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o date, the links of robust and highly porous metal organic

frameworks (MOFs) have been largely limited to
carboxylate,1 imidazolate,® other azolates,” or sulfonate.*
Although catecholate organic units are well-known and are
employed heavily for metal chelation in biology,” only the
simple 1,2,4,5-tetrahydroxybenzene (HC40,)® or 1,4-dihy-
droxy-benzoquinone and their homologues (H,CX,0,, e.g,, X
= Cl, Br, NO, and CH,) have been explored and incorporated
into extended frameworks (Scheme S1 in the Supporting
Information).” Herein, we describe linking the highly
conjugated tricatecholate, 2,3,6,7,10,11-hexahydroxytripheny-
lene (H;,C,30s,, HHTP), with Co(II) and Ni(Il) ions into
two-dimensional porous extended frameworks. These new
crystalline materials, termed metal-catecholates (M-CATs),
were characterized by X-ray diffraction techniques (single
crystal for Co-CAT-1, and powder for Ni-CAT-1) and high-
resolution transmission electron microscopy (HR-TEM)
studies (for Ni-CAT-1). We demonstrate their high chemical
stability (in aqueous and non-aqueous media), thermal stability,
and porosity. Cu-CAT-1 microcrystalline material showed high
electrical conductivity and charge storage capacity.

CATs were prepared by combining 1 equivalent of HHTP
with 2 equivalents of the respective metal(II) acetate hydrated
in an aqueous solution, and heating at 85 °C for 24 h to give
needle-shaped crystals. The original size of these crystals was
too small to be measured by single-crystal X-ray diffraction;
however, by slightly varying the synthetic conditions of Co-
CAT-1 through the addition of 10% of 1-methyl-2-pyrrolidone
(NMP), larger crystals suitable for X-ray crystallography were
obtained (see the Supporting Information). The single-crystal
X-ray diffraction study of the as-synthesized Co-CAT-1 was
carried out using synchrotron radiation in the beamline 24-ID-
C at NECAT, in the Advanced Photon Source (APS) at
Argonne National Laboratory. The crystal structure was solved
in the trigonal space group, P3cl. There are two crystallo-
graphically independent metal atoms, each in an octahedral
coordination environment. One of these metal atoms is
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coordinated to two adjacent deprotonated HHTP linkers and
two water ligands to complete the octahedral coordination
sphere, which results in the formation of an extended 2D
framework. Conversely, the second metal atom is coordinated
to only one HHTP linker and to four water ligands giving rise
to discrete complexes composed of Co;(HHTP)(H,0);,. As a
result, the structure of Co-CAT-1 comprises two distinct types
of alternatively stacked layers (Figure 1A). The first layer is an
extended honeycomb structure with hexagonal pores (Figure
1B), and the second layer is formed by the discrete units
(Figure 1C) described above. The two axial water ligands
participating in the formation of these discrete complexes are
hydrogen bonded to oxygen atoms of the HHTP in the
adjacent layers. These hydrogen bonds, accompanied by z—=
interactions, create a distortion of the overall structure, leading
to corrugated hexagonal layers (Figure 1D). The layers stack in
an eclipsed fashion with the HHTP molecules in each layer
rotated 60° with respect to each other. A hexagonal array of 1D
pore with a 12 A diameter is thus formed.

HHTP is a redox-active linker that can undergo reversible
interconversions between catecholate, semiquinonate and
quinone forms.® On the basis of the charge balance, the
oxidation state of the deprotonated HHTP in the covalently
extended first type of layers (Co;(HHTP),(H,0),) is —3,
which suggests that each of the three dioxolene fragments is in
the semiquinone oxidation level. In order to confirm the
existence of these monoanionic semiquinonate units within the
structure of Co-CAT-1, an electron paramagnetic resonance
(EPR) study was performed on the Co-CAT-1 crystals at room
temperature. The resulting spectrum displays a near-symmetric
signal at g = 2.105 (see Figure S1 in the Supporting
Information) which is a characteristic feature of a ligand-
centered monoradical. This value is in perfect agreement with
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Figure 1. (A) FE-SEM image of Ni-CAT-1 showing uniform rods;
inset: zoom in showing the hexagonal shaped surface. (B) Low-
magnification HRTEM image of the activated Ni-CAT-1 taken at 120
kv. (C) High-magnification HRTEM image showing the terminal
structure of activated Ni-CAT-1 as indicated by arrows. (D) High-
magnification HR-TEM image of Ni-CAT-1 taken at 120 kV, the inset
images are the fast Fourier transform (FFT) analysis of the
corresponding areas indicated by arrows. (E) FFT image demonstrat-
ing the wavy characterization of the edges perpendicular to the pore
walls and the comparison between the HRTEM and simulated images
looking through the [001] direction is shown on the right. (F)
Electron energy loss spectroscopy (EELS) spectrum with the annular
dark-field scanning transmission electron microscopy (ADF-STEM)
image taken under 60 kV shown in the inset.

those obtained for related semiquinonate based complexes.”’

For the discrete complexes, Coy(HHTP)(H,0);,, a —6
oxidation state is required for HHTP in order to compensate
the respective charges, suggesting that the metal cations
(Co(II)) are coordinated to dianionic catecholate units of the
HHTP linker.

As-synthesized crystals of Ni-CAT-1 were not of suitable size
for single crystal X-ray analysis. Nevertheless, a Rietveld
refinement of Ni-CAT-1 was performed using its powder
diffraction pattern data collected with synchrotron radiation,
employing the atomic coordinates obtained from the single
crystal data of Co-CAT-1. The refinement converged with
excellent residual values (R, 8.54%, R, = 6.33),
demonstrating that Co and Ni-CAT-1 have the same structure
(see Figures S2 and S3 in the Supporting Information).

The crystal structure of Ni-CAT-1 was examined by high-
resolution transmission electron microscopy (HRTEM).
Initially, low voltage high-resolution scanning electron micro-
scope images of an activated Ni-CAT-1 sample were taken at
low landing energy of electrons (1 keV and 400 eV for low
magnification and high magnification images, respectively). The
images showed uniform morphology with hexagonal rods
whose lengths are less than 10 ym and widths are only around
100 nm (Figure 2A). The low magnification HRTEM image of
the activated Ni-CAT-1 was taken at 120 kV (Figure 2B). In
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Figure 2. Space filling drawings of the single-crystal structure of Co-
CAT-1. (A) View of the Co-CAT-1 structure along the c¢ axis. (B)
Extended layer of Co-CAT-1. (C) Layer formed by the trinuclear
complexes Coy(HTTP)(H,0);, (D) View of the two extended
corrugated layers along the [110] direction. Color code: Co, blue; C,
gray; O, red. Hydrogen atoms are omitted for clarity.

this image, both the channel direction (incident electron beam
perpendicular to the channels) and the channel arrangement of
a uniform honeycomb structure (incident electron beam
parallel to the channels) were observed with some defects
identified as indicated by the arrow.

Although HRTEM is a powerful method for the determi-
nation of surface structures in inorganic porous materials,'® this
is the first example where HRTEM images provide basic
structural information and furthermore the terminal structure
of a crystalline MOF is observed. In this exceptional case, the
terminal structure of activated Ni-CAT-1 can be clearly
observed (Figure 2C). The simulated image of Ni-CAT-1
(Figure 2C, E) show some differences when compared to the
real images. Differences in contrast are observed in the area
assigned to the position of the metal atoms of the interlayer
complexes. This fact suggests small changes probably in the
orientation of the complexes after the activation process and
under the acquisition conditions (high vacuum) for the
HRTEM image. The HRTEM images were accompanied by a
fast Fourier transform (FFT) analysis, which allowed the
determination of the unit cell lattice parameter of 4 = 2.02 nm
(Figure 2D). This finding is in agreement with the value
obtained from the single crystal data analysis of Co-CAT-1 (a =
221 nm) and the one obtained from the X-ray powder
diffraction study of Ni-CAT-1 (a = 2.19 nm). The arc line
reflection shown in the FFT image in the inset of Figure 2E
demonstrates the wavy characterization of the fringes
perpendicular to the pore walls, indicating the fluctuation of
the Ni atoms. The spacing between these wavy fringes,
calculated from the FFT images, is about 0.32 nm, which
corresponds to the interlayer distance (0.33 nm obtained from
the X-ray data).

It is a challenge to observe MOFs by using scanning
transmission electron microscopy (STEM) due to a focused
beam that has a higher beam density than in transmission
electron microscopy (TEM) mode. Typically, zeolites and
mesoporous silicas are damaged much faster in STEM mode
than in conventional TEM mode. Remarkably, for the first time
we were able to overcome this challenge and observe a
crystalline MOF material by using STEM. In this study a JEOL
2100F with a cold field-emission gun equipped with a newly
designed aberration corrector (the DELTA-corrector) was
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operated at 60 kV. A Gatan GIF Quantum was used for the
electron energy loss spectroscopy (EELS) chemical analyses.
The inner and outer collection angles for the annular dark-field
(ADF) image were 58 and 130 mrad, respectively. The beam
current was 10 pA for the ADF imaging and the EELS chemical
analysis. The honeycomb structure of Ni-CAT-1 is clearly
observed in the STEM image, albeit at the expense of structural
electron beam stability, which collapsed after the whole scan
was complete. EELS profile showed Ni (L-edge) and O (K-
edge) (Figure 2F).

To assess the porosity and the architectural stability of the
M-CATs, Ar gas adsorption measurements at 87 K were
performed (see the Supporting Information). The Brunauer—
Emmett—Teller (BET) surface areas for Co and Ni-CAT-1
were calculated to be 490 and 425 m* g™, respectively.

The electrical conductivity of CATs was measured at room
temperature on single crystals of Cu-CAT-1 using a four-point
probe method with Au electrodes as contact material (see the
Supporting Information). The conductance of two different
crystals of Cu-CAT-1 was calculated to be 1.8 X 107" and 2.1 X
107 S em™, respectively, which is more than 1 order of
magnitude higher than a previously reported value for an
iodine-loaded MOFE.'"" Other reports on the electrical
conductivity measurements of MOFs showed much lower
conductivity values, because these measurements were
performed using compressed pellets.12 Indeed, the electrical
conductivity of single crystal is always higher than the
polycrystal conductivity of the same material. Therefore, it is
not appropriate to compare these values to that of Cu-CAT-1."
Preliminary electrochemical measurements of Cu-CAT-1 were
also performed using different nonaqueous electrolytes. Cyclic
voltammetry measurements reveal that there are several
reversible redox peaks, indicating that Cu-CAT-1 can be
utilized as an electrochemical energy storage material. Indeed,
after 50 charge—discharge cycles, Cu-CAT-1 exhibits a lithium-
ion capacity of 284 C ¢! (80 mA h g™"). This capacity value is
greater than the previously reported one for another MOF
(MIL-53) at similar time scales."* We believe that our initial
findings with CAT's pave the way for the design of new energy
storage materials.
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