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Abstract: The emergence of conductive 2D and less
commonly 3D coordination polymers (CPs) and metal–
organic frameworks (MOFs) promises novel applica-
tions in many fields. However, the synthetic parameters
for these electronically complex materials are not
thoroughly understood. Here we report a new 3D
semiconducting CP Fe5(C6O6)3, which is a fusion of 2D
Fe-semiquinoid materials and 3D cubic Fex(C6O6)y
materials, by using a different initial redox-state of the
C6O6 linker. The material displays high electrical con-
ductivity (0.02 Scm� 1), broad electronic transitions,
promising thermoelectric behavior (S2σ=7.0×
10� 9 Wm� 1K� 2), and strong antiferromagnetic interac-
tions at room temperature. This material illustrates how
controlling the oxidation states of redox-active compo-
nents in conducting CPs/MOFs can be a “pre-synthetic”
strategy to carefully tune material topologies and
properties in contrast to more commonly encountered
post-synthetic modifications.

Introduction

Introducing novel bulk electronic properties such as charge
mobility or electrical conductivity into coordination poly-
mers (CPs) and metal–organic frameworks (MOFs) has
been an area of very active research in recent years.[1] These
features, while interesting in their own right, are even more
appealing when combined with the tunable topologies and
structures that are hallmarks of CPs and MOFs.[2] Thus, this
emerging class of materials has found many novel applica-
tions in chemical sensing,[3] electrochemical energy storage,[4]

optoelectronics,[5] thermoelectrics,[6] magnetism and
spintronics.[7] While the exploration of promising function-
alities and applications in these materials has been a major
focus, for instance in using sophisticated physical character-
ization methods[8] and theoretical calculations[9] to study
carrier transport mechanisms, the exploration of their
synthetic space[8d,10] is still nascent. This is particularly true
when contrasted to the rich morphological, structural,
defect, and phase space of more traditional MOF candidates
which can largely be controlled by choice of synthetic
conditions, additives, or linker morphology.[11]

When considering electronically complex CPs and
MOFs, the redox-states of the metal and linker components
are a critical factor.[12] For example, Sun et al. measured the
electrical conductivity and activation energy for twenty
different MOFs in four distinct structural families. They
found that Fe-based MOFs displayed significantly higher
conductivities and smaller charge activation energies due to
in situ oxidation to form FeII/III mixed valency in contrast to
the other metals which maintain divalent oxidation states.[13]

Similar examples can be seen for linkers. Quinone-based
linkers are prototypical redox-active motifs and numerous
examples of new conducting or magnetic CPs/MOFs have
been reported using linkers of the form (C6O4X2) (X=H, F,
Cl, Br, I, NO2, CN).

[14] Despite the importance of the final
linker redox-state for materials structure and properties,
leveraging different linker-redox states as a synthetic
strategy, such as using different quinone redox-isomers in
syntheses, has not been thoroughly investigated.
Taken to the limit of monocyclic quinones, hexahydrox-

ybenzene (HHB) or tetrahydroxy-1,4-quinone (THQ), has
the most accessible redox-isomers and several possible
radical based intermediates (Figure 1).[10e, 15] As such, this
linker is an attractive target for incorporation into new
materials, but also offers challenges in predicting or
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controlling the redox-state of resulting MOFs. The first 2D
semiconducting MOF featuring this motif, Cu-HHB [Cu3-
(C6O6)2], was synthesized in 2018 by reacting Cu

II with either
HHB or THQ.[10e] This material displays good performance
in lithium-ion battery and photoconductivity applications as
illustrated by later reports,[4e,8c] but an interesting observa-
tion is that the same structure is formed regardless of the
linker precursor oxidation state. Switching from CuII to a

more easily oxidized FeII ion results in two novel 3D
conducting MOFs, namely Fe12(C6O6)6 and Fe8(C6O6)6.

[16]

While similar, the connections between metals and linkers
as well as the final oxidation states of the linkers in these
two cubic structures are different (Figure 2A top), likely due
to the subtle differences in reaction conditions. These
examples provide concrete illustrations of how different
materials can result from common or closely related
precursors due to different synthetic protocols. This is
particularly true in metal-semiquinoid based materials as
spontaneous redox chemistry likely plays an important role
upon material formation.
We were intrigued by the multiple accessible precursor

redox-states of the C6O6 linkers in this family of materials,
particularly in the context of varying material structure and
properties. Herein, we present the synthesis of a new 3D
semiconducting CP, Fe5(C6O6)3, which is generated by
reacting FeII with the most reduced linker precursor HHB
instead of THQ. In contrast to the Cu and Fe systems
mentioned above, the use of a different redox-state of the
linker results in a dramatically different structure. Fe5-
(C6O6)3 consists of hexagonal layers with a staggered AB
stacking. Moreover, these layers are further bridged by axial
Fe centers through Fe� O bonds to generate a 3D material

Figure 1. Multiple accessible oxidation states (top) and possible
intermediates (in dashed box) of C6O6.

Figure 2. A) Schematic illustration of the previously reported 3D materials Fe12(C6O6)6, Fe8(C6O6)6 and the Fe5(C6O6)3 material reported here.
B) Orientation of neighboring layers in Fe5(C6O6)3. Orange: Fe, red: O, grey: C; coordinated solvent molecules are omitted for clarity. C) Comparison
of the synchrotron X-ray powder diffraction data (295 K, λ=0.458093 Å) and calculated (Le Bail) pattern in P63. D) SEM image of Fe5(C6O6)3
powder.
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(Figure 2A bottom). This novel topology is reminiscent of
retrofitting modifications used in carboxylate-based MOFs
to affect material properties,[17] as well as proposed ap-
proaches to promote delocalization of charge by extending
into three dimensions.[9d] The optical absorption, conductiv-
ity, Seebeck coefficient, and magnetic susceptibility of Fe5-
(C6O6)3 have been explored, revealing redox-state and
structurally dependent trends. Our studies demonstrate that,
in contrast to post-synthetic modifications, pre-synthetically
controlling the redox-states of components in conductive or
magnetic coordination polymers is an important parameter
for encoding properties and functionalities.

Results and Discussion

Synthesis and structure

Fe5(C6O6)3 was prepared by reacting anhydrous FeCl2 with
HHB in dimethylformamide (DMF) at 100 °C for three days
under an inert atmosphere. These synthetic conditions are
similar to those reported for Fe12(C6O6)6 and Fe8(C6O6)6 but
with slight modifications. Control experiments by varying
the linker precursor (HHB or THQ) in these reaction
conditions indicate that the initial oxidation states of the
organic linkers can affect the reaction kinetics and thermo-
dynamics, likely due to spontaneous redox chemistry during
the material synthesis (Figure S2). Analysis of the headspace
of the reaction vessel by gas chromatography shows the
presence of H2, confirming this proposed redox chemistry
(Figure S1). Thus, the oxidation state of the organic linkers
is an important factor in the synthesis of conductive CPs/
MOFs in addition to the choice of metal salt, solvent, and
temperature that are more commonly considered in conven-
tional MOF syntheses. X-ray powder diffraction (PXRD)
data suggests Fe5(C6O6)3 is a polycrystalline material (Fig-
ure S3–S4), and the pattern can be indexed in a primitive
hexagonal unit cell a=b=24.63 Å, c=14.93 Å, α=β=90°,
and γ=120° (Figure S5). The Le Bail fit shows that
essentially all of the observed Bragg peaks can be accounted
for by this unit cell and the P63 space group (Figure 2C,
Figure S5–S8). Scanning electron microscopy (SEM) images
show a hexagonal rod- or needle-like morphology which is
also consistent with the structural assignment (Figure 2D).
The size of the particles ranges from 200 nm to 1 μm due to
substantial interparticle growth.
The structure was solved by scripting the algebraic

computations of the molecular fragments and the resulting
framework layers with a python programming language that
followed by simulated annealing global optimizations (see
the Supporting Information for the detailed description of
the structure solution process, variable models considered
and programmed Python scripts). The final structure of
Fe5(C6O6)3, as depicted in Figure 2A, shows that 40% of the
Fe atoms are octahedrally coordinated with C6O6 units to
form extended hexagonal layers. These hexagonal layers are
reminiscent of similar layers in quinone-based materials and
are significantly different from the pseudo-cubic structures
observed for the Fe12(C6O6)6/Fe8(C6O6)6 materials previously

reported. However, in Fe5(C6O6)3 the layers are packed in a
staggered ABAB pattern and neighboring layers have a
mirror-like orientation (Figure 2B). These 2D layers are
further bridged by extra Fe atoms (60%) and are extended
into a 3D structure in a distinct manner from the layered
lanthanide metal–organic frameworks or pillared Cu-THQ
materials.[18] This results in two distinct coordination envi-
ronments for Fe: octahedral intralayer and pseudotetrahe-
dral interlayer (Figure 2A inset). We note that none of the
O atoms in Fe5(C6O6)3 bridge two Fe centers. This contrasts
to the cubic materials Fe12(C6O6)6 and Fe8(C6O6)6 where
some O atoms form μ2 bridges to provide six-coordinate Fe
centers. The coordination environment of the interlayer Fe
atoms in Fe5(C6O6)3 is completed by solvent molecules,
however, the positions of these solvents are unsurprisingly
highly disordered, thus precluding a precise determination
of their positions. The Rietveld refinement of the model
lacking exact positions for solvent molecules shows a
satisfactory agreement with the experimental pattern (a final
Rp value is 11.1%, Table S4). Combustion and thermogravi-
metric analysis are consistent with this structural assignment
with a formula of Fe5(C6O6)3(H2O)3(C3H7NO)3 (Table S1
and Figure S14). Digestion experiment further confirms the
existence of DMF in the material (Figure S15). Further-
more, N2 uptake experiments suggest a type II isotherm and
a measured BET surface area of 41.7 m2g� 1 (Figure S16).
Both results indicate a lack of porosity of the material as
expected from the staggered AB packing and the existence
of interlayer bridging Fe with coordinated solvent mole-
cules.

Oxidation states of the components

X-ray photoelectron spectroscopy (XPS) was initially used
to probe the oxidation state of the Fe ions in Fe5(C6O6)3
(Figure S17). A broad Fe 2p3/2 peak is observed which is
centered around 710.5 eV. The position of this peak suggests
a mixed valent material as compared with values in iron
oxides (FeO �709.5 eV, Fe2O3�711 eV).

[19] Further corrob-
oration of mixed valency is obtained from 57Fe Mössbauer
spectroscopy where three sets of signals are observed in the
spectrum (Figure 3A and Figure S18). One of the Fe sites
(�24%) has an isomer shift (δ) of 0.665(1) mm/s� 1 and a
quadrupole splitting (DEQ) of 0.933(7) mms

� 1 while another
(�49%) has a δ of 0.683(2) mms� 1 and a DEQ of
1.308(14) mms� 1. Both of these sets of parameters are
consistent with an assignment of high-spin FeIII centers
although the observed δ’s are slightly larger than those
assigned to high spin FeIII centers in iron-semiquinoid
complexes and CPs.[14b, c,20] For instance, the δ is 0.574-
(2) mms� 1 for the 3D (NBu4)2[Fe2(dhbq)3] material.

[14b] The
larger isomer shift may be due to a decrease in electron
density on the FeIII centers in our material.[14c] The third
feature (�27%) has a δ of 1.269(3) mms� 1 and a DEQ of
3.105(4) mms� 1 which distinctly assigns this site as a high-
spin FeII species.[21] Given the overall oxidation states of the
Fe centers obtained from Mössbauer spectroscopy and the
molecular formula, the oxidation state of the organic linkers
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is estimated to be � 4.5 per C6O6 unit. These results suggest
both the metal centers and organic linkers are spontaneously
oxidized during the material formation, as suggested from
the detection of H2 in the reactions (see above, Figure S1).
Corroborating evidence of the oxidation state of the

linkers was obtained from Fourier-transform infrared (FT-
IR) spectroscopy. As shown in Figure 3B, after coordination
a stretching band around 1000 cm� 1 in Fe5(C6O6)3, tenta-
tively assigned to a C� O vibration (see Figure S19 for
explanation), shifts to a higher frequency compared to the
free ligand HHB. This shift suggests a more oxidized linker
in Fe5(C6O6)3 than in the starting ligand, as a shift to a lower
frequency would be normally expected after coordination
for redox-inactive linkers. A similar shift is also observed
between THQ and Fe8(C6O6)6 where the linker is also
reported to be oxidized. In addition, comparison of the two
Fe materials reveals a slightly lower C� O stretching
frequency in Fe5(C6O6)3 than in Fe8(C6O6)6. This supports a
more reduced linker oxidation state in the former material,
as would be consistent with the formal oxidation state of

roughly � 4.5 which would arise from mixed valency between
L5� /L4� for the HHB linkers as indicated by Mössbauer
analysis. In comparison, the calculated average charge from
Mössbauer analysis is � 5.4 and � 3.6 per C6O6 unit in the
related cubic materials Fe12(C6O6)6 and Fe8(C6O6)6, poten-
tially suggesting a mixed valency of L6� /L5� and L4� /L3�

respectively. The significantly different formal linker oxida-
tion states in these materials, in addition to their distinct
structures, illustrates the rich composition space that is
available for these conductive CPs/MOFs.

Electronic properties

The electronic properties of Fe5(C6O6)3 were then explored
with a variety of techniques. UV-vis-NIR diffuse reflectance
spectroscopy shows four major absorption signals (Fig-
ure 4A, S20). The sharp peak centered at around 300 nm,
which is also seen in the free ligand, is assigned to a p! p*
transition in the organic linkers.[22] The shoulder-like peak at
around 370 nm, which is more obvious in the solution
spectra of a suspension (Figure S20), is tentatively assigned
to an internal transition from the radical linkers (L5� )
although this transition occurs at around 470 nm in the
chloranilate based radical (CA3� ) and the 2,5-dihydroxy-1,4-
benzoquinone based radical (DHBQ3� ).[23] The peak at
around 560 nm in Fe5(C6O6)3 is reasonably assigned as a
ligand-to-metal charge transfer band, which is similarly
observed in a semiquinone-catecholate based mononuclear
iron complex and iron semiquinoid-based MOFs.[4f, 22] Most
notably, Fe5(C6O6)3 displays a strong and broad absorption
starting from 650 nm and tailing to 2700 nm. This broad
absorption is indicative of an intervalence charge transfer
(IVCT) and can be classified as Class II/III according to the
Robin–Day formalism.[12b] It is worthwhile to note that the
first observation of Class II/III ligand-based mixed-valency
in a MOF was in (NBu4)2Fe2(dhbq)3 with an IVCT transition
band centered at around 1428 nm (υmax=7000 cm� 1).[14b]

Later, several metal–semiquinoid frameworks have dis-
played Robin–Day Class II/III mixed-valency with broad
absorbances in the mid-IR region extending to the near-IR
region.[14e] Even among this group, our material features a
notably broad adsorption ranging from the visible to mid-IR
region. The breadth of this feature may be attributed to dual
mixed valency from both metal centers and organic linkers.
An estimated band gap (Eg) of 0.75 eV is obtained from a
Tauc plot with a direct band gap fitting (Figure 4A inset)
and is very similar to that observed in the two 3D
Fe12(C6O6)6/Fe8(C6O6)6 materials supporting that all of these
compounds feature mixed-valency.
The electrical conductivity (σ) of Fe5(C6O6)3 was meas-

ured as an average of 2.0(4)×10� 2 Scm� 1 on pressed pellets
at room temperature using a two-probe method (Fig-
ure S21a). Although this two-probe method likely under-
estimates the intrinsic conductivity of this material, this
conductivity is slightly higher than Fe8(C6O6)6 and Fe12-
(C6O6)6 despite the more anisotropic layered structure in
Fe5(C6O6)3.

[1d,2d] Variable-temperature conductivity measure-
ments over 140–295 K show that the conductance of the

Figure 3. A) 57Fe Mössbauer spectrum recorded at 77 K and fitting
results for three species. B) FT-IR spectrum of the HHB, THQ,
Fe5(C6O6)3 and Fe8(C6O6)6 recorded in transmission mode (dashed red
lines mark the C� O stretching bands).
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material increases with temperature, indicative of bulk
semiconducting behavior (Figure S21b). Arrhenius fitting to
the nearest-neighbours hopping (NNH) model[14e, 24] suggests
a small activation energy (Ea) of 0.26 eV (Figure 4B). This
value is similar to that reported for the Fe8(C6O6)6 and
Fe12(C6O6)6, which again can be ascribed to dual mixed-
valency that facilitates redox hopping between neighboring
ligands or metal centers.[16]

Calculations using the PBE-D3(BJ)[25] exchange-correla-
tion functional with dispersion correction[26] as implemented
in the VASP code[27] were then performed to study Fe5-
(C6O6)3 (see Supporting Information for details). This func-
tional is widely employed to predict MOF structures and
properties.[16b,28] The calculations were performed for the
singlet spin state, which is the anti-ferromagnetic ground
state according to magnetic susceptibility measurements (see
below). The model was optimized using a reduced cell (P63,

a=14.262 Å, c=14.998 Å, 118 atoms) through symmetry
transformation. Estimated bond lengths along with the
experimental values are reported in Table S3. Table S3
reports the average values of the Fe� O and C� O bond
lengths, which result in good agreement with the experi-
ments and another well-studied DFT functional.
In order to get insight into the electronic structure and

band properties of Fe5(C6O6)3, we corrected the strong on-
site Coulomb interaction of localized d orbitals by perform-
ing single point calculations at the PBE-D3(BJ) optimized
geometry with the Hubbard correction (DFT+U method)[29]

and special K-points grid for band structures. The spin
density isosurface (Figure 4D) shows that out of ten Fe-
centers in the unit cell, five Fe centers possess large
populations of spin up and the remaining five Fe centers
show large spin down populations, which proved that the
chosen anti-ferromagnetic configuration did not change

Figure 4. A) UV-vis-NIR diffuse reflectance spectrum (four absorption features are marked; inflection around 800 nm is due to lamp change, F(R) is
the Kubelka-Munk conversion of the raw diffuse reflectance). Inset is the Tauc plot with a direct band gap fitting (dashed line) for the near-IR
feature. B) Arrhenius fitting (red line) of the variable-temperature conductance (G) data (black dots) by the equation of G=G0 exp(Ea/kT).
C) Computed PBE-D3(BJ)+U Hubbard corrected total and projected density-of-states (pDOS) and bands (pBANDS) using a reduced cell. D) Spin
density isosurface plot (isovalue 0.004 eA� 3 ) of the anti-ferromagnetic ground state.
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during geometry optimization. Benzene rings of Fe5(C6O6)3
present a large population of spin down and up in which the
radicals are mainly localized on the oxygen atoms that bind
to the Fe-center.
The Hubbard U value is set to 4 eV for the Fe centers.

The selected U value well reproduces the band gap of Fe-
based MOF (0.73 eV) and is consistent with the U value
computed for analogous systems.[16b,30] The projected density
of states (PDOS shown in Figure 4C) is characterized by
large dominating bands in an energy window between
� 5 eV and 0.6 eV with respect to the Fermi level, set at
0 eV, for the valence band and a series of conductive bands
in an energy window between 1.5 eV and 5.5 eV. Moreover
a mid band state occurs between 1.6 eV and 1.9 eV. The
system has semiconductor character and the presence of
mid-gap states confirms a radical character of the Fe-MOF,
as also found in different graphene-like structures using the
tight-binding model.[31] The valence band is dominated by C
and O 2p electrons, whereas the conductive band is
dominated by Fe 3d electrons. This trend is confirmed by
the projected band structures (shown in Figure 4C) in which
maxima at gamma point are characterized by a series of
bands with π-d symmetry.

Thermoelectric properties

The thermoelectric properties of Fe5(C6O6)3 were also
explored and the Seebeck coefficient (S) was measured as
+59.3 μVK� 1 at room temperature, suggesting a p-type
thermoelectric behavior (Figure S23c).[6] Interestingly, Fe8-
(C6O6)6 exhibits n-type thermoelectric behavior
(� 194.0 μVK� 1) with a lower conductivity (3.9(3)
�10� 3 Scm� 1) at room temperature (Figure S22b, S23d).
Moreover, Fe12(C6O6)6 was also previously reported with an
n-type thermoelectric behavior (� 130 μVK� 1) and an even
lower conductivity (2.7�10� 4 Scm� 1) at room temperature.
The calculated power factor (S2σ) is 4.6�10� 10 Wm� 1K� 2 for
Fe12(C6O6)6, 7.0�10

� 9 Wm� 1K� 2 for Fe5(C6O6)3 and 1.5
�10� 8 Wm� 1K� 2 for Fe8(C6O6)6 respectively, following a
similar increasing trend as the oxidation states of the linkers
in this series of materials (Figure S24). This trend potentially
demonstrates that the linker redox states can be a useful
“pre-synthetic” tool to optimize the thermoelectric conver-
sion in conducting CPs/MOFs. Still, these values are lower
than those reported for other 2D conductive MOFs. For
instance, a high S2σ value of 8.3�10� 7 Wm� 1K� 2 has been
reported for the hexaiminotriphenylene based MOF Ni3-
(HITP)2 and a record of 2.0�10

� 6 Wm� 1K� 2 was reported
for the perthiolated coronene based MOF Ni-PTC.[6b,d] The
lower power factor of 3D materials is mostly ascribed to
their lower electrical conductivity compared to the 2D
conductive MOFs mentioned above, although both a high σ
and S is desirable to achieve a high power factor. A critical
disadvantage in these 3D materials is that redox hopping is
the major contributor to conductivity while high metal-
ligand covalency and strong in-plane π-d conjugation are
more efficient for carrier transport in the 2D MOFs.[1d,2d,18]

As the primary challenge for developing high performance

thermoelectric CPs/MOFs is improving charge carrier mobi-
lity, both “pre-synthetic” strategies (i.e. π-d conjugation
enhancement) and post-synthetic modifications (i.e., doping)
are promising approaches for further optimization.[6a,32]

Magnetic properties

Fe5(C6O6)3 also displays interesting magnetic properties. DC
magnetic susceptibility measurements were performed and
the experimental χMT per formula unit decreases almost
linearly from 300 K to around 80 K (Figure 5A). This
behavior suggests the existence of a dominant antiferromag-
netic exchange coupling. Moreover, the observed χMT value
at 300 K is 9.53 cm3Kmol� 1 for each Fe5(C6O6)3 unit. This
value is much smaller than the estimated magnetically
uncoupled spin-only value for the number of Fe and linker
spin centers implied from Mössbauer analysis (χMT
�20 cm3Kmol� 1) which is also consistent with antiferromag-
netic exchange.[16a] The presence of odd-electron linkers as
well as mixed-valency between Fe centers suggests that
superexchange, double exchange, and direct exchange path-
ways may all be present in Fe5(C6O6)3. While assigning the
agency and importance of specific coupling pathways is

Figure 5. A) Plot of χMT, χM
� 1 vs T from 300 K to 2 K and the linear

Curie–Weiss fit in the high temperature region from the equation of
χM=C= T � qCWð Þ. C is the Curie constant and qCW is the Weiss
constant. B) Variable-field magnetization data collected at 2 K. Inset
shows the coercive field of 880 Oe.
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challenging due to this complexity, fitting the χM� 1 data with
the Curie–Weiss law from 300 K to 80 K shows a large Weiss
constant (qCW) of � 400.7 K, supporting dominant antiferro-
magnetic character (Figure 5A). Interestingly, Fe12(C6O6)6
also displays a decreasing χMT with decreasing temperature.
The Curie–Weiss fit of Fe12(C6O6)6 gives a Weiss constant of
� 219.37 K while the Co and Mn analogues have much
smaller Weiss constants of � 73.86 K and � 47.95 K respec-
tively.
In addition to the general antiferromagnetic trend in the

susceptibility data, there is also a clear inflection at �30 K
which displays some field dependence (Figure S25). Varia-
ble-temperature zero-field-cooled and field-cooled DC mag-
netization data (Figure S26) show a divergence at 30 K,
likely suggesting some long-range interactions.[33] We have
attempted to interrogate this behavior with variable-temper-
ature AC susceptibility measurements, however only weak
signals were observed. The data shows a broad cusp-like
peak for the in-phase susceptibility (χM’), and a noticeable
rising anomaly for the out-of-phase susceptibility (χM’’) at
around 10 K at low frequencies (Figure S27). While weak,
these features may also be consistent with long-range
magnetic interactions at low temperature.[33,34] Variable field
magnetization data were also collected at 10 K, 5 K and 2 K,
respectively. Each temperature indicates the presence of
magnetic hysteresis, with corresponding coercive fields of
HC=148 Oe, 415 Oe, and 880 Oe respectively (Figure 5B,
S28).
The complicated geometric pattern, multiple possible

exchange interactions in the system, and the small AC
signals make interpreting the magnetic behavior of this
material challenging. A potential explanation for the data is
a coexistence of antiferromagnetic and spin-glass states at
low temperature, which could arise from strong coupling
within the 2D planes with a relatively weak antiferromag-
netic exchange between the layers giving rise to spin-canting
due to the mirrored interlayer orientation.[34,35] Indeed,
strong intralayer and weak interlayer coupling in related
hexagonal chloranilate frameworks have been observed and
are dependent on the interlayer spacing.[14c,23b] Nevertheless,
this proposal is speculative in our system and further studies,
such as exchange of the interlayer metals with diamagnetic
ions, will be required to thoroughly understand the magnetic
behavior.

Conclusion

In summary, here we report a new 3D semiconducting
material Fe5(C6O6)3 generated from FeII and the most
reduced version of HHB. This material is composed of AB
stacked hexagonal planes further bridged by Fe� O bonds to
generate a 3D structure that features intrinsic dual mixed
valency. Fe5(C6O6)3 is distinct from two previously reported
Fe12(C6O6)6/Fe8(C6O6)6 materials in terms of topology,
connectivity, and the final oxidation states of the linkers. It
also displays relatively high electrical conductivity, broad
absorptions across the visible and near-IR region, interesting
thermoelectric behavior, and strong antiferromagnetic inter-

actions. Together these properties suggest that this material
has promising applications in photo sensing, efficient
thermoelectric conversion, and magnetic studies. These
results highlight that redox-active components with multiple
accessible oxidation states can be an important synthetic
parameter in exploring the phase-space of conductive CPs/
MOFs via “bottom-up” synthetic strategies. This approach
illustrates an avenue which is orthogonal to post-synthetic
modifications to enrich the library of multifunctional con-
ductive inorganic-organic hybrid materials.
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