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Integrating efficient ionic and electrical conduction in metal-organic frameworks
(MOFs) is desired for their applications in clean energy technologies. We present
the rational design and synthesis of an MOF with unbound carboxyl groups that
facilitate high proton conductivity and redox-active ligands that mediate efficient
electrical conduction at the MOF-metal interface through a coupled ionic/pseudocapacitive conduction mechanism. The design strategy presented here offers
guidance to the future development of ionically and electrically conductive MOFs
for energy-storage devices.
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SUMMARY

Progress and Potential

Two-dimensional (2D) conductive metal-organic frameworks (MOFs), whose
advanced electrical properties accompany their intrinsic structural characteristics,
represent an exciting new class of 2D atomic crystals for the van der
Waals integration of novel heterostructures and the development of novel nano/
quantum devices. Guided by topology, we report two 2D MOFs (1 and 2) constructed
via combination of [In(COO)4] metal nodes and tetratopic tetrathiafulvalene
(TTF)-based linkers, with ultrahigh proton conductivity (6.66 3 104 and 1.30 3
102 S cm1 for 1 and 2, respectively). Additionally, high electrical conductivity
was simultaneously achieved with the pure protonic nature of the 2D MOF 2. The
electrical conduction at the MOF-metal interface is enabled by the redox-switchable
behavior of the TTF-based ligands. This unique charge-transport mechanism, protonic/pseudo-capacitance coupling, offers a new strategy for utilizing the ionic conductivity from MOFs to construct functional electronic devices.

Porous metal-organic frameworks
(MOFs) combining both high
proton and high electrical
conductivity are poised to bring
unprecedented opportunities to
clean energy technologies such as
new designs of fuel cells.
However, so far, this unique class
of materials has been elusive.
Here, we present rational design
of an MOF that displays
exceptionally high proton
conductivity by implementing
proton-conveying functional
groups onto the wall of its pores.
Furthermore, this material is
constructed by a redox-active
ligand that enables efficient
charge transfer between the MOF
and the metal electrode in an
electrical device. This leads to a
high apparent electrical
conductivity through a coupled
ionic/pseudo-capacitive
conduction mechanism. Thus, our
work elaborates design principles
for realizing efficient proton and
electrical conduction in MOFs,
extending their future
applications to a variety of
functional electronic,
neuromorphic, and energyconversion/storage devices.

INTRODUCTION
The unique optical and electrical properties of graphene, transition-metal dichalcogenides, black phosphorus, and other inorganic two-dimensional (2D) materials
have boosted research interest in layered materials.1–3 As a result, 2D atomic crystals
have been widely applied in a variety of fields including energy, environment, and
healthcare.4–7 In contrast to inorganic 2D materials, 2D metal-organic frameworks
(MOFs) can be formed through self-assembly of designable organic linkers and
selected metallic nodes, which produces numerous structural motifs. Furthermore,
the intrinsic properties of MOFs including structural rigidity and permanent porosity
can provide uniform active sites and open channels for chemo-, shape-, size-, and
stereo-selective interactions.8–10 Owing to the aforementioned advantages, 2D
MOFs have been widely applied in chemical sensing,11–13 catalysis,14,15 gas separation,16 and electronics7,17–19 with layered protonic conductive MOFs attracting most
attention as an emerging class of clean energy-related materials.
Proton-conductive materials are of great interest because they can be candidates for
electrolytes in sensors, batteries, and fuel cells.20,21 Owing to the designability of
MOFs, several rules can be followed. First, guided by Pearson’s hard/soft acid/
base principle, the selection of metal node is important in constructing proton-conducting materials. High-valent metal ions are often selected to link with carboxylate
ligands so that the resulting materials remain stable toward moisture under operating conditions.22 Second, ionic frameworks accompanied by the charge-balancing
counterions are predicted to be more superior. For example, the anionic In(COO)4
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node in the constructed In-MOFs are well known for their tendency to form a negatively charged framework with mobile charge-balancing species such as NH2(CH3)2+
(DMA), NH4+, and H3O+, and such features may enhance the proton conductivity.23,24 Third, the introduction of functional groups to adjust the pore microenvironments of MOFs is another effective approach to improve their proton conductivity.25 Several specific base/acid groups, including imidazole,26,27 NH3,28
sulfonic,29,30 phosphonic,31 and carboxylic groups,32,33 have been incorporated
into MOFs for enhanced proton conductivity, as they can tune the hydrophilicity
of the pore surface, confer protons, and form hydrogen bonds as the proton migration pathway.34 It is also worth noting that although three-dimensional (3D) protonconductive MOFs have been developed, 2D proton-conductive MOFs are rarely reported. Most importantly, the proton (ion) and electron conductions have not yet
been coupled in a single MOF structure, despite the possibility and unique advances
demonstrated in conjugated polymers.35–39 Therefore, it is important to expand the
design and synthetic strategies for the construction of novel 2D MOFs with
enhanced conductivities and a mixed conduction mechanism.
Based on these design principles, we prepared two 2D proton-conductive MOFs,
[(CH3)2NH2][In(m-TTFTB)] (1) and [(CH3)2NH2][In(TTFOC)] (2) (Figure 1), assembled
from In3+ and redox-active tetrathiafulvalene (TTF)-based linkers (m-H4TTFTB,
H8TTFOC, see Figures 1B and 1F). The highest proton conductivity of 2 reaches
1.69 3 102 S cm1 at 343 K and 98% relative humidity (RH), which results from an
efficient proton-conduction pathway consisting of dimethylammonium cation, water
molecules, and uncoordinated carboxylic acid groups in its structure. Although 2 is a
pure proton conductor without any efficient electrical conduction pathway, it
exhibits a high direct current (DC) electrical conductivity in a humid environment
(4.05 3 103 S cm1 at 303 K and 90% RH) when it is integrated into a resistor device
with gold electrodes. We attribute the overall electrical conduction in this device to
the proton conduction in 2 and the protonic/pseudo-capacitance coupling at the
MOF-gold interface, the latter of which likely originates from the redox-switchable
behavior of TTF-based ligands. This unprecedented charge-transport mechanism offers
a new principle for utilizing the ionic conductivity from MOFs to construct functional electronic devices.

RESULTS AND DISCUSSION
Crystal Structures of 2D MOFs
Crystals of 1 were produced by reacting In(NO3)3$4H2O with m-H4TTFTB via solvothermal synthesis. Single-crystal X-ray diffraction (XRD) analysis of 1 (Tables S1 and S2) revealed a layered structure with negatively charged 2D sheets and (CH3)2NH2+ counterions. The m-TTFTB4 coordinates to four In(III) with its four carboxylates in chelating
bidentate modes and the eight-coordinated In(III) ion acts as the center of a distorted
square antiprism (Figure S1). The four-connected m-TTFTB4 are linked by the
[In(COO)4] node with the one-dimensional hexagonal channel (Figures 1C and S2).
The extensive interconnection of m-TTFTB4 ligands and In(COO)4 nodes results in a
2D sheet with thickness of about 10.1 Å (Figures 1A and S3). As shown in Figure 1D,
the adjacent layers are linked by guest molecules with hydrogen bonds to form a 3D
framework with pores. In this structure, there is no unbound carboxylic acid group;
thus, proton conduction in 1 is likely conveyed by (CH3)2NH2+ cations and water molecules in the pores.
Based on the structure of 1, we rationally designed another 2D MOF with free carboxylic acid groups that likely improve proton conductivity. Noticing that the H
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Figure 1. Structures of 2D MOFs 1 and 2
(A and E) The one-dimensional chain of 1 (A) and 2 (E).
(B and F) Structures of ligands m-H 4 TTFTB (B) and H 8 TTFOC (F).
(C and G) The carboxylate groups in black bind to In 3+ ions, whereas the red ones are unbounded carboxylic acid groups; the 2D network of 1 (C)
and 2 (G).
(D and H) 3D stacking mode of 1 (D) and 2 (H). Color scheme: red, O; dark gray, C; yellow, S; green, H; cyan, In.

atom at the 5 position of each benzene ring of the m-TTFTB4 ligand points to the
adjacent layer in 1, we anticipated that replacing these H atoms by carboxylic acid
groups may maintain the 2D sheet structure while introducing free carboxylic acid
groups between sheets. Accordingly, we designed and synthesized the ligand
H8TTFOC, reacted it with In(NO3)3$4H2O in similar conditions to the synthesis
of 1, and obtained a 2D MOF, 2 (Tables S1 and S3). As expected, 2 is also a layered
material with negatively charged 2D sheets and (CH3)2NH2+ counterions. The structure of the 2D sheet in 2 is analogous to that in 1. The inner four carboxylate groups
of the TTFOC4 ligand coordinate to In3+, while the outer four carboxylic acid
groups are unbound (Figures S4 and S5). These free carboxylic acid groups form
O–H,,,O hydrogen bonds with those from the adjacent sheets, forming a protonrich 3D porous structure (Figures 1H and S6). These free carboxylic acid groups
cooperating with (CH3)2NH2+ cations and water molecules likely form efficient proton-conduction pathways. The PLATON40 calculations based on 2 give a total solvent-accessible volume of 5,747.8 Å3 per unit cell, equivalent to 64.1% of the total
crystal volume. It is worth noting that the solvent-accessible volume of 2 is nearly
twice that of 1 (32.1%, 1,631.2 Å3 per unit cell), owing to the stable hydrogen
bonding between these carboxylates.
Probing the Redox Activity of 2D MOFs
The phase purities of 1 and 2 were confirmed by matching powder XRD (PXRD) patterns with their simulated patterns from single-crystal XRD (Figures S7 and S8). Interestingly, the redox activity of the ligands (m-H4TTFTB, H8TTFOC) (Figure S9) could
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be a good inheritance for the assembled 2D MOFs 1 and 2 (Figure S10). To investigate the redox activity of ligands, we conducted cyclic voltammetry (CV) of
m-H4TTFTB and H8TTFOC in 0.1 M LiBF4 in N,N-dimethylformamide (DMF). Upon
scanning anodically, two reversible one-electron processes at 0.18 and 0.50 V and
0.17 and 0.42 V, respectively (versus Fc/Fc+) were observed (Figure S9). These processes are attributed to the TTF/TTF,+ and TTF,+/TTF2+ redox couples, respectively.
The solid-state DC CV studies on 1 and 2 were conducted in 0.1 M LiBF4 in CH3CN
(Figure S10). Upon scanning anodically, two quasi-reversible one-electron processes
at 0.17 and 0.50 V and 0.27 and 0.59 V, respectively (versus Fc/Fc+) were observed.
These processes are attributed to the TTF/TTF,+ and TTF,+/TTF2+ redox couples,
respectively.24,41,42
Proton-Conduction Study of 2D MOFs
Many frameworks based on the TTF linkers have been reported,24,43–45 wherein
Mg2H6(H3O) (TTFTB)3 (MIT-25) was found to be a proton conductor.46 In our work,
both 1 and 2 exhibit preferable structural stability to moisture according to the results of PXRD characterization in a humid environment (Figures S11 and S12). Proton
conductivities of pressed pellets of 1 and 2 were determined by electrochemical
impedance spectroscopy (Figures 2A and 2B). As shown in Figure 2A, the semicircle
at the high-frequency region originates from the bulk and grain boundary resistances, yet the tail at the low-frequency region corresponds to the mobile ions
clogged by the electrode-electrolyte interface.47 Additionally, there are two clear
semicircles in Figure 2B, which correspond to the bulk and grain boundary resistances together with electrode contribution.48 The measurements were conducted
at 303 K with various humidity to elucidate the correlation between proton conductivity and RH, the results of which can be found in Figures S13 and S14. At 40% RH,
the proton conductivity of 1 is a negligible value of 5.57 3 1010 S cm1, whereas the
proton conductivity of 2 is 2.58 3 106 S cm1, which is nearly four orders of magnitude higher than that of 1. With increasing RH, the proton conductivity of 1 increases
to 6.66 3 104 S cm1 at 98% RH, with the proton source presumably being the adsorbed H2O molecules and (CH3)2NH2+ ions in the pores (Figure 2F). At the same
condition of 98% RH, the proton conductivity of 2 reaches 1.30 3 102 S cm1
(more than 20-fold that of 1). The positive correlation between proton conductivity
of 1 and 2 and RH indicates that the proton conduction in these materials is mainly
water mediated, which is typically improved by orders of magnitude with increasing
RH even in a narrow range of high RHs. We attribute the high proton conductivity of 2
to its free carboxylic acid groups that function as both proton sources and conductive paths. In the structure of 2, three components including carboxylic acid groups,
dimethylamine cations, and water molecules form a proton-conduction pathway
(indicated by the green ribbon in Figure 2G) and synergistically endow 2 with high
proton conductivity.
To understand the proton-conduction mechanism in 1 and 2, we performed variabletemperature proton conductivity measurements at 98% RH (Figures S15 and S16).
Upon increasing temperature in the range of 303–343 K, the highest proton conductivities (at 343 K and 98% RH) for 1 and 2 were determined to be 7.39 3 103 and
1.69 3 102 S cm1, respectively, and their equivalent circuits are shown in Figures
S17 and S18. The relationship between proton conductivity and temperature was
fitted with the Einstein-Nernst equation, which reveals the activation energies of
these materials, providing insights into their proton-conduction mechanism (Figures
2C and 2D). At 98% RH, the activation energy values (Ea) for 1 and 2 are 0.59 and
0.09 eV, respectively. These distinct activation energies suggest different protonconducting mechanisms in the two 2D MOFs: the proton conduction in 1 is
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Figure 2. Proton Conduction of 2D MOFs 1 and 2
(A and B) Nyquist plots of 1 (A) and 2 (B) at 303 K and different RHs (40%, 50%, 60%, 70%, 80%, 90%, 95%–98% RH).
(C and D) Conductivity at 98% RH as a function of temperature in the range of 303–343 K of 1 (C) and 2 (D), where the solid lines (red) represent fitting
curves based on the Einstein-Nernst equation that reveals the values of activation energy (E a ).
(E) Scatter diagram of 1 (In-m-TTFTB), 2 (In-TTFOC), commercial Nafion, and some other reported values of proton conductivity and activation energy at
around 303 K and 98% RH.
(F and G) The hypothetical hydrogen-bonding nets in 1 (F) and 2 (G) in which the proton comes through, where the green lines represent hydrogen
bonds, the red dots H 2 O or H 3 O+ , and the blue dots the NH 2 (CH 3 ) 2 +, all of which together with the uncoordinated carboxylic acid (–COOH) groups form
a proton-conduction pathway, indicated by the green ribbon in (G).

consistent with the vehicular mechanism49 (Ea > 0.4 eV), whereas it follows the Grotthuss mechanism50 (Ea < 0.4 eV) in 2. Notably, compared with the widely used commercial proton conductor, Nafion, as well as several of the highest-performing MOFs
under similar conditions (Table S4 and Figure 2E), 2 exhibits comparative proton
conductivity and significantly lower activation energy, which demonstrates more
efficient proton conduction in this MOF.
Combining crystal structures and proton-conduction activation energies of 1 and 2,
further analysis can be performed to gain more insight into the proton-conduction
pathways and mechanisms. For 1, the small and non-hydrophilic pores may prevent
the formation of effective hydrogen-bonding networks (i.e., proton-conduction
pathways). Moreover, the structure of 1 lacks the sites for proton transfer owing to
the absence of proton sources and hydrogen-bonding nets. Thus, the proton conduction in 1 is likely dominated by the dynamic motion or rotation of guests in the
channels, resulting in a high activation energy and vehicular mechanism. In contrast,
for 2, the adsorbed water molecules, coordinated water molecules, the dimethylammonium cations, and, importantly, the assistance of the uncoordinated carboxylic
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Figure 3. Apparent Electrical Conduction of 1 and 2
(A and B) Electron conductivity of 2 in air (A) and in vacuum (B). Inset: non-linear I-V curve with two
couples of peaks in the range 2 V to 2 V.
(C) Current-voltage characteristics of 2 under 100 cycles in the condition of 303 K and 50% RH.
(D) Electron conductivity-time plot of 2 within 100 cycles at 303 K and 50% RH.
(E) Schemed circuit diagram and the redox reaction in the interface of 2 and Au electrode.

groups construct a rich hydrogen-bonding network in the channels of the framework
for proton hopping (Grotthuss mechanism), leading to a lower Ea and higher proton
conductivity.45,51,52
Interfacial Pseudo-Capacitance for Overall Electrical Conduction
It is practically critical to integrate the organic conducting materials into a functional
device.35–39 In this study, the 2D MOFs 1 and 2 were investigated for overall DC electrical conductivity as they were placed in contact with metal electrodes (see Experimental Procedures; Figures S19, S20, 2A, and 2B). The typical current-voltage (I-V)
curves of 2 are shown in Figure 3. In ambient conditions (303 K and 90% RH), interestingly, 2 exhibits a non-linear I-V behavior (Figure 3A). Above a voltage barrier of
2 V, the current density reaches the magnitude of 0.8 mA cm2, corresponding to a
conductivity of 4.05 3 103 S cm1, similar to the proton conductivity of 2 (3.39 3
103 S cm1 under 303 K and 90% RH), indicating a full integration of ionic conduction into the overall electrical circuit. Such high electrical conductivity is in significant
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distinction to our previously reported 3D MOF, In-TTFTB.24 To the best of our knowledge, this is the first demonstration of overall electrical conductivity from ionconductive MOFs with metal contacts, and the apparent conductivity is comparable
with conductive MOFs with intrinsic electron conduction.4,46,48 For pure ionically
conductive materials, the lack of interfacial charge transfer pathway usually blocks
the conduction pathway, and therefore only lead to an overall capacitive charging
behavior. To probe the conducting mechanism of 2, we further conducted the measurements in a vacuum. The I-V curves showed a linear behavior in this case, which
translates to a conductivity of 1.69 3 108 S cm1, much lower than that in ambient
conditions (Figure 3B). This result highly resembles the aforementioned established
trend in ion conductivity with different humidity (Figure 2B), indicating that (1) the
high proton conductivity (in ambient conditions) is key to the ambient electrical conductivity in 2; and (2) no (or neglectable) electron conduction (in a vacuum), which is
necessary to comply with a ‘‘mixed ionic/electronic conduction’’ mechanism,35–39 is
present in 2.
Due to the lack of an electron/proton conduction pathway at the MOF-metal interface, an electrochemical (faradic) process is presumably responsible for the interfacial current density necessary for the overall electrical conductivity. The solid CV results showed that the redox activity of the ligands could be a good inheritance for the
assembled 2D MOFs 1 and 2 (Figures S9 and S10). Therefore, we propose that the
unique redox-switchable ligand TTF can serve as the electrochemically active
component while the corresponding switches between its oxidation states provide
a faradic current (as also proved by solid-state CV, Figure S10) that is high enough
to match up to the ionic current density in the MOF channel. Such an interfacial
faradic process can also be described as ligand-enabled pseudo-capacitance.
Cycling tests, stability tests, and other control experiments were further conducted
to exclude the possibility of MOF degradation, which may also contribute to
the interfacial charge transfer and cause the special electron-conducting phenomenon. First, the electrical conductivity of m-H4TTFTB and H8TTFOC linkers were
measured in air, in a vacuum, and at various applied voltages up to 10 V (Figures
S21–S24). Both linkers displayed consistent conductivity values in these conditions
(2.74 3 108, 1.37 3 108 S cm1 for m-H4TTFTB; 3.44 3 106, 4.26 3 106 S
cm1 for H8TTFOC in air and in vacuum, respectively), indicating electrical stability
of these redox-active centers against air, vacuum, and applied bias. Second, we
cycled a pressed pellet of 2 between 10 V and 10 V at 303 K and 50% RH 100 times,
and extracted electrical conductivity from the I-V curve of each cycle (Figure 3C).
Upon cycling, the electrical conductivity almost remained constant with only a
4.2% decrease after 100 cycles (Figure 3D). Third, we held the applied voltage at
10 V for a pressed pellet of 2 for 2.5 h. The current only slightly decreased, by
6.3%, within 2.5 h (Figures 3C and S25). It is worth noting that in this condition
(303 K and 50% RH), 2 exhibits an overall conductivity of 5.56 3 106 S cm1 that
is almost identical to its proton conductivity (5.95 3 106 S cm1 under 303 K and
50% RH), indicating a full integration of ionic conduction into the overall electrical
circuit (Figure 3C). Moreover, the electron conductivity observed in multiple devices
is highly consistent with the average value being 6.66 3 106 S cm1 and the standard deviation being 1.41 3 106 S cm1 (Figure S26). The PXRD patterns of the
sample of 2 that has been subjected to the aforementioned experiments shows
that its crystallinity is comparable with that of the pristine sample, verifying the structural stability of 2 (Figure S27). In summary, these results provide solid experimental
evidence to exclude the possibility of interfacial decomposition in the electrical measurement and confirm the ionic-capacitive conduction mechanism.
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The schematic illustration of this mechanism, the ‘‘coupled ionic/pseudo-capacitive
conduction’’ model, is shown in Figure 3E. Under the DC electric field, the protons
in 2 move within the MOF channel while the redox reaction of TTF affords the
simultaneous charge transfer at the interface. This model is further supported
by the observation in the low-current region (2 to 2 V) in Figure 3A (inset),
where two redox-mediated conductive regions are clearly shown in the I-V
curve. This result indicates the redox-switching origin of the electrical barrier,
and matches the ‘‘coupled ionic pseudo-capacitance’’ model. In addition, the
same I-V measurements for 1 yielded a different result for the same applied
voltage: the I-V curves appear linear and conductivities are low in both ambient
(8.72 3 1010 S cm1) and vacuum (9.65 3 1010 S cm1) conditions (Figures S19
and S20). This result further confirms that ultrahigh current density requires
high ionic conductivity, which only exists in MOF 2, whereas the low proton conductivity of compound 1 (4.66 3 109 S cm1 at 303 K and 90% RH) limits the overall
electrical conduction, despite its similar pseudo-capacitance at the interface
(Figure S10B).
Conclusions
In conclusion, we designed and successfully synthesized an interesting 2D superprotonic conductive MOF containing redox TTF-octacarboxylates and distorted
square antiprism In(COO)4 node. The proton conductivity of 2 with H8TTFOC
(1.30 3 102 S cm1 at 303 K and 98% RH) is higher than that of 1 with m-H4TTFTB
(6.66 3 104 S cm1 at 303 K and 98% RH), and these two compounds showed
different proton-transfer mechanisms. Overall, the method of space-install of additional carboxylic groups on 2D MOFs could be an effective way to improve the proton conductivity. The redox-active 2D MOF, 2, with excellent proton conductivity
and interfacial pseudo-capacitance, enabled by its unique out-of-plane protonic
channels and redox-switchable ligands, creates an unprecedented ‘‘coupled ionic/
pseudo-capacitive conduction’’ that results in an ultrahigh electrical conduction
from an ionic conductive MOF material. This new mechanism will enrich the design
and synthetic principles of the ion-conductive 2D MOFs, extending their future applications to a variety of functional electronic, neuromorphic, and energy-conversion/storage devices.

EXPERIMENTAL PROCEDURES
Synthesis of m-Et4-TTFTB
m-H4TTFTB was prepared by adopting the procedure reported by our group
(Scheme S1).24 Pd(OAc)2 (410 mg, 1.83 mmol), P(t-Bu)3,HBF4 (1.60 g, 5.51 mmol),
and Cs2CO3 (12 g, 36.83 mmol) were placed in a 250-mL reaction flask under nitrogen. The degassed THF (100 mL) was added and the mixture was stirred for 30 min
with heating at 60 C. Tetrathiafulvalene (1.5 g, 7.34 mmol) and ethyl m-bromobenzoate (9.47 g, 41.34 mmol) was added. The mixture was heated at reflux for 72 h. The
product was concentrated in vacuo to solid. The organic compounds were extracted
with dichloromethane (DCM) through filtration and concentrated in vacuo. Chromatographic purification on silica gel by using petroleum ether/DCM (1:3) as an
eluent afforded m-Et4-TTFTB (2.2 g, 2.76 mmol, 37.6%) as an orange solid.
1
H NMR (400 MHz, CDCl3) d 7.96 (m, 8H), 7.36 (m, 8H), 4.33 (q, 8H), 1.35 (t, 12H);
electrospray ionization mass spectrometry (ESI-MS) (acetonitrile) m/z calcd
for C46H36O8S4 [M+] 796.13, found 796.17; element analysis calcd: C, 63.29;
H, 4.55%; found: C, 62.98; H, 4.70%. IR (KBr, cm1): 2,979 m, 2,904 w, 2,360 w,
1,718 vs, 1,600 w, 1,581 w, 1,474 w, 1,431 w, 1,392 w, 1,366 s, 1,297 vs, 1,232 vs,
1,185 m, 1,104 s, 1,083 s, 1,026 m, 919 w, 865 w, 821 w, 782 w, 748 s, 692 s,
644 w, 626 w, 440 w.
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Synthesis of m-H4TTFTB
m-Et4-TTFTB (4.10 g, 5.14 mmol) and THF (150 mL)/MeOH (150 mL) were placed in a
500-mL reaction flask under air. A solution of KOH (4.0 g, 71.28 mmol) dissolved in
30 mL water was added and the mixture was stirred overnight with heating at 90 C.
The product was concentrated in vacuo to red oil or solid. Water (60 mL) was added
to dissolve the red solid. HCl was added to adjust the solution to pH 2. The red solid
was obtained by centrifugation and washed three times with water. After vacuum
drying, m-H4TTFTB (3.22 g, 4.70 mmol, 81%) was afforded as a red solid. 1H NMR
(400 MHz, d6-DMSO) d 13.15 (brs, 4H), 7.89 (m, 4H), 7.79 (s, 4H), 7.45 (m, 8H);
ESI-MS (methanol) m/z calcd for C34H20O8S4 [M-H] 683.00, found 683.08; element
analysis calcd: C, 59.63; H, 2.94%; found: C, 59.38; H, 2.76%. IR (KBr, cm1): 3,026 w,
2,531 w, 1,696 vs, 1,600 m, 1,581 m, 1,482 m, 1,441 m, 1,408 m, 1,297 s, 1,196 m,
1,083 m, 919 m, 816 m, 747 s, 685 s, 555 m, 437 w.
Synthesis of Me8-TTFOC
H8TTFOC was prepared by adopting the procedure reported by our group
(Scheme S1).24 Pd(OAc)2 (274 mg, 1.22 mmol), P(t-Bu)3,HBF4 (1.06 g, 3.65 mmol),
and Cs2CO3 (8 g, 24.55 mmol) were placed in a 250-mL reaction flask under nitrogen. Degassed 1,4-dioxane (100 mL) was added and the mixture was stirred for
30 min with heating at 60 C. Tetrathiafulvalene (1.0 g, 4.89 mmol) and dimethyl
5-bromoisophthalate (6.66 g, 24.39 mmol) was added. The mixture was heated at
reflux for 72 h. The product was concentrated in vacuo to solid. The organic compounds were extracted with dichloromethane through filtration and concentrated
in vacuo. Chromatographic purification on silica gel by using DCM or DCM/methanol (100:1) as an eluent afforded Me8-TTFOC (1.2 g, 1.23 mmol, 25%) as an orange
solid. 1H NMR (400 MHz, CDCl3) d 8.58 (s, 4H), 8.07 (m, 8H), 3.89 (s, 24H); ESI-MS
(acetonitrile) m/z calcd for C46H36O16S4 [M+] 972.09, found 972.08; element analysis
calcd: C, 56.78; H, 3.73%; found: C, 56.24; H, 3.51%. IR (KBr, cm1): 3,533 w, 2,955
w, 2,361 w, 1,726 vs, 1,598 w, 1,563 w, 1,439 s, 1,336 s, 1,251 vs, 1,200 w, 1,135 w,
1,046 w, 1,000 m, 918 w, 882 w, 782 w, 752 s, 721 s, 687 w, 649 w, 447 m.
Synthesis of H8TTFOC
Me8-TTFOC (0.63 g, 0.65 mmol) and EtOH (20 mL) were placed in a 100-mL reaction
flask under air. A solution of KOH (0.50 g, 8.91 mmol) dissolved in 2 mL of water was
added and the mixture was stirred overnight with heating at 90 C. The product was
concentrated in vacuo to red oil or solid. Water (20 mL) was added to dissolve the
red solid. HCl was added to adjust the solution to pH 2. The dark-red solid was obtained
by centrifugation and washed three times with water. After vacuum drying, H8TTFOC
(0.50 g, 0.58 mmol, 89%) was afforded as a black solid. 1H NMR (400 MHz,
d6-DMSO) d 13.49 (brs, 8H), 8.37 (t, 4H), 7.98 (m, 8H); ESI-MS (methanol) m/z calcd
for C38H20H16S4 [M-H] 858.96, found 859.08; element analysis calcd: C, 53.02;
H, 2.34%; found: C, 52.76; H, 2.10%. IR (KBr, cm1): 3,567 w, 2,361 w, 1,700 s,
1,653 s, 1,559 s, 1,436 m, 1,360 w, 1,230 s, 1,040 w, 908 w, 758 s, 675 s, 492 s, 452 m.
Synthesis of [(CH3)2NH2][In(m-TTFTB)],DMF,5H2O (Compound 1)
To a solution of m-H4TTFTB (0.010 g, 0.014 mmol) and 4,40 -bipy (0.010 g,
0.064 mmol) in 2 mL of DMF was added a solution of In(NO3)3$4H2O (0.010 g,
0.027 mmol) in 0.3 mL of H2O, followed by 0.15 mL of CH3COOH. The mixture
was heated to 120 C for 24 h and allowed to cool to room temperature. Red
block crystals (0.005 g) were obtained by filtration and washed three times with
DMF and CH3COCH3. Yield 29% (based on m-H4TTFTB). Calcd for C39H71N2O29S4In
(Mr = 1,275.06): C, 36.74; H, 5.61; N, 2.20%. Found: C, 37.21; H, 5.32; N, 2.40%. IR
(KBr, cm1): 3,059 br, 2,928 br, 2,360 w, 1,663 vs, 1,617 s, 1,593 s, 1,565 s, 1,439 vs,
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1,387 vs, 1,205 w, 1,168 w, 1,090 s, 1,019 m, 998 m, 921 m, 882 m, 849 m, 832 m,
815 m, 775 s, 764 vs, 703 vs, 668 m, 624 m, 563 w, 544 w, 513 w, 447 s.
Synthesis of [(CH3)2NH2][In(H4TTFOC)],5DMF,13H2O (Compound 2)
To a solution of H8TTFOC (0.010 g, 0.012 mmol) in 2 mL of DMF was added a solution
of In(NO3)3$4H2O (0.010 g, 0.027 mmol) in 0.5 mL of H2O, followed by 0.050 mL of
H2SO4. The mixture was heated to 120 C for 72 h and allowed to cool to room temperature at a rate of 5 C h1. Red block crystals (0.006 g) were obtained by filtration and
washed three times with DMF and CH3COCH3. Yield 31% (based on H8TTFOC). Calcd
for C45H89N6O34S4In (Mr = 1,621.12): C, 36.00; H, 5.98; N, 5.60%. Found: C, 35.89; H,
5.90; N, 5.48%. IR (KBr, cm1): 3,420 w, 1,700 s, 1,617 s, 1,559 s, 1,433 m, 1,362 w, 1,236
m, 1,041 m, 1,016 m, 920 m, 873 w, 776 s, 682 s, 642 w, 515 w, 447 m.

DATA AND CODE AVAILABILITY
Experimental Procedures for the detailed measurements, additional single-crystal
structures, PXRD, solid-state cyclic voltammograms, current-voltage characteristics,
and crystallographic data of the structure (CIF) are provided in Supplemental Information. The X-ray crystallographic coordinates for structures reported in this article
have been deposited at the Cambridge Crystallographic Data Center (CCDC) under
deposition number CCDC: 1908181 and 1908182 for compounds 1 and 2, respectively. These data can be obtained free of charge from the CCDC via www.ccdc.
cam.ac.uk/data_request/cif. All relevant data supporting the findings of this study
are available from the corresponding authors on request.
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