conformal TEGs.
To improve their processability, OMCPs are routinely blended
into a supporting polymer binder such as polyvinylidene fluo-
ride or polyurethane. The composite films showed dramatically
improved processability, however at the cost of reduced ther-
moelectric performance.”] Alternatively, careful electrochem-
ical synthesis allowed the deposition of poly[Na,(Ni-ett)] onto
flexible substrates, simultaneously enhancing the flexibility
and thermoelectric performance of conformal TEG devices.®!
Despite the breadth of studies focusing on optimizing the
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synthesis, reproducibility, and processability of poly[A,(M-ett)],
the design of chemically distinct OMCPs has been neglected.

A comprehensive understanding of the structural and
electronic properties of such insoluble low-dimensional
coordination polymers is still a scientific challenge. Recently
several theoretical works aimed at predicting the electrical and
thermal characteristics of a series of 7-conjugated transition-
metal coordination polymers, but experimental studies on the
effect of different organic ligands on the thermoelectric prop-
erties of the OMCPs have not been realized to date.”) Herein,
we present the synthesis of three different organic ligands and
their incorporation into OMCPs with distinct thermoelectric
properties. Notably, we experimentally demonstrate for the
first time, that the n- or p-type thermoelectric character of the
OMCP materials can be tuned via organic ligand modifications.
Furthermore, we highlight the importance of adequate OMCP
purification to study the intrinsic thermoelectric properties of
the polymers, decoupled from any potential ionic impurities.

2. Results and Discussion

2.1. Synthesis

Poly(nickel-ethylenetetrathiolate) (Ni-ett) was prepared according
to a previously published procedure from [1,3] dithiolo[4,5-d]
[1,3]dithiole-2,5-dione (1) (synthetic details provided in the Sup-
porting Information), and the purification adapted (Scheme 1).1")
To increase the distance between the nickel centers, 1 was reduc-
tively dimerized in the presence of triethyl phosphite to yield
[2,2°-bi[1,3]dithiolo[4,5-d][1,3]dithiolylidene]-5,5"-dione (2), which
was polymerized to poly(nickel-[2,2"-bi(1,3-dithiolylidene)]-
4,4,5,5tetrakis(thiolate)) (Ni-diett) via formation of the tetra
anion intermediate.’! For the third OMCP, poly(nickel-ben-
zene-1,2,4,5-tetrakis(thiolate) (Ni-btt), an aromatic ligand based
on benzene-1,2,4,5-tetrathiol was introduced between the nickel
centers. 1,2,4,5-tetrachlorobenzene (3) was reacted with propane-
2-thiol via nucleophilic aromatic substitution (SyAr) to yield
1,2,4,5-tetrakis(isopropylthio)benzene (4). Following dealkylation
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Scheme 1. Synthetic pathway toward the different OMCPs, Ni-ett, Ni-diett, and Ni-btt, and their idealized chemical structures with sodium counter cations.
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with sodium, the resulting tetrathiolate was coordinated with
nickel (II) acetate to form Ni-btt.

Although the reaction ratio of nickel acetate to organic
ligand was 1:1, the insoluble nature of the OMCPs makes the
inclusion of low molecular weight and ionic impurities in the
material bulk likely. To avoid any adverse effects of impurities
on the thermoelectric properties, the polymers were purified
via Soxhlet extraction in deionized water (24 h), followed by
methanol (24 h). The efficient removal of impurities from the
OMCPs greatly enhanced the reproducibility of their physical
properties and dramatically reduced the batch-to-batch vari-
ations, a common problem in the synthesis of OMCP mate-
rials. The three polymers should possess a negatively charged
framework in which the negative charge of each repeat unit is
compensated by two monovalent cations, leading to an overall
charge-balanced structure [M-ligand],>~ x 2n A*. However, in
the case of the well-studied Poly[A,(M-ett)], the equivalents
of metal cations A (Li*, Na*, or K*), acting as counter cations,
were never found in sufficient quantities to even approxi-
mately balance the charge of the polymer backbone (M to
alkali metal ratios of 3-100, Table S1, Supporting Information).
One proposed interpretation is that M partially acts as counter
cations, rather than purely central coordination metal based
on X-ray photoelectron spectroscopy (XPS) analysis, while
other researchers put forward a neutral polymer structure,
known as poly(Ni-tetrathiooxalate) (Ni-tto).'!l To obtain a more
detailed picture of the polymers’ chemical composition and the
effects of purification, a series of spectroscopic measurements
was performed.

2.2. Compositional and Structural Characterization

As the three synthesized OMCPs were insoluble, we probed the
sample morphology by scanning electron microscopy (SEM)
and the composition by energy-dispersive X-ray spectroscopy
(EDS). SEM images of the OMCPs confirmed an inhomo-
geneous particle size distribution, with the largest particles
exceeding 100 um, which subsequently would lead to rough,
nonuniform samples and significant batch-to-batch variations
(Figure S1, Supporting Information). The particle size was
therefore mechanically decreased to 1-10 pm by ball milling.
The smaller particle sizes lead to more homogenous samples
when the OMCPs were compressed into pellets at 2.6 GPa,
as evidenced by the smooth surfaces with minor cracks and
imperfections. EDS mapping confirmed the compositional
homogeneity of Ni-ett, Ni-diett, and Ni-btt pellets (Figure S2—
S4, Supporting Information) and the corresponding elemental
composition (Table 1). Due to the extensive Soxhlet purification,
we Delieve it is unlikely that excess nickel in the OMCPs would

Table 1. Elemental atomic percentages of C, S, and Ni in compressed
polymer pellets based obtained by EDS analysis.

Sample C S Ni S/Ni ratio®
Ni-ett 41.4 32.2 n7 2.6 (4)
Ni-diett 51.2 37.5 5.7 6.6 (8)
Ni-btt 66.0 20.7 6.0 3.5 (4)

ATheoretical values are given in parentheses.
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cause the experimentally observed deviations in the S/Ni ratios,
but rather structural defects along the polymer backbone. The
experimental S/Ni ratios were closest to the theoretical values
in Ni-diett and Ni-btt; we believe these results are related to the
larger size of the organic ligand, facilitating the stabilization
of the tetra thiolate intermediate during the OMCP synthesis
leading to higher quality polymers. In the case of the Ni-ett
synthesis, the stabilization of the charged intermediate is more
difficult, leading to a richer chemistry and possibly the forma-
tion of various defects and isomers, ultimately resulting in a
nonideal S/Ni ratio.l12

XPS was employed to investigate the composition of Ni-ett,
Ni-diett, and Ni-btt. XPS energy survey scans on the pristine,
nonpurified polymers showed the presence of Ni 2p, C 1s, S 2p,
and Na 1s core levels (Figure S5-S7, Supporting Information).
In earlier studies, the Na 1s signal in the XPS energy survey
spectra was assigned to Na® counter ions.[®’d However, after
purifying the OMCPs through extensive Soxhlet extractions, the
Na 1s peak initially located at a binding energy of 1071 eV com-
pletely disappeared. X-ray fluorescence (XRF) results (Table S2,
Supporting Information) also confirmed the absence of Na in
Ni-ett, Ni-diett, and Ni-btt. Furthermore, the C 1s peak cen-
tered around 289 eV, and associated with carbonyl functional
groups, was no longer detectable in the purified samples. The
successful removal of any carbonate and acetate salts formed
during the polymer synthesis and the efficacy of Soxhlet extrac-
tion to purify the OMCP polymers was thus confirmed.

In the Ni 2p photoemission spectra of the purified OMCPs,
the set of peaks with binding energies of 853 and 873 eV, were
assigned to the Ni 2p;, and Ni 2py),, confirming the presence
of Ni** species. In case of pristine Ni-ett, two distinct Ni 2p;,
peaks, derived from XPS fitting at 855.8 and 853.4 eV, were
observed, implying the coexistence of two nickel environments,
either in a square planar coordination complex or as counter
cation. Some reports attributed a similar Ni 2ps;, spectra to a
single type of centered Ni atom in a 2D organic framework.[6313]
However, by comparing the Ni 2p;;, peaks of as-prepared and
purified Ni-ett, there was an evident decrease of the fitted peak
at 855.8 eV and a disappearance of the satellite signal around
861 eV in the purified Ni-ett. As neither EDS nor XRF meas-
urements confirmed the existence of nickel impurities in the
sample, we believe the two Ni 2ps, signals originated from
multiplet-splitting, which is commonly observed in inorganic
nickel compounds, such as NiO, Ni(OH),, and NiS, rather than
different nickel environments.!*¥

The S 2p narrow range scans of the three purified poly-
mers all showed main peaks with binding energies of 161.9
and 163.3 eV, deriving from the complexation between Ni and
S units (Figure S5-S7, Supporting Information). Prior to puri-
fication, the S 2p spectra of both Ni-ett and Ni-diett also pre-
sented a weak peak at 168.3 eV, which is ascribed to sulfate
moieties, consistent with reported values.™! Further evidence
to corroborate the partial sulfur oxidation was found in the S
2p XPS spectra of Ni-ett samples exposed to air over a period
of 12-18 months (Figure S8 and S9, Supporting Information).
After 12-month ambient storage, a very intense peak, centered
around 168.5 eV, emerged in the Ni-ett sample, becoming
significantly more pronounced after 18 months of air expo-
sure, surpassing the Ni—S peak. The oxidation was not limited
to surface oxidation, as evidenced by the depth profiling

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Ni K-edge XANES spectra of Ni-ett, Ni-diett, and Ni-btt a) and the

(Figure S10, Supporting Information) and the recurring pres-
ence of the sulfite peak around 168.5 eV. Notably, purification
via Soxhlet extraction was able to remove the oxidized impuri-
ties as evidenced by the significant reduction of the S 2p signal
originating from sulfite groups (Figure S9, Supporting Infor-
mation). As the purification is not performed under reductive
conditions, we hypothesize that the formation of soluble sulfite
impurities is accompanied by partial depolymerization during
the oxidation process.

Nickel k-edge X-ray absorption near-edge structure
(XANES) measurements were performed to gain more
detailed insights into the geometry of the Ni—S complexes
within the OMCPs. The data and corresponding spectra are
shown in Figure 1, and summarized in Table S3, Supporting
Information. The position of the absorption edge is similar
in all three samples, implying identical oxidation states for
the Ni. However, significant differences at the top of the edge
between 8340 and 8370 eV, hint toward structural variations
in the Ni—S environments. The Fourier transforms shown in
Figure 1b highlight the differences in magnitude of the first
peak representing Ni—S distances. The differences are attrib-
uted to an increase in structural disorder, with the lowest
degree of disorder in the Ni—S environment observed for Ni-
diett, and the highest for Ni-ett. It is difficult to trace the ori-
gins of the increased disorder, yet they could be understood
in terms of the more extensive resonance structures in Ni-ett
and Ni-btt, which consequently lead to larger variations in

100

90 - .

Transmittance (%)

2000 1500 1000
Wavenumber (cm™)

2500 500

R(A)
Fourier transform magnitudes of the Ni K-edge EXAFS b).

Ni—S bond lengths, compared with Ni-diett its more limited
resonance structure.

As all three materials, Ni-ett, Ni-diett, and Ni-btt, contain
thioether bonds and organic ligands with differing electron-
donating character, a combination of attenuated total reflection
Fourier transform infrared (FTIR) and resonance Raman spec-
troscopies was explored to characterize the three Ni**-thiolate
coordinated polymers in more detail and to obtain insight into
the nature of the Ni—S bonding (Figure 2). The corresponding
spectra of compounds (1, 2, and 4) were recorded and can be
found in Figure S11 and S13, Supporting Information.

Previous reports focused on a series of square planar com-
plexes formed with Ni'' and methyl or butyl substituted ben-
zene-1,2-dithiolate, namely (LM¢)2~ or (LB%?~. The monoanionic
structure [Nil'(L219) (129!}~ was found to be remarkably stable
under ambient conditions, and like the neutral diamagnetic
compound [Ni}(L2%1),] possessed a sradical-anion char-
acter.l’®) More recently, the presence of the C = S’ stretching
vibration mode (1114-1082 cm™ in) spectra) revealed the pres-
ence of S,S-coordinated radicals in organometallic complexes
based on 3,5-ditertbutyl-benzene-1,2-dithiolato ligands and
divalent metal centers (Ni, Pd, Pt)./] Extending these findings
to Ni-ett, C = S stretching vibration modes are observed at
1163 and 1074 cm™ in the IR spectrum. Similar bands can be
found for Ni-diett with a split peak located at 1173-1142 cm™
and a weaker peak at 1038 cm™. This is in stark contrast to the
IR absorption bands of v(C = S), which manifest as strong

60
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900 1200 1500
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Figure 2. FTIR a) and resonance Raman b) spectra of the three OMCPs after purification. The spectra have been stacked for clarity.
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bands (no split peak) at wavenumbers around 1146 cm™, as
previously demonstrated in Ni%* complexes.!® The results from
the IR-spectra are corroborated by Raman spectroscopy. Both
Raman spectra of Ni-ett and Ni-diett present similar split peaks
at 1158 and 1186 cm™, confirming the presence of thiocarbonyl
radicals (C = §°). Furthermore, both polymers show equivalent
peaks at 364 and 496 cm™, representing the v(Ni—S) and ring
deformation, respectively.' The overall high similarity at lower
wavenumbers (<1200 cm™) between the two Raman spectra
can be explained by the intrinsic similarity of Ni-ett and Ni-
diett in terms of the organic ligands and chemical bonds. How-
ever, at larger wavenumbers (>1200 cm™) the Ni-diett spectrum
resembles the Ni-btt spectrum and both spectra show a series
of weaker peaks at 1297, 1430, and 1491 cm™, features absent
in the Ni-ett spectrum. In Ni-btt, these signals are assigned to
the H—C—C scissoring vibration, the aromatic semicircular
stretching, and the ring quadrant stretching mode, respectively,
which correspondingly are also observed in the Raman spectra
of compound 4 (Figure S13, Supporting Information).2% In
case of Ni-diett, due to the absence of an aromatic ring and
by comparison to the spectrum of 2, the peaks are assigned
to the remaining inner-ring and ring-bridging C = C stretch
vibration, supported by the presence of sharp peaks at 1474 and
1495 cm L

Analogously, the broad peak around at 1100 cm™ found in
the Raman spectrum of Ni-btt is assigned to the (Ar)C = S
stretching vibration in the ligand. Correspondingly, the IR
spectrum of Ni-btt shows a split peak around 1100 cm™ and
a strong peak at 1019 cm™, in line with the abovementioned
v(C = §°) bands involving radical anion ligands. The intense
peak at 357 cm™! results from the Ni—S$ stretching vibrations.
Taking into account all spectroscopic data, as well as the ele-
mental composition obtained by EDS and XRF, it becomes
clear that the synthesized OMCP materials do not contain a sig-
nificant number of counter cations, leading to the conclusion
that the organometallic backbone does not possess an overall
net charge. This interpretation is further substantiated by the
combined IR and Raman studies, confirming the presence of
thiocarbonyl radicals (C = S°) in all OMCPs and supporting the
radical structures proposed in Scheme 2.

Powder X-ray diffraction was performed to investigate the
solid-state order of the different OMCP materials, and the
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Scheme 2. Proposed chemical structures of charge neutral OMCPs.
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diffraction patterns are shown in Figure S14, Supporting Infor-
mation. Both Ni-ett and Ni-diett presented a broad diffraction
peak at 11.9°, corresponding to a lamellar stacking distance
of 3.42 A. Given the structural similarity between Ni-ett and
Ni-diett, it is not surprising both materials present identical
d-spacings. The diffraction pattern for Ni-btt on the other hand
showed two diffraction peaks, an intense peak at 6.0° and a
weaker, much broader, and split peak around 11.9°. The bulkier,
six-membered benzene ring in Ni-btt lead to a larger d-spacing
of 678 A compared with Ni-ett and Ni-diett. While the dif-
fraction peaks are weak in overall intensity, they confirm that
the synthesized OMCP materials are not amorphous and that
the ligand structure has a profound impact on the molecular
packing, especially on the lamellar stacking distances.

2.3. Electronic Structure Characterization

Ultraviolet photoelectron spectroscopy was performed to deter-
mine the work functions and densities of valence electronic
states (Figure S15, Supporting Information). The lowest work
function (®) was measured for Ni-btt (4.9 eV), whereas the
work functions for Ni-ett (4.7 eV) and Ni-diett (4.6 eV) were
similar, given the structural similarity between both com-
pounds. Closer to the Fermi energy (Eg) level, the three OMCPs
present disorder-induced tails extending toward the Ep, rather
than sharp edges. Similar, behavior was previously reported for
poly(3,4-ethylenedioxythiophene):poly-styrene  sulfonate, and
the tail associated with localized filled states induced by dis-
order within the polymer structure.?!

The temperature dependence of the OMCP’s magnetization
(M) was measured by a superconducting quantum interference
device (SQUID), which is shown in Figure 3. Both Ni-ett and
Ni-btt show typical antiferromagnetic behavior with small mag-
netic moments and peaks around 8 K in the zero-field cooling
in their respective M-T curves. However, the peaks are absent
in the field cooling (FC) M-T curves, indicating that the weak
spontaneous magnetization is induced by the applied mag-
netic field. This hypothesis is further supported by the hys-
teresis loops observed in the M-H curves at 2 K. Despite the
high magnetic fields (up to 50 kOe), the magnetization did not
saturate, implying that it is instigated by spin canting in antifer-
romagnetic states. Ni-ett showed an order of magnitude larger
magnetization than Ni-btt regardless of the similarities between
their M-T and M-H curves. The magnetization for Ni-diett is
significantly smaller and the FC curve obeys the simple Curie-
Weiss law (y,, = C,./(T-6)), in contrast to Ni-ett and Ni-btt,
whose FC curves follow the Curie-Weiss equation, y,, = C,/
(T — T,) down to the critical temperature (T;). All extracted
parameters such as Curie constant (C,,) and Weiss temperature
(6) are provided in Figure S16-S18, Supporting Information.

The electronic structure of the OMCP materials was fur-
ther investigated by electron paramagnetic resonance (EPR)
spectroscopy. All three samples showed weak EPR signals,
with the signal for Ni-ett being significantly different, both in
signal strength and shape, to Ni-diett and Ni-btt measurements
(Figure 5). The broad signal observed for Ni-ett around 100 mT
could be attributed to biradical with an integer spin state (S =1
and g ~ 2), and the zero-field splitting parameter (b) ~ 0.314 cm™

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (Left column) First-derivative EPR spectra of Ni-ett, Ni-diett and Ni-btt samples recorded at 77 K. (Right column) The corresponding SQUID
measurements with M-H hysteresis curve measured at 2 K (inset). The simulated EPR pattern for Ni-ett was calculated with EasySpin software.[??]

is comparable to reported values for Ni?* cations in inorganic
hosts (Table S4, Supporting Information).?3! The exact origin of
the extremely weak EPR signal for Ni-diett and Ni-btt samples is
unknown, but could possibly originate from Ni** impurities with
a half-integer spin (S = 12), in addition to Ni?".?¥l It is noteworthy
that while the XPS data did not specifically confirm the presence
of Ni** in the OMCP samples, neither does it contradict the
EPR findings as the Ni** XPS signal would be included in the
Ni 2p;/; centered around 855 eV and as such difficult to unam-
biguously deconvolute from the Ni** peak. Another possibility
for the weak EPR signature could be the localization of unpaired
electrons on the polymer end-groups, or defective chain ends.
The spin concentration of unpaired electrons in the OMCPs was
estimated by comparing the areal intensity of the EPR spectra,
assuming an electron spin of S = %2 (Table S4, Supporting Infor-
mation). All OMCP’s show large spin concentrations between
1020 and 1022 spin per mole (around one per hundredth repeat
unit), comparable to highly conducting polyaniline.*! The mag-
netic moments per repeat unit calculated from the EPR signal
however are smaller than the ones obtained from the SQUID
measurements, indicating that the OMCP materials are mostly
EPR silent, and the small signals observed are likely originating
from EPR active impurities or chain defects.

Density functional theory (DFT) calculations on the free ett?",
diett’, and btt?>~ ligands suggest that in the case of diett the
oxidation of the ligand from —4 to —2 results in the formation
of an open-shell biradical (Table S5, Supporting Information).
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The dianions of the other two ligands are predicted to remain
closed-shell. In all cases, oxidation of the ligands is accompa-
nied by a symmetric reduction in the bond-lengths of the ter-
minal C—S bonds by 0.1-0.2 A. DFT calculations on ligand-ter-
minated oligomeric models of chains consisting of five ligands
and four nickel atoms, carrying a net charge of -2 or 0, when
the terminal sulfur atoms of the capping ligands are replaced
with hydrogen atoms (e.g., 1,2-ethenedithiol in the case of ett)
as proxies for the case where the terminal sulfur atoms are
oxidized to sulfonic acids or disulfides, as models of the poly-
mers find complex electronic behavior (Tables S6-S10, Sup-
porting Information). The ground state of the Ni-ett dianionic
oligomer is predicted to be a closed-shell singlet, whereas
that for the Ni-diett dianionic oligomer is an open-shell singlet
with the majority of the unpaired spin density on the ligands.
For the Ni-btt dianionic oligomer, the predicted ground state
is an open-shell singlet with the majority of the unpaired spin
density distributed over the four nickel atoms and the four
terminal sulfur atoms. It is unclear if the latter polarized elec-
tronic solution is an artifact of our computational model or
would occur experimentally. Regardless, we were for the dian-
ionic Ni-btt oligomer, just as for the dianionic Ni-ett oligomer,
unable to find the equivalent of the open-shell singlet state
observed in the case of the Ni-diett dianion. In the case of the
neutral oligomers capped with hydrogen terminated ligands,
we find that for all three ligands the ground state is an open-
shell singlet but that generally the triplet state lies very close in
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energy, and that just as for the dianionic oligomers the majority
of the spin is localized on the ligands. In the case of the neu-
tral Ni-ett oligomer, the spin localizes near the end of the chain,
for the neutral Ni-btt oligomer on the center of the oligomer,
while in the case of neutral Ni-diett oligomer the spin is delo-
calized over the whole chain. The localization of the majority
of the spin on the ligands rather the nickel observed in the
DFT calculations on the dianionic and neutral oligomers, as
well as for the periodic version of Ni-diett discussed below, is in
line with the evidence for Ni?* rather than Ni** from XPS and
previous computational and experimental work.[”2%l Finally, the
oligomeric models for each of the ligands, dianionic or neutral,
were predicted to have absorption onset values in the near IR
(Aonset > 1000 nm).

The electronic structure of Ni-diett was further investigated
by performing periodic DFT calculations on a unit cell of Ni-
diett, comprising one monomer surrounded by 30 A of vacuum
in the two nonchain directions, to avoid interactions between
chains. Multiple initial spin states were trialed, including initial
magnetic moments on both the nickel atom and the ligand with
both HSE06 and PBEO functionals. An open-shell singlet state
with spin density distributed across the ligand but a net zero
magnetization was found to be the ground state, supporting the
observations in the oligomeric simulations.

The electronic band structure and density of states of
Ni-diett, calculated with HSEO06, are included in Figure S19,
Supporting Information. Overall the material has a narrow
band gap of less than 0.5 eV with both valence and conduc-
tion bands primarily composed of the conjugated S 3p and
C 2p states, with only minor contribution from the Ni atom.
The band structure demonstrates the strong dispersion in the
direction of the polymeric chain (I to X) and minimal disper-
sion in other directions consistent with the vacuum separation.
Assuming a parabolic band, fitting to the band energies gives
an electron effective mass of 0.176 m,, which is low and con-
sistent with the possibility for high mobility.

2.4. Thermoelectric Characterization

The three OMCP materials were synthesized as black brittle
solids, making their processability challenging. As we were
interested in the intrinsic thermoelectric properties, we
refrained from blending the OMCPs with more processable
binder polymers to eliminate any effects of the binder polymer
itself, the composite morphology, and processing conditions
on the thermoelectric properties of the OMCPs. To charac-
terize the thermoelectric properties, powders of three OMCP
materials were compressed into freestanding pellets (detailed
fabrication conditions are outlined in the Supporting Informa-
tion). All three OMCPs showed temperature-activated charge
transport (Figure 4), with the highest electrical conductivity
measured at room temperature (293 K) for Ni-ett (~10 S cm™)
and the lowest for Ni-diett (~2 S cm™). While the thermal
annealing at 150 °C for 5 h only had a minimal effect on the
electrical conductivities, it had a much more profound impact
on the Seebeck coeflicients, particularly in the case of Ni-ett
for which the Seebeck coefficient increased in magnitude from
-26 uV K to =86 puV K! after thermal annealing. The exact
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origin of this significant change in Seebeck coefficient is still
under investigation. Extensive annealing could plausibly have
allowed for the removal of volatile impurities from the OMCP
pellet, which is in agreement with the thermal gravimetric
measurements recording a slight weight loss (<3%) before
thermal decomposition at around 300 °C, and 250 °C in the
case of Ni-ett (Figure S20, Supporting Information). For Ni-
diett the effects of the annealing were less pronounced, and the
magnitude of the Seebeck coefficients increased slightly from
—26 to —40 uV K1 (at 305 K), respectively remained unchanged
for Ni-btt.

The most striking difference however was that the Ni-btt
showed a positive Seebeck coefficient of around 15 uV K in
the measured temperature range, contrary to Ni-ett and Ni-
diett which demonstrated n-type characteristics. Previously,
the charge polarity of poly(M-ett) materials was reported to be
reliant on the nature of the central metal cation, making Ni-btt
the first example to demonstrate that the carrier characteristics
can be controlled via the organic ligand.[®¥ Beyond the prom-
ising Seebeck coefficient, Ni-btt showed good electrical conduc-
tivities of 5 S cm™ in pristine and 7 S cm™ in annealed pellets
at 293 K. It is noteworthy that this value is five orders of mag-
nitude higher than the reported Ni-btt film prepared from ben-
zene-1,2,4,5-tetrathiol via interfacial reaction.’’”! This improve-
ment is most likely due to the alternative synthetic route used
here, where Ni*" was directly reacted with the benzene-1,2,4,5-
tetrathiolate to form the Ni-btt polymer in a strongly basic
environment, limiting the possibility of oxidation of thiols to
disulfides within the polymer chain.

The thermal conductivity was measured by Raman thermo-
metry, using a single laser as a heater and a thermometer simul-
taneously, where the latter is conceptually based on the temper-
ature-dependent spectral position of selected Raman modes.[?®!
In practice, the OMCP samples absorb the incident laser
energy, which typically causes a thermal bathochromic shift in
the Raman peak positions, as shown in Figure 5. Full experi-
mental details are provided in the Supporting Information.

All three OMCP materials show low thermal conductivities
(<2 W m™ K7 in freestanding pellets, with the lowest value
recorded for Ni-btt (1.2 W m™ K7) and slightly increasing for
Ni-diett (.5 W m™ K!) and Ni-ett (1.7 W m™! K!) (Table 2).
These values are higher than those previously reported for
similar OMCP materials, which we attribute to the higher
sample purity.®d To exclude that the differences in thermal
conductivities observed for the three OMCP materials origi-
nate from inhomogeneities in the surface of the samples (e.g.,
roughness, composition, impurities), rather than from the dif-
ferences in molecular structure, Raman imaging under high
power (1 mW) laser illumination was performed (Figure S21,
Supporting Information). While the surface topography of all
three samples appeared inhomogeneous, Raman analysis pro-
vided further insight into the chemical composition. Both Ni-ett
and Ni-diett samples presented a uniform chemical composi-
tion, yet with minor differences in the surface structure. The
surface of Ni-ett exhibited smoother (red) and rougher domains
(blue). After performing a cluster analysis on the Raman data,
it became apparent however that the only difference between
the two domains was a higher Raman intensity in the smoother
regions. Similarly, Ni-diett presented a porous-like structure on
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Figure 4. Electrical conductivities (left column) and Seebeck coefficients (right column) of Ni-ett a,b), Ni-diett c,d), and Ni-btt e,f) as a function of
temperature. Data points obtained from pristine pellets (black) and from pellets annealed at 150 °C for 5 h in air (red).

the surface, with two distinct Raman spectra associated to the
porous “holes” (blue) and the surrounding “scaffolding” (red),
respectively. Ni-btt on the other hand revealed a much more
complex picture. Not only was the surface rougher, but also its
composition appeared to be inhomogeneous. The cluster anal-
ysis revealed three different Raman spectra. One identified as
noise (purple), and the other two identified as distinct Raman
signals (green and orange). The small differences in peak
position and shape hint at modestly different chemical com-
positions and could account for the larger standard deviation
recorded for the thermal conductivity of Ni-btt. In an attempt
to gain additional information on the surface composition, we
extended the spectral range of the Raman scans (Figure S22,
Supporting Information). The bands between 300 and 500 cm™
are associated with vibrations involving heavy atoms (the metal
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centers), while the broad band in the 1200-1600 cm™ is associ-
ated with carbon bonds (the organic ligands). The fact that this
peak is broad indicates the presence of amorphous carbon, or
carbon with very different environments. The change in the
ratio between the intensities of the inorganic and organic vibra-
tions on the other hand suggests variations in stoichiometry
among the different regions, which may be the reason why
the thermal conductivity varies slightly from point to point. To
quantify the potential differences in thermal conductivity, the
spectra were fitted at the peak around 360 cm™ and the histo-
gram for each sample calculated (Figure S23 Supporting Infor-
mation). The distribution of the spectral position of the Raman
peak was relatively narrow in the case of Ni-ett (with most of
the data lying within £ 5 cm™), while the distribution was much
broader for Ni-ett and Ni-btt (about £ 25 cm™). These deviations

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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are entirely consistent with the increase in the standard devia-
tion observed from the three different positions at which the
Raman thermometry experiments were performed. In light of
the detailed surface characterization and careful statistical anal-
ysis, the differences in thermal conductivity observed for the
three OMCP materials are most likely originating from the dif-
ferent chemical structures, rather than being related to experi-
mental errors.

3. Conclusion

Novel OMCPs were successfully synthesized by developing
and optimizing the bulk synthetic procedure and putting
significant emphasis on the material purification. Extensive
spectroscopic analysis confirmed the molecular structure and
composition of the new materials (Ni-diett and Ni-btt) and
highlighted the importance of adequate OMCP purification.
DFT calculations, supported by EPR and SQUID experiments,
further revealed the open-shell character of the Ni-diett with
the unpaired spin primarily localized on the organic ligand,
rather than on the metal complex. The materials showed prom-
ising thermoelectric properties at room temperature, and pos-
sibility to tune the charge carrier polarity via the modification
of the organic ligands in OMCP materials, rather than relying
solely on the nature of the metallic cation, which was demon-
strated for the first time. This finding opens up new synthetic
possibilities and renders the design of new, better performing
OMCPs more versatile, by removing structural constraints and
putting significant emphasis on the molecular structure of the
organic ligands in OMCP materials to tune their thermoelec-
tric properties.

Table 2. Summary of the average thermoelectric properties at 305 K of
annealed OMCPs.

Sample o o K Power factor zT

[S cm] BVKT  WmT K uWmTK?
Ni-ett 749%£005 -86.1+1.2 1.7+0.2 5.55+£0.19 1x1073
Ni-diett 570+0.05 -40.2%16 1.5+0.4 0.94 £0.08 2x107
Ni-btt 7.1+0.01 127+1.2 1.2+0.5 0.12+0.02 3%x10°°
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temperature rise of each OMCP sample as a function of the absorbed power.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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