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ABSTRACT: Two-dimensional (2D) inorganic materials have emerged as exciting platforms for (opto)electronic, thermoelectric, magnetic,
and energy storage applications. However, electronic redox tuning of these materials can be difficult. Instead, 2D metal-organic frameworks
(MOFs) offer the possibility of electronic tuning through stoichiometric redox changes, with several examples featuring one to two redox events
per formula unit. Here we demonstrate that this principle can be extended over a far greater span with the isolation of four discrete redox states
in the 2D MOFs LixFes(THT) (x = 0-3, THT = triphenylene hexathiol). This redox modulation results in 10,000-fold greater conductivity,
p- to n-type carrier switching, and modulation of antiferromagnetic coupling. Physical characterization suggests that changes in carrier density
drive these trends with relatively constant charge transport activation energies and mobilities. This series illustrates that 2D MOFs are uniquely

redox flexible, making them an ideal materials platform for tunable and switchable applications.

Introduction

Two-dimensional (2D) inorganic materials have attracted signif-
icant interest for their unusual electronic structures and properties.'
The discovery of graphene in 2004 is exemplary, but many other
families of 2D materials have also generated interest for their elec-
tronic, optoelectronic, and magnetic applications.” In particular, 2D
conductive MOFs have emerged as a new class of inorganic-organic
hybrid materials with novel electronic and magnetic properties.’
These materials exhibit the structural rigidity, chemical tunability,
and porosity typical of traditional insulating MOFs, but also exhibit
electrical conductivity and tunable electronic structures that prom-
ise applications in optoelectronics, thermoelectrics, magnetism, and
energy storage.*

Discrete redox tuning is a unique feature of 2D MOFs that can
influence conductivity by modulating redox-hopping as well as
band-like charge transport pathways.® Redox changes can occur
spontaneously during synthesis or rationally through post-synthetic
modification.’ There are several examples where discrete 1-2 elec-
tron redox changes have switched or modified properties in MOF
materials,” but their synthetic tunability and porosity suggests
that even greater redox-flexibility should be possible with appropri-
ate metal and linker combinations.”

Triphenylene-based linkers with ortho-disubstituted donor at-
oms (N, O and S) feature prominently in redox-active 2D MOFs.*
Triphenylenehexathiol (THT) specifically features dithiolene units
that are known to be redox-active, offering the possibility of multiple
discrete redox-states. Several THT based MOFs have been reported

with high conductivity, charge mobility, and metallic character, but
investigations of stoichiometric redox modulation are lacking’ We
have therefore designed a stannylated triphenylenehexathiolate pre-
cursor SnTHT (2,3,6,7,10,11-hexa(bis-dibutyltintyltriphenylene)
which enables the bulk synthesis of a crystalline 2D semiconducting
Fe MOF, Fes(THT),, through solvothermal synthesis.'* The chem-
ical and electronic structure of Fe4(THT ). can be systematically al-
tered through cation exchange and stoichiometric redox manipula-
tion over four distinct redox states (Figure 1A). The electrical, ther-
moelectric, and magnetic properties of these 2D MOFs are redox-
tunable, with little to no structural change. Characterization suggests
that charge transport is primarily gated by changing carrier densities
with only small changes in mobilities and band gaps. These findings
illustrate that conducting 2D MOFs are highly modular platforms
for extensive redox modulation of physical properties.

Results and Discussion

Synthesis, Structure, and Composition

The stannylated precursor SN'THT was obtained similarly to a
protected benzene hexathiolate by capping an in-situ generated ani-
onic triphenylenehexathiolate (THT) salt with dialkyl tin groups.'
Mixing SnTHT with excess FeCl, and thiophenol results in smooth
transmetalation to form Fes(THT). (Figure S3).The crystallinity of
Fes(THT): can be further tuned with differentially substituted thio-
phenols, suggesting a modulating role for thiophenol in analogy with
modulators in other MOF syntheses (Figures SS and S6)."! We
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Figure 1. (A) Synthetic scheme for Fes(THT),, and Li:Fes(THT): (x= 3-0) through cation exchange and stoichiometric oxidation. Structural
models of LisFe;(THT )2 and Fe;(THT )2 showing different interlayer distances through Rietveld analysis. Color code: orange, Fe; yellow, S; grey, C;
purple, Li; pink, H. (B) Comparison of the synchrotron powder X-ray diffraction data (A = 0.458095 A for LizFes(THT), and 0.458963 A for the
others; indices are labeled in the brackets based on a hexagonal space group and the (001) peaks are highlighted in grey box). (C) High-resolution
TEM image of the 2D hexagonal structure of Fes(THT)2; inset: the fast Fourier transform (top) and SEM image (bottom) showing the flake-like
morphology. (D) N: adsorption isotherms collected at 77 K for LisFes(THT )2and Fes(THT ). The closed and open symbols are adsorption and

desorption data, respectively.
hypothesize that thiophenol modulates spontaneous redox
chemistry as we have observed in other semiconducting MOFs (see
supporting  information for more discussion).  Gas
chromatography shows the production of hydrogen in syntheses of
Fe.(THT). which supports this hypothesis (Figure S4). This
finding also indicates redox changes for Fe or THT during the
formation of Fes(THT), that are further discussed below.
Synchrotron powder X-ray diffraction (PXRD) data of Fes(THT)»
are very similar to that observed in the previously reported
Fe;(THT):(NH,4)5**and FeTHT® thin film materials, indicative of
a similar hexagonal structure with an AA stacking pattern (Figure
1B). Le Bail fitting confirms the hexagonal space group with a lattice
parameter of a = b = 22.752(4) A and ¢ = 3.383(2) A (Table S1,
Figure S10a, see SI for detailed discussion). Scanning electron
microscopy (SEM) images show a flake- or sheet-like morphology
similar to related 2D stacked frameworks and suggest preferred
crystallographic direction along [100] in the material (Figures 1C
bottom inset, S16). This observation is consistent with the
predominant (100) and (200) peaks in the PXRD data. High-
resolution transmission electron microscopy (HRTEM) images also
support a hexagonal structure with crystalline domains of 100’s of
nanometers (Figures 1C and S17a). The fast Fourier transform
(FFT) of the HRTEM image further reveals a hexagonal lattice with
ad(100) spacing of 1.99 nm and d (200) spacing of 0.97 nm (Figure
1C inset, S17b). All these microscopy results are consistent with the
analysis of the PXRD data (Table S2).

Inductively coupled plasma optical emission spectroscopy (ICP-
OES) and X-ray fluorescence spectroscopy (XRF) both show a Fe:S
ratio of ~1:3, higher than the expected ratio for a framework of

FesTHT, (1:4, Tables S3,54). This suggests additional charge
balancing Fe centers similar to the ammonium ions in
Fe;(THT).(NH.)s;* we therefore investigated cation exchanges.
Soaking Fes(THT). with lithium hexafluorophosphate preserves
crystallinity but a shift of the (001) peak to a smaller angle suggests
an increased interlayer spacing from 3.383 (2) A to 3.531(1) A
(Figures 1A, B and S10). Composition analysis shows a 1:4 Fe:S and
a 1:1 Fe:Li ratio for an overall formula of Li;Fes(THT).. These
results indicate an additional Fe(III) counter cation per formula unit
in the as-synthesized material that can be replaced by three Li ions
upon cation exchange. LisFe;(THT): has an expanded interlayer
distance (~0.15 A) that can reasonably be attributed to the increased
number of cations as well as a slightly larger ionic radius for Li(I) (76
pm) compared to Fe(III) (55-65 pm).

The presence of Fe(Ill) cations, along with the putative role of
thiophenol modulator, also prompted us to investigate post-
synthetic redox modification of these materials. Reduction of
LisFe;(THT), with cobaltocene or lithium naphthalenide degrades
crystallinity but oxidation is more tractable (Figures S8 and $9). The
PXRD peaks of LisFes(THT), are maintained even with excess
ferrocenium hexafluorophosphate, and the (001) peak in the PXRD
data shifts to a larger angle indicating a contraction in the interlayer
distance back to ~3.36 A from Rietveld refinement analysis (Figures
S11-S13). Composition analysis reveals a constant 1:4 Fe:S ratio but
a decreasing Fe:Li ratio upon oxidation in LiFes(THT). (Tables
S3, $4), suggesting a stoichiometric lithium extraction per oxidation
(Figure S3). SEM, HRTEM imaging, and N, uptake experiments
confirm the morphology, symmetry, and porosity of the materials
are preserved after post-synthetic cation exchange or stoichiometric
oxidation (Figures 1D and S16-S21). The N, adsorption isotherms
can be assigned as type I isotherms (microporous). A slightly lower
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Figure 2. (A) High-resolution S 2p XPS results for the redox LizFes(THT). materials. (B) Fe K-edge X-ray absorption data with concomitant first
derivatives (inset). (C) ’Fe Mdssbauer spectra recorded at 77 K and fitting results (black dots: experimental data; black solid line: global fitting; blue
solid line: Fe(III) species in the material; green and yellow lines: minor impurity or defect Fe centers).

Brunauer—Emmett—-Teller (BET) surface area is observed in
LisFe;(THT). (232.0 m?/g) but is higher in Fe;(THT). (441.9
m?/g). The increasing porosity along this series is consistent with
removal of charge balancing countercations from the pores of the
material.

Component Redox-States

As mentioned above, the redox-active components in these
materials likely change their oxidation state due to spontaneous
redox chemistry during synthesis as well as in post-synthetic
manipulations. Several spectroscopic techniques were therefore
utilized to study the oxidation state of both metal nodes and organic
linkers in these materials. X-ray photoelectron spectroscopy (XPS)
shows no general change in the Fe 2p peaks in LixFes(THT), but a
gradual shift towards higher energy in the range of 162 eV to 166 eV
for the S 2p peaks (Figures 2A and S24). This observation suggests
linker-centered oxidation. This conclusion is supported by Raman
spectroscopy; a clear 10 cm™ shift towards lower energy for the
aromatic ring vibrations is observed between SnTHT and the
Li,Fe;(THT ), materials consistent with triphenylene backbone
bond weakening upon oxidation (Figure $26). The Fe K-edge X-ray
absorption near edge structure (XANES) region shows weak pre-
edge transitions (1s > 3d) at ~7112.5 eV and a pronounced rising

edge (1s > 4p) at ~ 7120.9 eV (Figure 2B). These features are at
higher energy than those observed for planar FeN4 Fe(II) centers
(i.e, 7112 eV and 7117 eV)'*'*® suggesting the presence of Fe(III)
centers. Notably the XANES spectra for Fes(THT). and the
LixFes(THT): series all have identical edge positions (Figure 2B
inset) and are similar to a semiconducting MOF with square planar
iron(III)-bis(dithiolene) motifs.’** These results are consistent with
Fe(III) oxidation states across the series. Some of the more subtle
differences in intensities for the edge features likely arise from
electronic structure changes on the Fe center induced by ligand-
based oxidation (Figure $27). Fitting EXAFS spectra in R-space and
k-space based on the structural models all afford consistent results
with reasonable Fe-S bond lengths (Figures $28, $29, Table SS)."*

Further information on the oxidation and spin state of the Fe
centers was obtained from *Fe Méssbauer spectroscopy. The
experimental data and fits of Fe4s(THT): show three distinct sets of
signals, with isomer shifts (§, mm/s) of 0.307(1), 0.340(8), and
0.437(6) and quadrupole splittings (AEq, mm/s) of 2.874(3),
2.288(9), and 0.965(11) (Figure S31). The first two signals have
similar parameters to those found in intermediate spin § = 3/2
Fe(IlI) bis(dithiolene) complexes.”® The third signal is best
assigned as high-spin Fe(IlI) and is reasonably attributed to
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Figure 3. (A) UV-vis-NIR diffuse reflectance spectra. Inflection
around 12000 cm™ and 2900 cm™ are due to lamp change and is
covered by a gray box; F(R) is the Kubelka—Munk conversion of the
raw diffuse reflectance. (B) FT-IR spectra recorded in transmission
mode. Different vibrational features for the THT linkers in the redox
series are highlighted in grey boxes (bottom).

additional charge balancing counter cations with a different
coordination geometry."* We propose that the two sets of Fe(III)
bis(dithiolene) signals arise from electronic symmetry breaking
induced by the additional Fe(III) counter cation. This hypothesis is
supported by the fact that only one Fe species (8: 0.349(1) mm/s,
AEq:2.909(1) mm/s) is observed in the lithium exchanged material
LisFes(THT). (Figures 2C and S32). TheLixFes(THT ). materials
all have similar MGssbauer parameters supporting constant Fe redox
and spin states (Figures 2C and S$31-S34). Finally, we note that
there are two sets of Fe signals in the one-electron oxidized material
Li:Fes(THT). but only one signal in LiFe;(THT). and
Fe;(THT).. We propose that this asymmetry arises from either
cation induced structural disorder or electronic asymmetry from the

oxidized dithiolene motifs. The re-symmetrization of the signals
upon further oxidation in LiFe;(THT). and Fe;(THT). may
suggest greater electronic delocalization which may lead to higher
conductivity (see below and the SI for a more detailed discussion on
component oxidation states).

Bulk Electronic Structure

All of the Fe3(THT); materials display an intense broad
absorption from 21000 to 4000 cm™ by UV-vis-NIR diffuse
reflectance spectroscopy (Figure 3A). Fourier-transform infrared
(FT-IR) spectroscopy also shows this absorption with a rise at
~3000 cm™ (Figure 3B top). A direct band gap Tauc analysis gives
absorption edge values of 0.42-0.46 eV (Figure S35). These small
band gaps are similar to those reported for Fes(THT).(NH,4)s* and
FeTHT* and likely arises from the covalent Fe(I1I) bis(dithiolene)
units and the extended conjugation in the 2D sheets. We note the
emergence of weak signals at around 900 cm™ and a reduction of
features at around 860 cm™, 1100 cm™, 1300 cm™, and 1500 cm™
upon oxidation (Figure 3B bottom). We also notice an emergence
of weak signals at around 900 cm™ upon oxidation by Raman
spectroscopy (Figure S26a). We therefore tentatively assign the 860
cm™" feature to vcs stretching modes and the 900 cm™ feature to
more oxidized vc_s- features based on literature values.' All the other
features observed are likely associated with vcc aromatic ring
vibrations.

The bulk electrical conductivity (o) of these five materials was
measured with two-probe measurements on pressed pellets (Figures
$36-540). The average o is 2.1(3)x107* Scm™ for Fes(THT)2 and
3.0(1)x107® Scm™ for LisFes(THT).. This reduced conductivity is
unsurprising as the expanded interlayer distance (~0.15 A) and
additional cations likely weaken the interlayer interactions.
However, the conductivity increases over 10,000-fold to 5.7(4)-
9.8(6)x1072Scm™ in the oxidized LixFe;(THT )2 (x=2-0) materials
which is quite high although not as high as the best known
conductive coordination polymers.* We hypothesized that the
increased conductivity may arise from the elimination of alkali
cations, a contracted interlayer distance, or an increased number of
radicals on the organic ligand compared to LisFes(THT ). Variable-
temperature conductivity measurements from 100-298 K exhibit
increasing resistance upon cooling consistent with semiconducting
behavior in these materials (Figures S41-S45). Satisfactory fits
using a nearest-neighbor hopping (NNH) model'® can only be
obtained in the high-temperature region, especially for
LisFes(THT),, resulting in small activation energies (E.) that
decrease slightly upon oxidation (Figure 4A, 0.197 eV to 0.062 eV).
Better linear fits over the whole temperature range are obtained with
a Mott variable-range hopping model"” with a decreasing trend in To
across the LixFes(THT). redox series (Figure S46). This trend may
indicate an approach to more band-like conduction possibly
induced by sulfur vacancies upon oxidation."® Taken together, these
conductivity measurements indicate that these materials are low
band gap semiconductors with multiple conduction mechanisms.
The large change in conductivity illustrates how extensive redox
tuning in these materials can change their physical properties.

The thermoelectric properties display an opposite trend to the
above conductivity properties, namely LisFes(THT). has the
highest Seebeck coefficient (S, +854.8 uV K™') with dropping values
upon oxidation (Figure 4B and Table S6). Furthermore, a p-type to
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Figure 4. (A) Variable-temperature conductance (G) data (dots) and Arrhenius fitting (solid lines) in the high temperature range for Fes(THT)2
and redox series LixFes(THT).. Activation energy is indicated. (B) The Seebeck coefficient (S) and the conductivity (o) plot against the counterion

and oxidation level. (C) Summary of d.c. Hall charge carrier concentration (N) at room temperature as a function of counterion and oxidation level.

(D) Calculated Hall charge mobility (¢) at room temperature as a function of counterion and oxidation level.

n-type transition is observed between Li;Fe;(THT). and
LiFe;(THT).. The dominant p-type character in Fes(THT),,
LisFe;(THT): and LiFe;(THT). may originate from the Fe(III)
centers acting as acceptors as proposed in other Fe-based MOFs.**"*
The transition to n-type behavior on oxidation may therefore be
ascribed to the generation of unpaired ligand-based electrons as
donors and ultimately change the dominant carrier type in the
system. We note that most 2D semiconductors are n-type due to
electron doping from interfacial charge impurities and defects; the
search for p-type 2D semiconductors as well as p-n switchable
materials is of great interest’® Here, we demonstrate synthetic
tuning to realize p-type 2D semiconductors as well as p—n switching
via redox manipulations. The thermoelectric power factor (S%c) is
very similar (2-5 nW m™ K?) for Fes(THT)2and Li.Fes(THT):
(x= 2-0), but slightly lower (0.2 nW m™ K™) for Li;Fe;(THT),
(Figure S47). This relatively constant power factor across different
redox-states is common in semiconductor thermoelectric materials
due to the inverse relationship between S and o from the Mott
relation.” It remains to be seen whether alternative designs in these
unconventional MOF thermoelectrics can optimize S, o, or the
thermal conductivity (k) to overcome this limitation.””

The similar hopping energies in these materials led us to
hypothesize that the trends in conductivity and thermoelectric
properties arise from changes in carrier densities upon oxidation. To
test this hypothesis, Hall effect measurements were conducted on
pressed pellets (see experimental section for details). In general, the
measured Hall carrier concentration (N) at room temperature
follows the same trend as the bulk electrical conductivity.
Specifically, the Hall carrier concentration in Fes(THT):
(3.10(6)x10"7 cm™) decreases after cation exchange in
LisFe;(THT): (1.19(2)x10' cm™). Upon oxidation, the value
increases 10,000-fold from LisFes(THT). (1.19(2)x10" cm™) to
Fe;(THT): (3.97(7)x10® cm™) and continues increasing, albeit at
a slower rate, in the more highly oxidized materials (Figures 4C and
$48-550). The trend is also consistent with the Seebeck coefficient
as the carrier concentration increases, the Seebeck coefficient
decreases. In contrast, the Hall mobility () remains comparatively
constant except for a slightly higher value in Li;Fes(THT) (Figure
4D). All these results support the hypothesis that the carrier density
primarily determines the electrical conductivity according to the
relation 6 = Nep (where e is the electron charge). We propose that
replacement of charge balancing Fe(III) cations (as electron
acceptors) with Li* could decrease the carrier density moderately;
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while adding unpaired ligand-based electrons (as formal electron
donors) increases the carrier density dramatically. Variable-
temperature Hall effect measurements were also performed to probe
the correlation between the temperature and the carrier
concentration (Figures S51-SSS, Tables S7-S11). These
measurements show a clear decrease in carrier concentration with
decreasing temperature, and the calculated activation energies are
almost identical to the values from the variable-temperature
conductivity measurements. These observations further support
that thermally excited carriers are responsible for the electrical
conductivity in all five materials.

Band Structure Calculation by DFT

Periodic density functional theory (DFT) calculations were
performed to examine the geometric and electronic structure of the
Li:Fe;(THT), redox series. The PBEsol-D3 (BJ])* exchange
correlation functional, which has been extensively employed to
predict MOF structures and properties, > was used with a dispersion
correction® as implemented in VASP* (see supporting
information). All calculations were converged to an anti-
ferromagnetically coupled electronic ground state both during
geometry optimization and single point calculations, consistent with
the experimental dc magnetic susceptibility data (see below).
Alternate Fe-centers were assigned opposite or anti-parallel spins
and the radicals on the sulfur centers were allowed to relax freely.
The computed bond lengths are reported in Table S12 and are in
good agreement with experimental values.

We computed the projected density-of-states (pDOS) and the
band structure using a high-symmetry K-point grid and a higher
energy cut-off (800 eV). During the band and pDOS calculations we
used a strong on-site Coulomb (U = 4 eV) and exchange (] = 1 V)
Hubbard correction” of localized d-orbitals on the Fe-center by
performing single-point calculations at the optimized geometry. The
experimental magnetic, Mossbauer, and other experimental data
corroborate redox non-innocent character of the THT ligand and
unpaired electrons on the Fe-centers. The spin density iso-surfaces
(Figure SA, SB) of LisFes(THT): and Fes(THT). support this
picture; the presence of alpha and beta spin populations on Fe and
aswell as on the S and C atoms of the THT ligand suggest significant
spin delocalization and polarization of the Fe-center and the THT
ligand. This supports the fact that unpaired electrons are delocalized
on the THT ligand and the Fe-centers and also that the Fe-centers
in the unit cell are anti-ferromagnetically aligned to stabilize the
lowest possible spin configuration.

The selected U and ] values (U = 4 eV and ] = 1 eV) accurately
reproduce the band gaps of the Fe-based MOFs and are also
consistent with previously reported U and ] values for similar
systems.®**® The loosely bound unpaired electrons (equivalently
radicals) in the ligand framework result in several bands with small
bandwidths in all of the band structures. This convolutes precise
band gap estimations in the oxidized materials. However,
LisFes(THT): is predicted to have a distinct band gap of 0.45 eV
near the Fermi level (Figure SC). The mid band gap states for
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temperature range. The decreasing Weiss constants (6¢y,) implies

weakening antiferromagnetic interactions across the redox series.

Fes;(THT): occur between 0.0-0.16 eV and between 0.27-0.75 eV;
for LiFe;(THT): they occur between 0.18-0.46 eV and from
-0.125-0.0S eV, and for Li»Fes(THT) they occur between —0.28-
-0.11 eV and from 0.12-0.46 eV (Figures SC,SD and S57). This
trend in the computed band gap is consistent with the
experimentally observed trends of the optical band gaps (0.42-0.46
V) and activation energies (0.062-0.197 eV) in the four materials.
We also notice that the valence band is dominated by sulfur and
carbon 2p electrons, while the conduction band consists of sulfur
and carbon 2p as well as Fe-3d orbitals.
Magnetic properties

The experimental yuT values (per formula unit) of these materials
all show a general decreasing trend with temperature suggesting
antiferromagnetic interactions (Figure 6A). The yuT value of
LisFe3;(THT)2at 300 Kis 0.86 cm® K mol™ which is smaller than the
theoretical spin-only value for three magnetically uncoupled S=1/2
Fe centers (yuT = 1.13 cm® Kmol™) or § = 3/2 Fe centers (yuT =
5.63 cm®* Kmol™). In comparison, Fe,(THT); has alarger yuT value
of 2.07 em® K mol™ at 300 K which may be attributed to the
additional paramagnetic Fe(III) center. Interestingly, the yuT value
of the redox series increases upon oxidation. The increases in yuT

between LisFes(THT), (0.86 cm® K mol™), Li-Fes(THT), (1.15
cm® K mol™), and LiFe;(THT). (1.51 cm® K mol™) roughly
correspond to the addition of a weakly coupled S = 1/2 linker (yuT
~ 0.375 cm® K mol™). This observation suggests that any radical
linkers couple weakly with the Fe centers. However, Fes(THT).
(yuT = 1.64 cm® K mol™") does not follow this same increment
which may be rationalized by electronic delocalization of the organic
radicals.

The magnetic data was further analyzed by fitting the yu* data to
the Curie-Weiss law and a suitable linear fit can only be obtained in
the high temperature region (300 K to 120 K). All fits reveal negative
Weiss constants (O¢y,) with decreasing values of —7186.8 K,
—582.2 K, —150.2 K and —123.7 K for the LixFes(THT), (x= 3-0)
materials, consistent with dominant antiferromagnetic character
(Figure 6B). We hypothesize that the strong antiferromagnetic
interaction at high temperature arises from metal-metal coupling
along the 1D FeS, stacks. And the decreasing trend could be due to
the addition of unpaired electrons in the linkers upon oxidation that
may weaken these antiferromagnetic interactions. A similar trend
has been observed in a molecular system where Jrr. decreases from
—250 cm™ to —200 cm™ with the addition of metal-radical ligand
couplings of —200 and —140 cm™."* Notably, the yu" (or yuT)
values decline more rapidly below 50 K, suggesting the presence of
other interactions. We tentatively propose a complicated coupling
scheme with competing intra-/inter-2D sheet and intra-/inter-1D
FeS, chain interactions. Finally, we note that the low temperature
region of this data shows no inflection features and variable-
temperature zero-field-cooled and field-cooled DC magnetization
data shows no divergence for all the materials (Figures S58-S62).
This supports the absence of any long-range ordering which is
perhaps unsurprising given the geometrically frustrated Kagomé
lattice of the metal centers as discussed more thoroughly in a
previously reported 2D semiconductive MOF.*® At the least this
data adds to the growing body of research suggesting that strongly
correlated 2D MOFs with unique topologies are interesting
platforms to explore unconventional magnetic phenomena.

Conclusions

Redox-active MOFs provide a uniquely tunable scaffold for
materials properties, with several examples showing conductivity or
magnetic tuning over 1-2 redox events. Here we report a robust
protocol for the bulk synthesis of crystalline 2D semiconducting
MOFs featuring Fe bis(dithiolene) motifs that can be tuned over a
remarkable four distinct redox-states. Through a battery of
spectroscopic methods, we confirmed ligand-centered oxidation
during redox modulation. The physical properties, including
electrical  conductivity, thermoelectric =~ behavior, carrier
concentrations, and magnetic interactions all respond dramatically
to redox tuning. Oxidation leads to 10,000-fold greater conductivity,
p- to n-type carrier switching, and modulation of antiferromagnetic
coupling. Hall effect experiments further suggest that these changes
in charge transport for the bulk materials are predominantly gated
by carrier densities with little change in mobilities. These results
elucidate important electronic design principles in 2D conducting
MOFs and also illustrate the broad tunability of these materials over

many redox-states.



Experimental Section

General consideration: All material syntheses and
characterizations were performed under an inert atmosphere of dry
N using a Schlenk line, in a MBraun UNIlab glovebox, or under N
protection unless otherwise noted. Dimethylformamide (DMF) and
acetonitrile (MeCN) used in preparing the materials were initially
dried on a solvent purification system from Pure Process
Technology and were further treated by passing through activated
alumina and stored over 4 A molecular sieves in the glovebox.
Petroleum ether and dicloromethane (DCM) were dried on the
same solvent purification system and stored over 4 A molecular
sieves. All other chemicals were purchased from commercial sources
and used as received unless noted. NMR measurements were

performed on Bruker DRX 400 spectrometers.

Synthesis of ligand SnTHT. The precursor compounds
2,3,6,7,10,11-
sodium

2,3,6,7,10,11-hexabromotriphenylene,
Hexabenzylmercaptyltriphenylene,
triphenylenehexathiolate were obtained by following previous
literature procedures.”” The stannylated precursor SnNTHT was
obtained with adapted procedures from a similar literature report.'
A dry reaction mixture of the sodium triphenylenehexathiolate (4
mmol, 2.2 g) was taken into the glovebox and washed with diethyl
ether two times. The resulting white residue was then added into a
solution of di-n-butyltin(IV) dichloride (24 mmol, 7.3 g) in MeCN.
The reaction was stirred at room temperature overnight and the
solvent was then removed by vacuum. After that, SO mL DCM was
added, and the mixture was filtered through silica/celite layers in a
60 mL fritted funnel to get rid of the insoluble byproducts. The
filtrate was dried under vacuum and the resulting residue was
washed with pet ether three times (3 X 30 mL) through a fritted
funnel to yield the target compound as white powder (2.0 g, yield
45%). 'H NMR (CDCls, 300 K): 0.92 (t, ] = 6.3 Hz, 3H), 1.41 (m,
2H), 1.70-1.78 (m, 4H), 8.52 (s, 1H). *C NMR (CDCl, 300 K):
13.72, 21.82, 26.80, 28.07, 123.76, 126.08, 138.46.

Synthesis of Fes(THT).. The ligand precursor SnTHT (0.1S
mmol, 167 mg) was dissolved in 6 mL of DMF in a vial in a N filled
glovebox. Anhydrous FeCl, (1.35 mmol, 171 mg) dissolved in 6 mL
of DMF was added to the pre-ligand solution slowly, followed by the
addition of thiophenol (3.0 mmol, 300 pL). The reaction mixture
was heated at 120 °C for 3 days in the glovebox. The mother liquor
was decanted after cooling to room temperature. The remaining
solid was washed thoroughly with fresh DMF (3X1S mL) and
CH;CN (3x15 mL) by soaking the solid in fresh solvent for few
hours followed by decanting. The resulting black powder was dried
under vacuum overnight at room temperature (47 mg, yield 60%).
For safety, scaled-up preparations did not use a larger individual
vessel but instead six parallel vials were set up each time.
Characterization across different batches supports batch-to-batch
consistency.

Synthesis of Li;Fe;(THT), by cation exchange. Freshly made
Fes(THT). (~100 mg) was soaked in 0.5 M LiPFs solutions (3X15
mL, DMF) at 50 °C for three days, decanting the mother liquor and
adding fresh solution each day. After these three soaks, the
remaining solid was washed thoroughly with fresh DMF (315 mL)
and CH;CN (3% 1S mL) by soaking the solid in the fresh solvent for
few hours followed by decanting. The resulting black powder was

dried under vacuum overnight at room temperature (90 mg, yield
90%).

Synthesis of material LisFe;(THT). (x= 2-0) by
stoichiometric redox modulation. Freshly made Li;Fe;(THT)»
(96 mg, 0.078 mmol) was soaked in DMF with the appropriate
stoichiometric amount of ferrocenium hexafluorophosphate (i.e.,
leq, 0.078 mmol, 25.8 mg; 2eq, 0.156 mmol, 51.6 mg; 3eq, 0.234
mmol, 77.4 mg) at room temperature for two days. The mother
liquor was decanted. The remaining solid was washed thoroughly
with fresh DMF (3% 15 mL) and CHsCN (3% 15 mL) by soaking the
solid in the fresh solvent for few hours each time. The resulting black
powder was dried under vacuum overnight at room temperature
(~80 mg, yield 86%). We note that the resulting powder becomes
visibly more brown than black when using an excess amount of
ferrocenium hexafluorophosphate (i.e., 10 eq and 20 eq).

X-Ray Powder Diffraction. Laboratory PXRD data were
acquired on a Rigaku MiniFlex benchtop X-ray diffractometer
equipped with CuKa radiation in Bragg-Brentano reflection
geometry. Synchrotron X-ray powder diffraction data collections
were carried out at 295 K at beamline 11-BM of the Advanced
Photon Source at Argonne National Laboratory using a calibrated
wavelength of X = 0.458095 A for Li;Fes(THT): and A = 0.458963
A for the other four materials. The powder was sealed in thin-wall
capillary tubes to avoid air exposure. The data analysis was carried
out using GSAS-II software.”

Gas Chromatography (GC). The existence of of H, and CO in
the atmosphere of material synthesis reactions were confirmed on
an Agilent 7890B GC with FID and TCD Detectors. Column:
Carboxen-1010 PLOT (30 m X 0.53 mm); oven: 250 °C; injection:
200 °C; flow rate: N, 3.0 mL/min; injection: 10.0 uL valve injection.
The retention time of H, (~0.61 min by TCD) and CO (~0.99 min
by FID) were determined by control experiments.

Scanning Electron Microscopy (SEM). SEM images were taken
on a Carl Zeiss Merlin electron microscope using the In-Lens
detector in the Materials Research Science and Engineering Center
(MRSEC) at the University of Chicago. The sample powder was
dispersed on the conductive tape substrates and an accelerating
voltage of 5.00 kV was applied for the measurement.

Transmission Electron Microscopy (TEM). TEM images were
taken on the FEI Tecnai F30 electron microscope. The sample
powder was dispersed in MeCN and sonicated for about five
minutes before loading onto the copper grid. High-resolution
transmission electron microscopy (HRTEM) images were
processed in the Image]J software.

Nitrogen Adsorption Measurements. Crystalline solid was
transferred to a pre-weighed analysis tube in the glovebox and
capped with a Transeal. The sample tube was then transferred to a
Micrometrics ASAP 2020 Plus gas adsorption analyzer and degassed
atarate of 1.0 °C/min from room temperature to a final temperature
of 70 °C. The sample was further activated at 70 °C for three days
until an outgas rate of less than 1 mTorr/min was observed. The N
adsorption isotherm at 77 K was measured in liquid nitrogen. After
the experiment, the PXRD pattern of the sample was checked, and
the crystallinity was maintained.

Inductively Coupled Plasma Optical Emission Spectroscopy

(ICP-OES). The ICP-OES analysis was carried out



using an Agilent 700 series spectrometer. ~ Digestion procedures
were adapted from a reported literature.*® Around 2 mg of each
material was digested in 1.0 mL HNO3 and 1.0 mL H.O: (both are
trace metal grade) in tightly sealed high-density polyethylene
(HDPE) centrifuge tubes overnight. The solution was further
diluted to the 1-25 ppm range with ultrafiltered deionized water.
The absolute element concentration (Table S1) was obtained from
a freshly made external calibration curve. The averaged element
concentration from two characteristic emission wavelengths for
each element was used to calculate the final Li/Fe/S ratio.

X-ray fluorescence spectroscopy (XRF). XRF spectra were
collected on a Rigaku NEX DE VS spectrometer under a He
atmosphere. The sample was prepared as a pressed pellet (7mm
diam) and the
were externally calibrated to a commercial multielement standard.

results

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were
collected on an AXIS Nova spectrometer (Kratos Analytical)
equipped with a monochromatic Al Ka X-ray source. The
instrument work function was calibrated to give an Au 4f7/> metallic
gold binding energy of 83.95 eV. For calibration purposes, the
binding energies were referenced to C 1s peak at 284.8 eV. Survey
spectra were collected with a step size of 1 and 160 eV pass energy.
The high-resolution spectra were collected with a pass energy of 40
and 0.1 eV step size.

X-ray Absorption Spectroscopy (XAS). Powder samples were
diluted with polypropylene and pressed into pellets for data
collection. The sample pellets were further sealed in a Teflon washer
with Kapton tape to avoid air exposure. Fe K-edge data were
acquired at the MRCAT 10- BM beam line in transmission mode at
room temperature. A metallic iron foil standard was used as a
reference for energy calibration and was measured simultaneously
with experimental samples.

Moéssbauer Spectroscopy. Zero-field iron-57 Méssbauer spectra
were obtained at 77 Kwith a constant acceleration spectrometer and
a cobalt-57 rhodium source. Prior to measurements, the
spectrometer was calibrated at 295 K with a-iron foil. The sample
was encased in Paratone-N oil and placed in a polyethylene sample
cup inside a N: filled glovebox. The spectra were analyzed using the
WMOSS Méssbauer Spectral Analysis Software (www.wmoss.org).

UV-Vis-NIR Spectroscopy. Solid UV-vis—NIR diffuse
reflectance spectra were collected on a CARY 5000
spectrophotometer. Powder samples were loaded in a Praying
Mantis air-free diffuse reflectance cell with KBr powder as the non-
adsorbing matrix. The Kubelka-Munk conversion of the raw diffuse
reflectance spectrum was obtained by applying the formula F(R) =
(1-R)*/2R.

Raman Spectroscopy. Powder samples for Raman were pressed
into pellets and sealed between two glass slide using an imaging
spacer in the glovebox. Raman spectra were obtained with a Horiba
LabRamHR Evolution confocal microscope. A Si (111) wafer was
used for calibration. The sample was excited using a 633 nm light
source operating at 2~10 % of its maximum power and using 100x
long path objective and a 600 mm™ grating.

Fourier-transform infrared spectroscopy (FT-IR). Powder
samples for FT-IR were pressed into pellets in a potassium bromide
matrix. Spectra were acquired in transmission mode on a Bruker

Tensor II spectrometer with MCT detector operated at 77 K. Data
was processed with background subtractions.

Conductivity Measurements. Room temperature electrical
conductivity measurements were performed in a two-contact
geometry using a BASi Epsilon potentiostation/Galvano station
fitted to an N, glovebox. Samples were prepared as pressed pellets
clamped between two brass electrodes (4.8 mm diam, 0.178 cm?
area.) in a glass sleeve using a hand press. Sample pellet thicknesses
were measured with a caliper and were typically in the range of 200
to 500 pm. Linear sweep voltammetry was conducted with the
reference and counter electrode terminals connected to one
electrode and the working electrode terminal to the other. The
resulting data were fit to a straight line to obtain the sample
resistance. The area of the pellet is 0.178 cm”. The conductivity is

calculated using the formula of o = é X iwhere é is the slope of the

fitting line, [ is the thickness of the pellet and A is the area. Variable-
temperature electrical conductivity measurements were performed
under vacuum with a custom designed Montana instruments S50
cryostation coupled to a PCI-6221 multifunction I/O device
(National Instruments) and a current preamplifier (Stanford
research systems, SRS70). Rectangular sample pellets (6mm X
3mm) were prepared in the glovebox using a TMAX laboratory
manual hydraulic press under a pressure of 3 tons, and fitted to a
Kyocera ceramic dual inline package through indium-wire
connections (Figure S41a). The package was sealed with Kapton
tape on the top to avoid air exposure during sample loading. Ohmic
I-V profiles were observed for all temperatures from 100 K to 298 K
with a 20 K interval, and a linear fit of the I-V curve was used to get
the conductance (G) of the sample.

Seebeck Coefficient Measurement. The Seebeck coefficient
measurements were performed using a custom-designed probe
station in an argon glovebox with a well-established method.”
Around 20 mg sample powder was pressed into a pellet with a
diameter of 8 mm using a TMAX Laboratory Manual Hydraulic
Press under a pressure of 3 tons. Gold electrical contacts (~75 nm
thick) were deposited onto the pressed pellet (~200 pm thick) of
bulk sample powder via thermal evaporation) in a glovebox with an
internally mounted Angstrom Covap PVD atarate of 0.2 nm/s. Two
thermocouples were used to collect the hot and cold side
temperatures, and another two probes were used to measure the
corresponding voltage value. A delay of 200 s was adopted for
voltage measurements to allow a steady-state temperature gradient
and voltage. The Seebeck coefficient was calculated from the slope
of alinear fit for the AVvs AT plot. For each sample, both a forward
and a reverse scan were carried out to obtain an average Seebeck
value and a coefficient of 1.2 was divided to adjust the geometry.*>

Hall Effect Measurement. The Hall effect measurements were
carried out on a Quantum Design Physical Property Measurement
System (PPMS) using the Model 6000 controller. Specific gold
electrical contacts (~75 nm thick) were deposited onto the pressed
sample pellets (6mm X 3mm) to form a Hall bar (Figure S$48a) in
an Argon filled glovebox. The sample pellet was further mounted to
a DC Resistivity/ETO Sample Puck (P102) through indium-wire
bonding (Figure S48b) ina N: filled glovebox. The sample pellet was
exposed to air for ~1 minute when loading the puck to the air-free
chamber. An immediate resistance check showed a noticeable
resistance decrease (10%~20%) for the Fes(THT), and



LisFe;(THT),, which indicated the carrier concentration of these
two materials may be slightly overestimated by the experimental
data. It is also worthwhile to mention that there is a slow monotonic
drift of background voltage with time,*® which is independent of
magnetic field and common in Hall measurements of resistive sam-
ples. In our case this drift is negligible due to the short time scanning
the magnetic field (~7 mins) for each individual measurement and
the comparatively large slope from the relative low carrier concen-
tration of each sample.

In order to check the reproducibility and reliability of the Hall ef-
fect, three individual measurements were conducted for each sample
pellet at each temperature point by varying the applied current and
magnetic field direction (i.e., I, +B; b, +B; I, -B). A non-zero offset
voltage at zero field was observed, which is probably due to a geom-
etry misalignment (Vi no field dependence), thermal electric ef-
fect (Vrz, no current dependence) and others. However, the abso-
lute value of the slop (dRue/dB) from linear fitting of the measured
resistance (Rue.) vs magnetic field (B) were consistent across all
three measurements. These findings confirm the reproducibility and
reliability of the Hall effect using our method. Thus, the values of the
slops were further used to calculate the Hall coefficient (Ru), Hall
carrier concentration (N) and mobility () by the equation below:

VMea=Vhan + Vs + V1
Viea= IRuB/t +aIRo+ Ve
Rutea= RuB/t + @Ro+ Vrz/1
Ry=dRue/dB o t

_ 1
_RHL’

(o)
H=Ne
where t is the thickness of the pellet, o is the electrical conductivity,
and ¢ is the electron charge (1.6X10" C).

Magnetic Measurements. Magnetic measurements were per-
formed on a Quantum Design MPMS3 SQUID magnetometer. The
bulk powder of each sample (20~30 mg) was measured accurately
and then suspended in an eicosane matrix in a polycarbonate capsule
to prevent movement and protect the sample from incidental air ex-
posure in a N filled glovebox. Diamagnetic corrections for the cap-
sule and eicosane were made by measuring temperature vs moment
in triplicate for each sample to determine a moment per gram cor-
rection. Diamagnetic corrections for the sample itself were applied
using Pascal's constants of each atom based on the formula of
Fe4(THT)z and LixFes(THT)z.

Computational Methods. Periodic DFT calculations have been
performed using Vienna Ab Initio Simulation Package (VASP
v6.2.1).2 The project augmented wave (PAW) method* was used
with the revised Perdew-Burke-Ernzerhof for solids (PBEsol)*
functional with the Grimme’s van der Waals D3 correction with
Becke-Johnson (BJ) damping.** The number of plane waves was se-
lected for converging the energy cut-off at 500 eV during geometry
optimization. The geometry was relaxed using a 2x2x15 Monkhorst-
Pack K-points*® grid which was also tested for convergence. We have
focused the electronic structure calculations on the redox series
since the physical properties response dramatically in the redox se-
ries. The unit cell was kept fixed to the Rietveld refined structures
during the geometry optimization. It is notable that the positions of
lithium in the unit cell can be effectively “disordered” (Figure S12a).

Thus, we have used the one of the symmetric structure models for
the calculations and the corresponding lithium is shown to have an
energetically favorable interaction with nearby S atoms (Figure
$56). All the calculations were performed in a spin-polarized manner
with an anti-ferromagnetic electronic configuration. The anti-ferro-
magnetic configuration was chosen by assigning the spin of the alter-
nate Fe-centers to anti-parallel alignment of alpha and beta elec-
trons. The anti-ferromagnetic configuration also found to be the
ground state configuration according to the dc magnetic susceptibil-
ity data. To estimate the projected density of state (pDOS), and spin
density iso-surface, single point calculations were carried out using a
higher energy cut-off at 800 eV and high-symmetry K-point grids.
For this, Coulomb and exchange interactions of the localized d-or-
bitals in Fe-centers were treated within the framework using
DFT+U method. The effective Coulomb (U) and exchange (J) pa-
rameters were set at U = 4 eV and ] = 1 eV which was also tested

previously in similar systems.***
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