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Tailoring the molecular components of hybrid organic—inorganic materials enables precise control over
their electronic properties. Designing electrically conductive coordination materials, e.g. metal-organic
frameworks (MOFs), has relied on single-metal nodes because the metal—oxo clusters present in the vast
majority of MOFs are not suitable for electrical conduction due to their localized electron orbitals.
Therefore, the development of metal-cluster nodes with delocalized bonding would greatly expand the
structural and electrochemical tunability of conductive materials. Whereas the cuboidal [Fe4S4] cluster is
a ubiquitous cofactor for electron transport in biological systems, few electrically conductive artificial
materials employ the [Fe4S4] cluster as a building unit due to the lack of suitable bridging linkers. In this

work, we bridge the [FesS4] clusters with ditopic N-heterocyclic carbene (NHC) linkers through charge-
Received 29th April 2023 delocalized Fe—C bonds that enh lectroni ication between the clusters. [Fe4S,Cla(ditopi
Accepted 29th September 2023 elocalized Fe onds that enhance electronic communication between the clusters. [Fe;S4Cly(ditopic
NHC)] exhibits a high electrical conductivity of 1 mS cm™ at 25 °C, surpassing the conductivity of related

DOI: 10.1035/d35c02195e but less covalent materials. These results highlight that synthetic control over individual bonds is critical
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Introduction

The electronic properties of hybrid organic-inorganic materials
attract widespread attention due to the vast tunability of their
components and structures. In particular, electroactive coordi-
nation polymers and metal-organic frameworks (CP/MOFs)'
have been extensively studied for use in diverse technologies as
charge storage materials,** electrochemical catalysts,*” and
chemiselective sensors.® Despite these intense research efforts,
the structural diversities of electrically conductive CP/MOFs
remain limited, with most constructed from single-metal
nodes, e.g. Fe** and Ni*".'*> On the other hand, >100000
examples of conventional CP/MOFs have been prepared
through use of multi-nuclear metal clusters, or so-called
secondary building units (SBUs), largely through the rational
design of the reticular chemistry.”® While these structures
feature charge-localized metal-oxo clusters that inhibit charge
mobility, redox-active, charge-delocalized SBUs suitable for
electron conduction remain unexplored.**
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to the design of long-range behavior in semiconductors.

Ample studies suggest [Fe,S,] could serve as an electron-
delocalized SBU with tunable electronic behavior. The [Fe,S,]
cluster is a ubiquitous cofactor for electron transfer in enzymes
(Fig. 1a),"*'* and the structures and electronic properties of
discrete [Fe,S,] clusters have been extensively studied with
various capping ligands such as thiols,"” phosphines,*® halo-
gens, and N-heterocyclic carbenes (NHCs, Fig. 1b)," and
alkyls.>® Despite the broad interest in discrete [Fe,S,] clusters,
few studies have focused on [Fe,S,;] as a building unit of
extended hybrid materials.*** Recently, Anderson et al. reported
(NR,),[Fe;S4(BDT),] (R = Me, Bu; BDT = 1,4-benzenedithiolate)
as one-dimensional chains of [Fe,S,] clusters bridged by Fe-S
coordination bonds with electrical conductivities of 10 to
10> mS cm™ .2 While indicative of semiconductor behavior,
these values lie on the lower range for Fe and thiol-based CP/
MOFs (10 to 10* mS cm™*, Table S11). Given the delocalized
bonding within [Fe,S,] clusters, we hypothesized that charge
mobility could be improved by increasing the covalency of the
cluster-linker bonds.

To enhance electronic communication between [Fe,S,]
clusters, we selected ditopic NHC compounds as linkers. Due to
the strong electron-donating and m-accepting nature of NHCs
and due to the similar electronegativities of transition metal
ions and carbon moieties, NHCs produce strong metal-C bonds
in various organometallic complexes®>** and give rise to single
molecular wires with greater electronic conduction in compar-
ison to analogues based on metal-S/N bonds.”* Among
extended network systems, polymers furnished from mono-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic representation of the [Fe;S4] and NHC molecules and materials related to this work. (a) [Fe4S4] clusters in the biological system.
Crystal structure of respiratory enzyme | containing [Fe4S4l. (b) Biomimetic, discrete [Fe,S4] cluster with NHC capping ligands. (c) Electrically
conductive mononuclear metal-NHC polymers. (d) Formation of [Fe4S4]-NHC polymer (1) via organometallic bond bridging.

nuclear metal ions and multi-topic NHCs exhibit high electrical
conductivities exceeding 1.0 mS cm ' (Fig. 1c).?* Although
ditopic NHC linkers are attractive building units for electro-
active CP/MOFs, limited studies have employed them.*®*” The
dearth of NHC-based materials likely stems from the synthetic
difficulties in producing crystalline products given the irre-
versible formation of metal-C bonds. Recently, Bejger et al. re-
ported [Co,S,('Pr-NHC),] (‘Pr-NHC = tetraisopropyl-benzobis-
imidazolylidenes) showing crystallinity.”” While redox the
behaviour of [Co,S,] was explored, the electrical conductivity
was not reported. Fe-based coordination materials show higher
electrical conductivity than the Co-based analogues due to the
high-energy valence electrons of Fe*" and the Fe®"*" mixed
valency.”®* We assumed that the unique feature of Fe in
enhancing electrical conductivity is applicable to the [M,S,] (M
= Fe, Co) system as well. Here, we demonstrate the synthesis
and opto-electronic behaviour of organometallic polymers with
high electrical conductivities consisting of [Fe,S,] clusters
linked by covalent Fe-C bonds bridged by ditopic NHCs
(Fig. 1d).

Results and discussion
Synthesis and structural characterizations

We targeted benzobis-imidazolylidenes as NHC linkers due to
the m-conjugated skeleton and modularity of the alkyl side
chains.”®*® The corresponding tetraalkyl-benzobisimidazolium
salts (R-BBI-X; R = Me, Et, "Pr, "Bu; X = Br, I) were synthe-
sized as precursors by following literature procedures
(Fig. S1t).*** The pre-formed [Fe,S,] cluster, (PPh,),(Fe,S,Cl,),
was chosen as a precursor due to its good solubility in organic
solvents and synthetic scalability, and was prepared according
to literature (Fig. S271).** An N,N-dimethylformamide (DMF)
solution of R-BBI-X was combined with a DMF solution of

© 2023 The Author(s). Published by the Royal Society of Chemistry

NaO‘Bu under N, to generate the NHC linker by in situ depro-
tonation. A DMF solution of (PPh,),(Fe;S,Cl,) was added to the
resultant reaction mixture and heated at 100 °C for 24 h. For
NHC variants with longer alkyl chains, the yields decreased
such that almost no solid was obtained when using "Bu-BBI-Br.
We ascribe the decrease in the yields for longer alkyl chain
variants to the decrease in the coordination ability of the
resultant NHC ligand and the increase of its solubility. The
incorporation of longer alkyl chains next to the coordination
site lowers the coordination ability due to the steric hindrance,
thereby suppressing polymer product formation.** Additionally,
products with longer alkyl chains presumably have a higher
solubility due to the enhanced molecular dynamics. Both
factors result in lowering the yield of the solid products with
longer alkyl chains. Therefore, we focused on the product ob-
tained from Me-BBI-I, [Fe,S,Cl,(Me-NHC)] (1; Me-NHC =
tetramethyl-benzobis-imidazolylidenes, 95% yield, Fig. S37)
(Fig. 1d), the composition of which was determined by acid-
digested '"H NMR and elemental analysis (Fig. S4t). The
chemical composition of 1 was also confirmed from thermal
gravimetric analysis (TGA). The TGA profile of 1 under N, dis-
played a weight loss of 39.4 wt% at 500 °C (Fig. S51), which
showed good agreement with the gravimetric ratio of Me-NHC
for the polymeric structure of [Fe,S,Cl,(Me-NHC)] (33.7 wt%)
rather than the discrete structure of [Fe,S,Cl,(Me-NHC),]
(50.4 Wt%).

Powder X-ray diffraction (PXRD) of 1 using a benchtop
diffractometer did not produce well-defined reflections
(Fig. S6t), which we ascribe to the less reversible coordination
kinetics of meal-carbon bonds. The products synthesized (2-Et,
3-nPr, and 4-nBu) from Et-BBI-Br, "Pr-BBI-Br, and "Bu-BBI-Br
lacked well-defined Bragg peaks as well (Fig. S61). This result is
consistent with previously reported mononuclear metal-NHC
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polymers consisting of metal-carbon bonds.**** The insolu-
bility of 1 in common polar solvents, e.g. dimethyl sulfoxide,
acetonitrile, and methanol, also suggested the formation of
polymeric structures.

The formation of the Me-NHC carbene from the imidazo-
lium was confirmed by Fourier-transform infrared (FT-IR)
spectroscopy under N, (Fig. 2a). While the stretching vibration
of imidazolium C=N at 1580 cm~ ' (highlighted in black) in
Me-BBI-I disappeared in the spectrum of 1, a new set of split
peaks at 1350-1500 cm " (highlighted in red) appeared that is
characteristic of the stretching vibration of C=N in NHCs
bound to metal ions.’”*® To exclude the possibility that 1 is
simply alkene polymers resulting from self-reaction of NHC
dimers,* the control reaction without (PPh,),(Fe,S4Cl;) was
conducted. This synthesis afforded crystalline red powder and
a FT-IR spectrum that does not match with that of 1, indicating
1 does not contain the self-reacted Me-NHC dimer (Fig. S7 and
S8t).

Scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX) was carried out to confirm the distri-
bution of Fe and S (Fig. 2b). While the particle size and
morphology were not uniform, as consistent with a polymeric
material, the EDX mapping showed a homogeneous distribu-
tion of Fe and S in 1. This analysis produced an experimental
Fe:Sratio of 1:0.7, in comparison to the theoretical ratio of 1:
1. We ascribe this deviation is due to the extreme moisture
sensitivity of 1. Specifically, we expect that upon air exposure to
perform SEM-EDX analysis, the [Fe,S,] cluster partially hydro-
lysed to produce H,S** and the high-vacuum conditions induced
sulfur vacancy formation at the particle surfaces.

Pair distribution function (PDF) analysis was performed on 1
using synchrotron total X-ray scattering data (A = 0.2115 A,
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Fig. S97) to identify the structural periodicity of 1. PDF analysis
is a powerful tool for retrieving atom-atom correlation without
being restricted to crystalline materials.** Interestingly, Bragg
peaks were observed when using synchrotron radiation
(Fig. S91). The signal-to-noise, however, was still too low for
reporting a definitive Rietveld refinement. Nevertheless, PDF
analysis could be performed with these data. The cuboidal
[Fe,S4] cluster features three intra-cluster atomic correlations:
directly bound Fe-S, Fe-Fe, and diagonal Fe-S vectors (Fig. 2c).
The discrete model [Fe,S,Cl,(monotopic Me-NHC),] was
employed to simulate the intra-cluster correlations in the
[Fe,S4] (Fig. S107). The simulated PDF profile shows directly
bound Fe-S, Fe-Fe, and diagonal Fe-S at 2.28, 2.75, and 3.89 A,
respectively (Fig. 2c). The partial PDF fractions of the correla-
tion between Fe-S, Fe-Fe, Fe-Cl, Fe-C, S-S, and C-C were also
simulated (Fig. S11}). The PDF profile of 1 displayed peaks at
2.27, 2.69, and 3.91 A, showing good agreement with the
simulated model. The observed atom-atom correlations of
[Fe,S4] also are in a reasonable range of the [Fe,S,] correlations
reported in the Cambridge Crystallographic Data Centre
(CCDC) database: (i) Fe-S: 2.270-2.335 A, (ii) Fe-Fe: 2.673-2.766
A, and (iii) diagonal Fe-S: 3.878-3.935 A (Table S2f). The
simulated PDF profiles of inorganic iron sulfides such as FeS,
Fe,S;, and Fe,S; do not match with that of 1, which excludes the
formation of amorphous iron sulfide in 1 (Fig. S127). The PDF
results therefore confirm that 1 preserves the [Fe,S,] cluster.

Electronic properties

To probe the opto-electronic nature of 1, we collected its diffuse
reflectance (DR) UV-vis-near infrared (NIR) spectrum under N,
(Fig. 3a). Notably, the absorption features of 1 extend into the
NIR range, which is commonly observed in highly conjugated

i. Bonding Fe-S ii. Fe-Fe

iii. Diagonal Fe-S

Fig. 2 Structural characterizations on 1. (a) FT-IR spectra of 1 (red) and Me—-BBI-I (black) under N,. (b) SEM-EDX mapping images of 1 for Fe
(blue) and S (green). (c) PDF profiles of 1 and the simulated profile from the model structure. The intra-cluster atom—-atom correlations, (i) directly
bonding Fe-S, (ii) Fe—Fe, and (iii) diagonal Fe-S, are displayed, respectively.
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Fig. 3 Electronic properties of 1. (a) DR and solution-state UV-vis spectra of 1 (red) and (PPhy),(Fe4S4Cly) in DMF (black). Inset: Tauc plot of 1. (b)
LSV profiles of 1 (red) and (PPhy),(Fe4S4Cly) (black) under N, at 25 °C. (c) Plots of the electronic conductivity for [Fe,S4]-based materials and
molecules. The conductivity was obtained by the pressed-pellet two-probe methods at 25 °C.2 (d) Calculated SOMOs of the NHC (left) and thiol
(right) model structures displayed at isosurface values of 0.02 and 0.05 respectively.

metal-organic and organic conductive polymers.** The solution-
state UV-vis-NIR spectrum of (PPh,),(Fe,S,Cl;) in DMF was
collected for comparison. We assign the absorption bands of
(PPh,),(Fe,S4Cl,) according to the literature as follows: 500 nm:
ligand-to-metal charge transfer (LMCT) from S to Fe and
700 nm: LMCT from Cl to Fe.*” The broad features of 1 at 600-
640 and 808 nm are assigned as LMCT (S to Fe) and (Cl to Fe),
respectively. The red-shift is ascribed to the replacement of the
electron-withdrawing Cl™ to the strong o donating Me-NHC.
The optical band gap (E,) of 1 was calculated as 0.5 eV by the
Tauc plot of DR UV-vis-NIR spectrum (Fig. 3a).** This small E,, is
comparable to those of the other highly conjugated and
conductive metal-organic materials.*

Solid-state cyclic voltammetry (CV) was carried out to
understand the redox behavior of 1 by drop-casting a DMF
suspension onto a glassy carbon electrode. An irreversible
reduction peak was observed at —1.4 V vs. FeCp, " (0.1 M [Li]
[PFe], acetonitrile, Fig. $131), which we assign to the [Fe,S,J*"*
redox couple based on similar features observed for the one-
electron reduction of [Fe4S4]2+—based molecules and materials:
(PPh,),(Fe,S4Cly), Fe,S4—Sn,Se, and TMA,(Fe,S,)(BDT), display
irreversible reduction waves at —1.3, —1.3, and —1.6 V vs.
FeCp,"°, respectively. The negative shift of 1 by —0.1 V from
(PPh,),(Fe,S,Cl,) is reasonable as the Me-NHC possesses
a greater electron-donating ability than Cl™.** We ascribe the
irreversible reduction to the strong interaction between the

© 2023 The Author(s). Published by the Royal Society of Chemistry

[Fe4S,] cluster and incorporated Li* ions or instability of 1 upon
reduction.

To evaluate the electronic conductivity ¢ of 1, linear sweep
voltammetry was carried out using a two-contact probe,
pressed-pellet method at 25 °C under N,. The current-voltage
profile of 1 showed a linear behaviour in accordance with Ohm's
law. Accordingly, ¢ of 1 was calculated to be 1.0 mS cm™*
(Fig. 3b), which is higher than the o of discrete [Fe,S,]
complexes and [Fe,S,]-dithiol CP/MOFs by more than three
orders of magnitude (Fig. 3c and Table S1}). The discrete [Fe,S,]
complexes are electrically insulating due to the suppressed
electron conduction between clusters by bulky counter ions
(107® to 10® mS cm™ ', Fig. 3b and S141), whereas the
conductivity of [Fe,S,]-thiol CP/MOFs ranges between 10~ °® and
10> mS cm " depending on the counter cations and oxidation
state of [Fe,S,4] clusters.® Therefore, we expect that the covalency
of chemical bonds bridging [Fe,S,] clusters dictates electron
conduction.

To characterize the chemical bonding of 1 and [Fe;S,]-thiol
CP/MOFs, density functional theory (DFT) calculations were
performed on model cubane clusters (Fig. 3d). Given the -
accepting nature of NHC ligands, as with CO, the frontier
orbitals are expected to display Fe-C 7 bonding character. For
the thiol-based cluster, however, we expect purely antibonding
orbitals between Fe and S due to the  donating nature of thi-
olates as ligands. Indeed, the model cluster bearing NHC

Chem. Sci., 2023, 14, 1410-11416 | 11413
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ligands has three near-degenerate frontier orbitals, which can
be justified by the tetrahedral symmetry of the cluster. Exam-
ining all three of these frontier orbitals together (Fig. S15t)
shows significant overlap between the cubane iron orbitals and
the ligand carbon orbitals. In contrast, the model cluster with
benzenethiolate ligands has a single frontier orbital with planar
nodes between the cubane iron orbitals and the ligand sulfur
orbitals, indicating less covalency in this cluster than in the
NHC cluster. Mulliken analysis indicates a larger electron
density on Fe in the case of the NHC cluster, reflecting the
shorter and more electron-rich bonding. This analysis further
supports the hypothesis of decreased covalency in the thiolate
cluster.

Variable-temperature (VT) DR-UV-vis spectra were collected
on 1 in the temperature range of 173 to 373 K under vacuum
(Fig. 4a). Carboxylate-based CP/MOFs, e.g. MUV-10, typically
exhibit a large temperature dependence in their UV-vis spectra
and E, values due to dynamic metal-linker bonding.*>*® On the
other hand, the VT UV-vis spectra of 1 displayed only a slight
increase in the intensities upon cooling and the change in the
E, was almost negligible. Plotting a difference curve 3F(R)r =
F(R)r — F(R)373 indicates that the intensities between 3.5 and
6.2 eV (200-350 nm) increase at the peak maximum of 5.34 eV
(232 nm, Fig. S167) and level off at 250 K (Fig. 4a). Such
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Fig. 4 Temperature-dependent electronic response of 1. (a) VT DR-
UV-vis of 1 under vacuum. Inset: the plot of the intensities at 232 nm as
a function of temperature. (b) VT electrical conductivity of 1 by four-
contact probe, pressed-pellet method. Inset: fitting of the data to the
Mott 3D VRH model.
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absorption features typically originate from 7—7* transitions of
aromatic molecules. Accordingly, we assign them to the NHC
linker rather than [Fe,S,] clusters in 1. The enhancement of the
intensities likely arises from suppression of intra-molecular,
local dynamics of Me-NHC, e.g. rotation and flipping, at the
lower temperatures.””*® The structural rigidity of 1 toward
temperature was also confirmed by the VT diffuse-reflectance
infrared spectroscopy (DRIFTS) in the temperature range of
173 to 373 K (Fig. S171). The shift of the peak at 1260 cm ™",
which corresponds to the C-N stretching mode of Me-NHC was
almost negligible <1.0 x 107> ecm " K . The smaller tempera-
ture dependence of 1 reflects the rigid nature of Fe-C bonding
dynamics in comparison with the typical M-O bonding in the
carboxylate-CP/MOFs, and is consistent with the high stability
constants measured for metal-NHC bonds.*

VT conductivity measurements of 1 using a four-contact
probe method indicated thermally activated electronic
conduction in the temperature range of 205-300 K (Fig. 4b and
S18f). Charge transport in disordered conductive solids is
typically characterized by a Mott viable-range hopping (VRH)
model.**** VRH model is expressed as follows: o = o exp[—(T,/
7)YV where T, is the material-specific Mott temperature and
d is the dimensionality of carrier transport. The VT conductivity
of 1 was satisfactorily fitted with the 3D VRH model (R*> =
0.9993, Fig. 4b). The results indicate an electron transport
mechanism in 1 consistent with 3D hopping. Fitting of the data
to the Arrhenius equation, o = o, exp(—E,/kgT), where o is the
pre-exponential factor, E, is the Arrhenius activation energy, kg
is the Boltzmann constant, and 7 is the temperature, revealed
an E, value of 0.12 eV (Fig. S191). The E, value of 1 is small
compared to other conductive CP/MOFs with similar conduc-
tivities of 107" to 10 mS cm ™' (0.18-0.44 eV, Table S31). E,
represents the energy barrier that electrons overcome when they
hop between sites.*> While grain boundaries between particles
increase E,, the small E, of 1 indicates an especially low-energy
electron transport pathway enabled by charge-delocalized Fe-C
bonds.

Conclusions

We demonstrate the synthesis of a highly electronically
conductive [Fe,S,]-based organometallic polymer, [Fe,S,Cl,(-
Me-NHC)] (1). Bridging the [Fe,S,] clusters by the ditopic Me-
NHC linkers with charge-delocalized Fe-C bonds leads to a high
electrical conductivity of 1.0 mS cm ™" at 25 °C. The variable-
temperature spectroscopies and conductivity experiments
reveal that rigid Fe-C bonds resulted in the small temperature
response in the electronic properties, namely the band gap and
electrical conductivity. The results provide synthetic guidelines
for the design of electronically conductive hybrid materials
based upon new classes of molecular building units.
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