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ABSTRACT: Mixed ionic-electronic conductors have great potential as materials for energy storage applications. However, despite
their promising properties, only a handful of metal—organic frameworks (MOFs) provide efficient pathways for both ion and
electron transport. This work reports a proton—electron dual-conductive MOF based on tetrathiafulvalene(TTF)-phosphonate
linkers and lanthanum ions. The formation of regular, partially oxidized TTF stacks with short S---S interactions facilitates electron
transport via a hopping mechanism, reporting a room-temperature conductivity of 7.2 X 107° S cm™. Additionally, the material
exhibits a proton conductivity of 4.9 X 107> S cm™" at 95% relative humidity conditions due to the presence of free —POH groups,
enabling efficient proton transport pathways. These results demonstrate the potential of integrating electroactive building blocks
along with phosphonate groups toward the development of mixed ionic-electronic conductors.

he design of mixed ionic-electronic conductors has

attracted much attention for applications in bioelec-
tronics, neuromorphics, and energy storage, because of their
ability to facilitate efficient mass and charge transport.'~* This
behavior has been observed in materials such as conjugated
polymers and other organic compounds.”® Metal—organic
frameworks (MOFs) hold great promise for conducting both
ions and electrons as their structure and electronic properties
can be adjusted by the judicious selection of the building
blocks."® Despite this potential, MOFs exhibiting mixed
conductivity remain scarce.® Recently, some 2D MOFs have
been reported to exhibit dual electron—proton conductivity,
sometimes requiring postsynthetic modifications.””"" There-
fore, new design strategies are needed to promote efficient
electron and ion transport within a single framework material.

One strategy for designing electrically conductive MOFs
involves incorporating electroactive organic moieties that may
promote 7m—7 interactions, facilitating through-space charge
transport pathways.””'*> For example, some tetrathiafulvalene
(TTF)-based linkers have been used to construct conductive
MOFs by forming n—7 stacking columns with relatively short
S-S interactions between the electroactive units.'”~"° The
reported MOFs are based on TTF linkers typically function-
alized with carboxylate or pyridyl groups.”” More recently,
coupled ion/pseudocapacitive conduction has been observed
in a MOF based on a TTF-octacarboxylic acid ligand.”!
Although this MOF exhibits high proton conductivity at high
relative humidity (RH), it lacks clear electron transport
pathways because of the large distance between the TTF
moieties, ruling out a mixed ionic/electronic conduction
mechanism.”'

An effective approach to achieve high proton conductivity in
MOFs is to incorporate free phosphonate or sulfonate groups,
which can increase proton concentration and mobility within
the framework.”” In addition, these free protons can be
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exchanged with ions (e.g, Li*, Na', K') via acid—base
reactions, a feature highly relevant for energy storage
applications.**>** In this context, the use of phosphonate
linkers has led to some of the highest reported proton
conductivities in MOFs.>*™® Furthermore, some phospho-
nate-based MOFs have shown high electrical conductivity,””*’
although their transport mechanism has yet to be investigated.

Herein, we report a mixed ion-electron conducting MOF
(TTFTP-La) constructed from a TTF-phosphonate-based
linker and lanthanum ions. The TTF moieties are arranged
in regular stacks with short intermolecular S---S interactions,
ultimately facilitating an electron transport pathway. Electrical
measurements using four-contact probe pressed pellet devices
revealed room-temperature conductivity of 7.2 X 107 S cm™,
and theoretical calculations further support a hopping
transport mechanism involving partially oxidized TTF
moieties. The proton conductivity of TTFTP-La was found
to be 49 X 107 S cm™" at 95% RH, driven by the presence of
a large number of noncoordinated —POH groups within the
framework that provide eflicient ion transport pathways.

The TTF-tetraphenylphosphonic acid (H;TTFTP) ligand
(Scheme 1) was synthesized in two steps. First, the TTF
diethyl phenylphosphonate derivative was obtained via a
palladium-catalyzed C—H arylation®"** of TTF with diethyl
(4-bromophenyl)phosphonate. This was followed by trans-
esterification with bromotrimethylsilane® and subsequent
hydrolysis to yield the TTF phosphonic acid derivative,
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Scheme 1. Molecular Structure of the H,TTFTP Ligand
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which was fully characterized (Schemes S1—S2 and Figures
S1-S11).

Single crystals of TTFTP-La were obtained by reacting
HTTFTP, La,O; and HCl in a mixture of water and ethanol
(1:1) at 160 °C for 48 h (Scheme S3). The resulting bulk
material was thoroughly washed with solvents to remove any
remaining precursors. The structure of the material was
unveiled by single-crystal X-ray diffraction. TTFTP-La MOF
crystallizes in the centrosymmetric triclinic space group P1
(see Table S1). The asymmetric unit consists of six
crystallographically independent linkers and four lanthanum
metal centers, with the overall formula being
[La,(Hg , TTF)4(H,0),]-1.7EtOH-13.7SH,0 (« 0-3).
Variations in the protonation levels of the organic linkers
dictate the overall connectivity of the MOF. Of the 24
independent phosphonate groups, only three bind to the
lanthanum centers via y,-O,0 coordination mode, while the
others connect via simpler k'-O or k*O modes. The
connection of the La-phosphonate chains with the TTF linkers
forms a dense structure (Figure la), although microporous
cavities within the framework create a calculated free volume of
~11% of the unit cell volume (Figure S12).

The TTF moieties are arranged in one-dimensional stacked
columns along the b-axis with relatively short S---S distances
(~3.6 A) between adjacent TTF units (Figure 1b). These
distances are shorter than those observed in other TTF-based
MOFs,"”"* which may favor a better overlap between the
sulfur 3p, orbitals, thereby facilitating a more efficient electron
transport. It is important to note that lanthanides also play an
important role in determining the TTF packing motif and
intermolecular S---S distances due to their highly flexible
coordination environment. Thus, the combination of TTF

linkers with distinct lanthanides can lead to different structures
with modulated conductivities.">'® Notably, the TTF linkers
exhibit two stacking patterns: some TTF linkers are arranged
in a parallel manner, while others are stacked in a rotated
arrangement along the b-axis (Figures 1b, S13 and S14).
Despite the significant steric hindrance caused by the
numerous phenylphosphonic groups, this compact packing is
made possible thanks to the flexibility of the TTF moieties.
Indeed, only two of the six TTF linkers adopted a planar
conformation (typical of TTF radical cation species), while the
rest exhibited a boat-like conformation (Figure S15). An
analysis of the intramolecular distances and dihedral angles of
the TTF linkers suggests that there is a mixture of neutral and
radical cation TTF species. The calculated charges for TTF
moieties, estimated by considering the bond length (C=C/
C—S) ratio (Table S2),"*** range from +0.1 to +0.6. This
partial oxidation of the TTF linkers was further supported by
electron paramagnetic resonance (EPR) measurements,
showing a signal at g = 2.006 characteristic of organic radical
species, which was more intense than that observed for the
H TTFTP ligand (Figure S16). Raman spectroscopy further
confirmed the presence of TTF moieties with varying degrees
of charge, ranging from neutral to radical cation species, within
the framework (Figure S17).*° Additionally, the proximity of
the free —POH groups (Figure lc) may facilitate proton
transport through a hydrogen-bonding network.

The material was further characterized to investigate its
physicochemical properties. The Fourier transformed infrared
(FTIR) spectrum of the TTFTP-La shows a small shift in the
phosphonate bands compared to that of the ligand that can be
attributed to the coordination of the phosphonate groups to
lanthanum (Figure S18).*® In addition, the broad bands
around 3000—3300 cm ™}, attributed to OH stretching bands,
further support the presence of free —POH groups.”* > The
homogeneous distribution of all elements present in the
material was confirmed by energy-dispersive X-ray spectrosco-
py (Figure S19). Thermogravimetric analysis of the activated
TTFTP-La shows a mass loss of ~6% between 25 and 180 °C
(Figure S20), corresponding to the release of water and
ethanol molecules. The material is stable up to 300 °C,
consistent with the linker degradation observed in other TTF-
based MOFs,*>’ and further confirmed by powder X-ray
diffraction (PXRD) at high temperatures (Figure S21). In
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Figure 1. (a) View of the crystal structure of TTFTP-La along the b-axis. (b) Lateral view of a TTF stack, highlighting the shortest intermolecular
S-S distances. (c) Arrangement of La®* ions and phosphonate groups, displaying the distances between adjacent free —POH groups. Color code:
C (gray), O (red), La (blue), S (yellow), P (orange), H (white).

S
1
A

‘ A
™

0 U

64

https://doi.org/10.1021/jacs.4c13792
J. Am. Chem. Soc. 2025, 147, 63—68


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13792/suppl_file/ja4c13792_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13792?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13792?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13792?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13792?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13792?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13792?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

addition, the material shows good chemical stability in aqueous
solution and different organic solvents (Figure S22). Gas
sorption measurements were performed on the activated
TTFTP-La MOF (heated to 150 °C for 12 h under vacuum).
The CO, adsorption isotherm at 273 K shows an uptake of 80
cm® g7' at 1 bar, and the pore size distribution analysis
revealed a pore size of 4.1 A (Figure S23). In contrast, the N,
adsorption—desorption isotherm at 77 K reveals a minimal
uptake of N,, consistent with other microporous TTF-based
MOFs.">*" This selective adsorption of CO, over N, is
attributed to the high quadrupole moment of CO, molecules
that interact favorably with the large z-electron cloud of the
electroactive linkers."" The redox activity of TTFTP-La was
investigated by solid-state cyclic voltammetry (Figure S24),
showing two reversible redox processes attributed to the
subsequent oxidation of the TTF moieties to the radical cation
and dication species.”

Encouraged by the partial oxidation and the short distance
between adjacent TTF moieties, electrical measurements were
carried out on pressed polycrystalline pellets using four-contact
probe measurements (see Supporting Information (SI) for
measurement details). TTFTP-La MOF exhibits a conductiv-
ity of 7.2 X 107 S cm™ at 296 K at ambient atmosphere (60%
RH), situating it in the upper echelon for TTF-based MOFs
(Table S3).° The room-temperature (300 K) conductivity
measured under high vacuum was found to be 2.9 X 107° S
cm™!, confirming the presence of the electronic component of
the mixed conductivity. Variable-temperature (VT) conduc-
tivity measurements reveal that this material shows thermally
activated transport (Figures 2 and S25), which is typical for
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Figure 2. Variable temperature conductivity of TTFTP-La between
250 and 400 K.

semiconductors. Fitting the VT conductivity data to an
Arrhenius model gives a linear relationship with 1/T between
400 and 250 K, yielding an E, of 0.24 eV. The activation
energies correspond to the hopping energy barriers based on
the nearest neighbor hopping mechanism. An optical bandgap
(E,) of 1.58 eV was obtained by linearly fitting the absorption
onsets in the Tauc plots of the Kubelka—Munk-transformed
data (Figure S26), which is in full agreement with theoretical
calculations (see below).

To gain further insight into the charge transport mechanism,
theoretical calculations were performed using density func-
tional theory (DFT) within periodic boundary conditions to
characterize the electronic properties of the TTF-based MOF

65

(see SI for computational details). Hybrid DFT calculations
(HSEO06 level) show that the electronic structure of TTFTP-
La is characterized by flat bands along the main reciprocal
directions, including the 7—z TTF pathway (Y—I') (Figure
3a). This result indicates that charge transport between
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Figure 3. (a) Band structure and species-projected density of states
(DOS) for TTFTP-La MOF, calculated at the DFT-HSEQ6 level of
theory. The Fermi level is aligned with the valence-band maximum.
(b) Frontier crystal orbitals corresponding to the valence-band
maximum (VBM) and conduction-band minimum (CBM) for the
MOF, calculated at the DFT-HSEOQ6 level of theory with an isovalue
of 0.0S.

neighboring TTF units occurs via a hopping mechanism.
The species-projected density of states suggests that both the
valence-band maximum (VBM) and the conduction-band
minimum (CBM) are located on the TTFTP ligand.
Visualization of the frontier crystal orbitals confirms the
localization of the VBM in the TTF moiety, whereas the CBM
is distributed over the phenylphosphonate group (Figure 3b).
The calculated band gap for the MOF is 1.47 eV, in good
accord with the experimental data, and slightly smaller than
that predicted at the same level of theory for the related
X,(TTETB) family (1.75 eV)."?

Temperature-dependent proton conductivity measurements
on TTFTP-La were performed at different RH values (see SI
for measurement details) (Figures 4 and S27—29). The
material exhibits a conductivity of 3.1 X 107 S cm™ at 35%
RH and room temperature, increasing to 4.9 X 107> S cm™" at
95% RH and 333 K. The Arrhenius plot demonstrates that
proton conductivity rises with increasing temperature across all
humidity conditions. The calculated activation energies were
0.12, 0.15, and 0.34 eV for 35%, 65%, and 95% RH,
respectively. This relatively low activation energy suggests
the Grotthuss mechanism (E, < 0.4 ¢V),*” where the protons
diffuse through hydrogen-bonding network between non-
coordinated —POH functional groups within the framework.

https://doi.org/10.1021/jacs.4c13792
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Figure 4. Arrhenius plot showing the proton conductivity of the
TTFTP-La MOF measured across a range of temperatures and
relative humidity (RH) levels.

The proton conductivity values are similar to those of other
phosphonate-based MOFs,** and lower than those of another
TTF-based MOF.”' Current research focuses on combining
the TTFTP linker with other metals and conducting
postsynthetic proton/cation exchange to incorporate alkali
cations into the framework, aiming to investigate the influence
on ionic and electronic conductivity.”>****

In conclusion, we have shown that the construction of
MOFs based on properly stacked electroactive linkers
functionalized with phosphonate groups can create eficient
electron and proton transport pathways through the frame-
work. The semiconducting behavior of TTFTP-La was
attributed to the presence of short intermolecular S---S
interactions between adjacent partially oxidized TTF moieties,
enabling a hopping transport mechanism. Additionally, the
proton conductivity increased with the relative humidity, as the
hydrogen-bonding network formed between the numerous
noncoordinated —POH groups enables proton diffusion. These
findings provide a new molecular design approach for the
development of MOF-based mixed ionic-electronic conductors
for energy storage, among other applications.
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