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ABSTRACT: We report the synthesis and characterization of a two-dimensional
(2D) conjugated Ni(II) tetraaza[14]annulene-linked metal organic framework
(NiTAA-MOF) where NiTAA is a macrocyclic MN4 (M = metal, N = nitrogen)
compound. The structure of NiTAA-MOF was elucidated by Fourier-transform
infrared, X-ray photoemission, and X-ray diffraction spectroscopies, in combination
with density functional theory (DFT) calculations. When chemically oxidized by
iodine, the insulating bulk NiTAA-MOF (σ < 10−10 S/cm) exhibits an electrical
conductivity of 0.01 S/cm at 300 K, demonstrating the vital role of ligand oxidation in
the electrical conductivity of 2D MOFs. Magnetization measurements show that
iodine-doped NiTAA-MOF is paramagnetic with weak antiferromagnetic coupling
due to the presence of organic radicals of oxidized ligands and high-spin Ni(II) sites of
the missing-linker defects. In addition to providing further insights into the origin of
the induced electrical conductivity in 2D MOFs, both pristine and iodine-doped
NiTAA-MOF synthesized in this work could find potential applications in areas such as catalase mimics, catalysis, energy
storage, and dynamic nuclear polarization-nuclear magnetic resonance (DNP-NMR).

■ INTRODUCTION

Metal organic frameworks (MOFs) are coordination polymers
in which metal ions/clusters are connected by organic ligands
in a periodic manner.1−6 In recent years, two-dimensional
(2D) electrically conductive MOFs are being tested for
applications in supercapacitors and resistive sensing.7−10

Because of the large number of available organic building
blocks and the possibility to combine them with different metal
ions, 2D electrically conductive MOFs can be structurally
diverse, and their chemical and physical properties can, in
principle, be broadly tuned. Even so, the synthesis of
electrically conducting 2D MOF materials has remained
largely unexplored. To date, 2D conjugated MX4-type (M =
metal and X = NH, S, or O) MOFs with square-planar
coordination of planar organic ligands (i.e., benzene,
triphenylene, and coronene derivatives with thiol, hydroxyl,
or amino groups) and metal atoms (i.e., Ni, Cu, Co, or Fe)
have been investigated to obtain relatively high electrical
conductivity.11−21 It was found that the organic ligands in
electrically conductive MX4-type 2D MOFs were usually

oxidized during synthesis to maintain charge neutrality with
respect to the metal cation centers. Detailed understanding of
the origin of electrical conductivity in MX4-type MOFs is thus
important for the future design of other electrically conducting
MOFs but has not yet been achieved. In 2D MX4-type MOFs,
the extended π−d conjugation was said to contribute
significantly to their electrical conductivity,13,21,22 although
the authors of another paper reported that ligand oxidation in
these materials is likely critical for increasing their electrical
conductivity.8 Partial oxidation/reduction of metals/ligands
has been used to create other types of electrical conductive
MOFs,23,24 but here again, the role of ligand oxidation in the
electrically conductivity of 2D MX4-type MOFs is not clear,
because the synthesis of crystalline unoxidized MX4-type
MOFs is challenging.14

Being synthetic analogues of naturally occurring porphyrins,
tetraaza[14]annulenes are a class of well-known synthetic
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macrocycles.25−28 The four nitrogen atoms of tetraaza[14]-
annulenes can be easily deprotonated to generate dianionic
ligands that coordinate with metal ions to form metal
tetraaza[14]annulenes.29,30 Metal tetraaza[14]annulenes have
been applied in catalase mimics, field effect transistors,
catalysts, and dye-sensitized solar cells.31−34 Marks et al.
reported that a partial oxidation of the ligand in Ni(II)
tetraaza[14]annulene by iodine led to the formation of an
electrically conductive metallo-macrocycle.35 However, metal
tetraaza[14]annulenes have not been used so far to produce
framework materials, although attaching this macrocycle to a
framework material could be promising for many applications.
One characteristic difference between MN4 [i.e., bis(o-
diiminobenzosemiquinonato)metal(II) complex] and metal
tetraaza[14]annulenes is that ligand oxidation in MN4 usually
occurs to achieve charge balance of metal cations,34,36,37

whereas in tetraaza[14]annulenes, dianions are formed by
deprotonation of nitrogen atoms to generate neutral metal

tetraaza[14]annulenes by coordination with metal ions.29,30

We reasoned that monitoring the change in electrical
conductivity of metal tetraaza[14]annulene-linked MOFs
before and after partial ligand oxidation could help to
experimentally identify the role of ligand oxidation in inducing
electrical conductivity in 2D MN4-type MOFs. Moreover, it is
also interesting to investigate the induced magnetism in this
material due to such oxidized ligands, in view of its potential
application as a polarizing agent in dynamic nuclear polar-
ization-nuclear magnetic resonance (DNP-NMR) experiments.
Here we report a porous 2D Ni tetraaza[14]annulene-linked
MOF (NiTAA-MOF) synthesized by designing a cyclic Ni
tetraaza[14]annulene formation reaction under an inert
atmosphere (Scheme 1). Fourier-transform infrared (FT-IR),
X-ray diffraction (XRD), and X-ray photoemission spectros-
copy (XPS) were combined with density functional theory
(DFT) calculations to establish the structure of NiTAA-MOF.
A partially oxidized NiTAA-MOF sample was then produced

Scheme 1. (a) Synthesis Route for the Model Compound NiTAA and (b) One-Step Formation of NiTAA-MOF under
Solvothermal Conditions

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b08601
J. Am. Chem. Soc. 2019, 141, 16884−16893

16885

http://dx.doi.org/10.1021/jacs.9b08601


by iodine-doping; the oxidized material was characterized by
XPS, Raman, and electron paramagnetic resonance (EPR).
Electrical conductivity measurements on a bulk pellet obtained
by pressing NiTAA-MOF powder at 1.2 GPa showed this
material to be insulating (σ < 10−10 S/cm), whereas the
conductivity of an iodine-doped NiTAA-MOF pellet was
∼0.01 S/cm, revealing the vital role of ligand oxidation in
electrically conducting 2D MOFs. The iodine-doped NiTAA-
MOF powder showed paramagnetic behavior with weak
antiferromagnetic coupling originating both from the radicals
of oxidized ligands and high-spin Ni(II) sites of missing-linker
defects. Results from our work can be useful in the future
design and realization of electrically conductive 2D MOFs; in

addition, both pristine and iodine-doped NiTAA-MOF might
be promising for applications in many areas including catalase
mimics, catalysis, energy storage, and DNP-NMR.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization of NiTAA-
MOF. As shown in Scheme 1a, the reaction at 100 °C under an
argon atmosphere of 1,2-phenylenediamine dihydrochloride
(1) and 1,1,3,3-tetramethoxypropane (2) in the presence of
triethylamine, with Ni(II) as a template, afforded the model
compound NiTAA via the simultaneous formation of four
imine bonds coordinated to Ni(II) atoms in 78% yield.25,38

Note that the four-coordination mode without coordinated

Figure 1. Structural characterization of NiTAA-MOF. (a) FT-IR spectra of HAPT·6HCl, the model compound NiTAA, and NiTAA-MOF
powder. (b−e) Survey, high-resolution Cl 2p, Ni 2p, and N 1s XPS spectra of NiTAA-MOF powder, respectively. (f) XRD patterns of NiTAA-
MOF powder: as obtained (red curve), and simulations using staggered (blue curve) and slipped-parallel (black curve) stacking I modes.
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solvent/counterions is typical for NiTAA derivatives.26,29,39

Inspired by the successful synthesis of NiTAA, we reasoned
that polycondensation of 1,2-phenylenediamine-based C3-
geometric monomers such as 2,3,6,7,10,11-hexaaminotriphe-
nylene hexahydrochloride (HATP·6HCl), and the linear
monomer 2, with the Ni(II) atom as a template, might
directly result in crystalline NiTAA-MOF through the
simultaneous formation of multiple imine bonds (Scheme
1b). For the synthesis of NiTAA-MOF, a mixture of
2,3,6,7,10,11-hexaaminotriphenylene hexahydrochloride
(HATP·6HCl), monomer 2 (1,1,3,3-tetramethoxypropane),
and Ni(II) acetate tetrahydrate in a mixed solvent of DMF, n-
BuOH, and 6 M aqueous triethylamine was maintained at 120
°C in a sealed ampule (that was degassed in advance) for 5
days. The NiTAA-MOF solid was collected by filtration;
washed with water, THF, and methanol; and dried under an
inert atmosphere. The formation of NiTAA-MOF was first
evaluated by FT-IR spectroscopy. The FT-IR spectra of both
NiTAA and NiTAA-MOF (Figure 1a) show a typical Ni(II)
coordinated CN peak at 1591 cm−1, suggesting the
formation of Ni(II) tetraaza[14]annulenes.39 XPS was
performed to determine the chemical composition of

NiTAA-MOF. The survey spectrum of NiTAA-MOF (Figure
1b) reveals the presence of C, N, Ni, Cl, and O resonance
signals; we attribute the O peak to moisture trapped in the
pores of the framework and possible water molecules
coordinated to the Ni(II) located at missing-linker defects
(please see Scheme S1, SI). The high-resolution Cl 2p XPS
spectrum (Figure 1c) shows two signals with binding energies
of 199.5 and 198.0 eV, revealing the presence of unreacted
intermediate species (missing-linker defects). Quantitative
analysis of the Cl and Ni signals gives a Cl:Ni ratio of
∼1.8:3.1, suggesting that ∼71% of the Ni sites are linked by
covalent bridges and ∼29% have no covalent linkers. This
result is consistent with elemental analysis data (Table S1, SI).
In the high-resolution Ni 2p XPS spectrum (Figure 1d), two
sets of peaks with binding energies of ∼856.5 and ∼874.2 eV
were observed and assigned, respectively, to 2p3/2 and 2p1/2
levels of Ni. This result indicates that only Ni(II) is present in
NiTAA-MOF, similar to the case of Ni(II) porphyrin.40 The
high-resolution N 1s XPS spectrum (Figure 1e) shows two
peaks at 399.5 and 400.0 eV. The peak at 399.5 eV is assigned
to unreacted nitrogen atoms (NH2−C) of the missing-linker

Figure 2. Potential energy surfaces (PESs) of NiTAA-MOF generated by interpolating DFT total energies for interlayer distances of (a) 3.0 Å, (b)
3.3 Å, and (c) 3.6 Å. White solid lines show the borders of the thermally accessible region.
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defects, and that at 400.0 eV originates from imine nitrogen
atoms bonded to Ni atoms.41

The X-ray diffraction (XRD) pattern of bulk NiTAA-MOF
powder (Figure 1f, red curve) shows peaks at 4.8° and 9.6°,
which can be assigned, respectively, to reflections from (010)
and (020) planes in the proposed structure. This result is
indicative of the good long-range order within the ab-plane. An
additional peak due to the (002) plane was observed at 27.3°,
suggesting structural ordering with a 3.27 Å separation
perpendicular to the 2D sheets. Density functional theory
(DFT) calculations were performed to obtain the optimum
monolayer NiTAA-MOF structure and ascertain its packing
mode (see computational details in SI). The potential energy
surfaces (PESs, Figure 2) were thus generated using several
different interlayer distances while introducing different
translations (ab-plane displacements) between the top and
bottom layers. Using this approach, the change in PESs can be
explored with respect to the displacement of the NiTAA-MOF
sheets (along a or b), as well as the interlayer distance. We
chose three different interlayer distances of 3.6, 3.3, and 3.0 Å,
which are, respectively, the interlayer distance of NiTAA-MOF
with the eclipsed stacking mode, the value observed in the
experiment, and a distance which is smaller than the
experimental value. To sample the PESs, all single point
DFT energies were calculated using VASP software while
implementing Grimme’s D3 method.

Figure 2 shows the PESs generated at the interlayer
distances of 3.0, 3.3, and 3.6 Å. At the interlayer distances of
3.0 and 3.3 Å, the slipped-parallel I stacking mode, in which
the NiTAA-MOF sheet is shifted by 1/16 of a cell edge along
the a-direction and 3/16 of a cell edge along the b-direction,
is the most stable (Figure 2a,b). At the interlayer distance of
3.6 Å, the slipped-parallel II stacking mode, in which there is a
shift of ∼2/16 of a cell edge along both a- and b-directions,
is the most stable (Figure 2c). Thus, the slipped-parallel I
stacking mode becomes a local minimum structure, even with a
relatively high energy of 0.078 eV, when compared to the
slipped-parallel II stacking mode. The interlayer distance
dependence of these two minimum energy structures can be
seen in Figure S4, which shows the total system energies for
the two stacking modes at the three interlayer distances of 3.0,
3.3, and 3.6 Å. Both structures have the lowest energy at the
interlayer distance of 3.3 Å. In particular, we note that the
slipped-parallel I stacking mode is the most stable. Considering
the range of the interlayer distances observed experimentally,
we suggest that the slipped-parallel I stacking mode is the
overall minimum energy structure.
In addition, geometry optimizations of the two minimum

energy structures (i.e., slipped-parallel I and II stacking modes,
Figure 3a,b) were also performed. The interlayer distance of
the optimized structure for both stacking modes is ∼3.3 Å,
which agrees well with the experimental value. More
importantly, the slipped-parallel I stacking mode, even after

Figure 3. Space-filling models of NiTAA-MOF in (a) slipped-parallel I and (b) slipped-parallel II stacking modes, and (c, d) their corresponding
calculated band structures. Carbon, hydrogen, nitrogen, and nickel atoms are gray, white, blue, and blue-gray, respectively.
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geometry optimization, has a lower energy when compared to
the slipped-parallel II stacking mode, which is consistent with
PES results. The simulated XRD pattern of NiTAA-MOF with
the slipped-parallel I stacking mode matches well with the
experimental result (Figure 1f). The above results thus indicate
that the NiTAA-MOF structure with the slipped-parallel I
stacking mode can be considered to be the global minimum
energy structure. The band structures of these two slipped
plane structures were calculated as shown in Figure 3c,d. Both
structures have a direct band gap, and the band gap values are
close to each other (1.11 eV at the B point for the slipped-
parallel I stacking mode, and 1.04 eV at the Y point for the
slipped-parallel II stacking mode). This result indicates that the
type of slipped-parallel stacking mode does not affect the
electronic properties of NiTAA-MOF.
To further evaluate the structure of 2D NiTAA-MOF, high-

resolution transmission electron microscopy (HR-TEM) of the
as-synthesized NiTAA-MOF was done. The HR-TEM image

of NiTAA-MOF (Figure S5) shows parallel lines with a repeat
distance of ∼1.9 nm, which are assigned to the (010) planes.
Nitrogen sorption isotherms of bulk NiTAA-MOF powder
were recorded at 77 K to determine its porosity (Figure S7).
The Brunauer−Emmett−Teller (BET) surface area and the
total pore volume were calculated to be 47 m2 g−1 and 0.075
cm3 g−1, respectively. The pore size distribution profile (Figure
S7b) shows a large number of micropores with entrance
diameter ∼1.16 nm, which is in agreement with the simulated
pore size of ∼1.2 nm from the slipped-parallel I packing mode;
this further supports the assigned structure of the 2D NiTAA-
MOF.

Electrical Conductivity of Iodine-Doped NiTAA-MOF.
Electrical conductivity measurements using the four-point-
probe method showed that the bulk compressed pristine
NiTAA-MOF pellet was insulating (σ < 10−10 S/cm), even
though (nominally) having an an extended 2D π−d conjugated
structure. Inspired by previous reports that the electrical

Figure 4. Structure characterization of iodine-doped NiTAA-MOF. (a) EPR spectra of pristine and iodine-doped NiTAA-MOF. (b) Diffuse
reflectance UV−vis spectrum of iodine-doped NiTAA-MOF. (c) Raman spectrum of iodine-doped NiTAA-MOF on Si/SiO2 substrate. (d−f)
Survey, high-resolution Ni 2p and I 3d XPS spectra, respectively, of iodine-doped NiTAA-MOF.
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conductivity of NiTAA can be triggered by partial ligand
oxidation through iodine-doping,35,42,43 we investigated the
effect of ligand oxidation on the electrical conductivity of
NiTAA-MOF. Iodine-doping was carried out by heating the
sample under I2 vapor in a sealed container at 80 °C for 12 h.
The EPR spectrum of the as-synthesized NiTAA-MOF (Figure
4a) shows only a broad signal with a g value of 2.209, which
can be assigned to high-spin Ni(II) ions of missing-linker
defects.44,45 In contrast to that of pristine NiTAA-MOF, an
additional EPR signal with a g value of 2.005 was observed for
the iodine-doped NiTAA-MOF, indicating the formation of
organic radicals due to ligand oxidation (Figure 4a). The
diffuse reflectance UV−vis spectrum of the iodine-doped
NiTAA-MOF shows a broad absorption band extending up
into the near-infrared region (Figure 4b), and two band gaps at
the wavelengths of 1301 nm (0.96 eV) and 1549 nm (0.80 eV)
were observed. Raman spectroscopy was performed to
determine the nature of the iodine species in iodine-doped

NiTAA-MOF. In the Raman spectrum of iodine-doped
NiTAA-MOF (Figure 4c), two signals at 109 and 216 cm−1

were observed, both of which were characteristic of sym-
metrical I3

− ions and precluded the presence of I2 and I5
−

species.46 The survey XPS spectrum of the iodine-doped
NiTAA-MOF (Figure 4d) shows the presence of C, N, Ni, Cl,
O, and I resonance signals. In the high-resolution Ni 2p XPS
spectrum (Figure 4e), the two peaks located at 860.0 and
874.3 eV are assigned, respectively, to the 2p1/2 and 2p3/2 core
levels of Ni(II), indicating that oxidation occurred on the
organic ligands of NiTAA units rather than on Ni(II) ions.42

The high-resolution I 3d XPS spectrum (Figure 4f) shows two
signals at 630.7 and 619.1 eV, which correspond to I 3d7/2 and
3d5/2 levels, also confirming the presence of I3

− anions after
iodine-doping. Quantitative analysis of the Ni and I signals
gives a Ni:I ratio of ∼1:0.4, suggesting that a partial oxidation
(∼13%) was induced by iodine-doping.

Figure 5. Electrical conductivity and magnetic properties of iodine-doped NiTAA-MOF. (a) Electrical conductivity as a function of temperature
from 5 to 310 K. (b) Plot of electrical conductivity (σ) versus 1/T. (c) log(σ) versus T−1/4 plot in the temperature range from 180 to 250 K. (d)
Field-dependent magnetization of NiTAA-MOF measured at various temperatures. (e) Temperature dependence of magnetization obtained under
an applied field of H = 1000 Oe. (f) Plot of χ−1 versus T.
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The electrical conductivity of bulk iodine-doped NiTAA-
MOF was measured by using 4-probe methods with a Keithley
2636A sourcemeter and a 2182 nanovoltmeter. The pelletized
sample with a thickness of 0.12 mm was prepared by pressing
the powder at 1.2 GPa. Bulk iodine-doped NiTAA-MOF
showed an electrical conductivity of ∼0.01 S/cm at 300 K
(Figure 5a). This value is in line with those reported for an
iron-quinoid MOF23 and KxFe2(BDP)3 (BDP2− = 1,4-
benzenedipyrazolate),24 and higher than those measured for
cobalt 2 ,3 ,6 ,7 ,10,11-tr iphenylenehexathiolate and
[Cu3(C6O6)2] MOFs.12,22 Similar to the electrically conductive
MOFs produced through chemical reduction reported in the
literature,24 the relatively high electrical conductivity of the
iodine-doped NiTAA-MOF is due to the formation of free
carriers by the partial ligand oxidation and the extensive
electron delocalization in the well-defined layer structure. Due
to the probably anisotropic nature of the conductivity in
nanocrystalline samples and due to interparticle resistance, the
measured conductivity of pressed pellets could be considerably
lower than the true conductivity of this 2D material, and this
aspect should be further investigated by making measurements
on larger crystallites or continuous thin films.47 The observed
electrical conductivity of the iodine-doped NiTAA-MOF (0.01
S/cm) is, however, lower than that obtained for a Ni3(HITP)2
framework (2 S/cm)21 due to the lower degree of ligand
oxidation. The temperature-dependent conductivity profile
(Figure 5a) measured using a four-probe method shows an
exponential increase with temperature, indicating the semi-
conducting nature of the pellet sample.13,17 Figure 5b displays
the plot of electrical conductivity (σ) as a function of the
reciprocal of temperature (1/T). A linear region is observed
over the temperature range 260−310 K, indicating that
thermally activated transport is dominant in this temperature
range. The slope of the linear region near room temperature
corresponds to Ea/kB, where Ea is the activation energy, and kB
is the Boltzmann constant (8.617 × 10−5 eV/K). The value of
Ea calculated using the Arrhenius law was found to be ∼0.608
eV.8,15 Note that Ea represents the energy barrier that carriers
must overcome when they hop between sites, which is different
from the typical semiconducting band gap energy between
valence and conduction bands in the individual crystallite. The
temperature-dependent conductivity below around 150 K
(note that the electrical conductivity at 30 K is 3.2 × 10−4 S/
cm) only weakly depends on temperature, indicating that
charge hopping in this regime takes place largely through
tunneling. In addition, a plot of log (σ) versus T−1/4 over the
temperature range 180−250 K (Figure 5c) is linear, in
agreement with the 3D Mott variable range hopping (Mott-
VRH) mechanism.48 The overall behavior of the temperature-
dependent conductivity implies that the charge transport in
bulk polycrystalline pellets is dominated by hopping over grain
boundaries between the crystallites, resulting in a semi-
conductor-like behavior,49 which means that the individual
2D MOF is conductive and could be a metal or a
semiconductor. We note that several earlier reports attributed
such a T dependence to the semiconducting property of the
polymer itself.21,22 However, from this result alone, we can
only infer that the individual 2D MOF is either semi-
conducting or metallic, and not a wide band gap insulator.
Paramagnetism of Iodine-Doped NiTAA-MOF. The

magnetic properties of the iodine-doped NiTAA-MOF powder
were probed using superconducting quantum interference
device (SQUID) magnetometry. Figure 5d shows magnet-

ization as a function of the applied magnetic field measured at
various temperatures. The magnetization at 2 K shows a
substantial increase and saturates at high magnetic fields,
indicating a typical paramagnetic behavior. To further explore
the magnetic characteristics of the iodine-doped NiTAA-MOF,
we measured the temperature dependence of magnetization as
shown in Figure 5e. Magnetization increased steeply with
decreasing temperature, which is typical of paramagnetic
materials. The paramagnetic spins of the iodine-doped
NiTAA-MOF are associated with radicals of the oxidized
ligands43 and high-spin Ni(II) sites located at the missing-
linker defects,44,45 as verified by EPR (Figure 4a). The χ

−1

versus T plot displays a straight line (Figure 5f) following
Curie’s law. In particular, the χ

−1 versus T curve shows a
negative intercept with a Weiss temperature of ∼−3 K,
indicating the presence of weak antiferromagnetic coupling.
We note that the structure of the iodine-doped NiTAA-MOF
forms a Kagome lattice, which means that, at very low
temperatures, antiferromagnetic coupling between nearest
neighbor spins will eventually lead to a spin glass phase due
to frustration.50,51

■ CONCLUSIONS

We have synthesized a 2D π−d conjugated NiTAA-MOF and
characterized its structure using XPS, FT-IR, and PXRD
combined with DFT calculations. Results show slipped-parallel
packing between neighboring layers with a calculated direct
band gap of 1.11 eV for the material. A compressed as-
synthesized NiTAA-MOF pellet was found to be insulating (σ
< 10−10 S/cm), whereas a bulk compressed iodine-doped
NiTAA-MOF pellet had a relatively high electrical conductivity
of 0.01 S/cm at 300 K, revealing the vital role of ligand
oxidation in the electrical conductivity of 2D MOFs. Magnetic
analysis showed that iodine-doped NiTAA-MOF is para-
magnetic with weak antiferromagnetic coupling due to both
radicals of oxidized ligands and the high-spin Ni(II) of missing-
linker defects. The insights gained in this study can help in the
future design and realization of electrically conductive MOFs.
We also suggest that the as-synthesized and iodine-doped
NiTAA-MOFs might be applicable in areas including catalase
mimics, catalysis, and energy storage.

■ EXPERIMENTAL SECTION

Methods. FT-IR was performed with an Agilent 600 Series FT-IR
spectrometer. XPS data were collected using an ESCALAB 250Xi
XPS, and TGA (TA Instrument Q 500 analyzer) was conducted
under N2 by heating to 900 °C at the rate of 5 °C min−1. Nitrogen
sorption analysis was carried out using a surface area and porosity
analyzer (Micromeritics ASAP2020); the samples were degassed
under vacuum at 100 °C for 10 h before sorption measurements.
XRD was performed on a Rigaku SmartLab powder X-ray
diffractometer, and magnetic properties were measured using a
SQUID magnetometer (Quantum Design SQUID-VSM). Electrical
properties were measured in a PPMS (Quantum Design physical
property measurements system) with the help of an external
electrometer (Keithley 2636A and 2182) with high impedance. A
pressed pellet (5 × 8 mm2 size and 0.12 mm thickness) was prepared
for electrical measurement. Four-terminal Ti (5 nm)/Au (100 nm)
contacts with 1 mm separations were deposited by thermal
evaporation. Electrical contacts to the Au pads were made using Ag
paste to copper wires. Raman spectroscopy (Wi-Tec micro Raman)
was done under 532 nm laser excitation under ambient conditions.
TEM was carried out on a Jeol JEM-2100F TEM instrument. The
freeze-drying was performed in a freeze-dryer (SCANVAC CoolSafe,
LABOGENE).
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Synthesis of NiTAA-MOF. 1,1,3,3-Tetramethoxypropane (69 μL,
0.42 mmol), Ni(II) acetate tetrahydrate (52.4 mg, 0.21 mmol), and
2,3,6,7,10,11-hexaaminotriphenylene hexahydrochloride (HATP·
6HCl, 75 mg, 0.14 mmol)52 were added to a n-BuOH/DMF solvent
mixture (7.5 mL, 1/2 v/v) contained in a Pyrex tube. After the
addition of 6 M aqueous Et3N (0.14 mL, 0.84 mmol), the mixture was
sonicated to form a homogeneous dispersion, which was degassed by
three freeze−pump−thaw cycles. The tube was flame-sealed and
heated at 120 °C for 5 days. The solid was collected by filtration and
washed with water, THF, and methanol under an inert atmosphere.
The obtained solid (yield: 83%) was finally dried under high vacuum
(10−3 Torr) and stored in a glovebox. The chemical stability of
NiTAA-MOF was tested by XRD after treating it for 7 days in boiling
water and 9 M NaOH (aq), and 1 day in 1 M HCl (aq) under Ar
(Figure S10a). It was found that NiTAA-MOF retained its good
crystallinity after treatment in boiling water or 9 M NaOH (aq),
whereas it became amorphous in 1 M HCl (aq).
Synthesis of Iodine-Doped NiTAA-MOF. The pristine NiTAA-

MOF powder was charged in a sealed container and heated with I2
vapor at 80 °C followed by repeated washing with several portions of
n-hexane, drying for 8 h under vacuum (10−3 Torr), and freeze-drying
for 12 h under 0.1 Pa pressure at −108 °C, to prepare iodine-doped
NiTAA-MOF.
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