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ABSTRACT: We reveal here the construction of Ni-based metal—
organic frameworks (MOFs) and conjugated coordination
polymers (CCPs) with different structural dimensionalities,
including closely 7-stacked 1D chains (Ni-1D), aggregated 2D
layers (Ni-2D), and a 3D framework (Ni-3D), based on 2,3,5,6-
tetraamino-1,4-hydroquinone (TAHQ) and its various oxidized
forms. These materials have the same metal—ligand composition
but exhibit distinct electronic properties caused by different
dimensionalities and supramolecular interactions between SBUs,
ligands, and structural motifs. The electrical conductivity of these
materials spans nearly 8 orders of magnitude, approaching 0.3 S/
cm.

B INTRODUCTION

Interest in electrically conducting metal—organic frameworks
(MOFs)"* and nonporous conjugated coordination polymers
(CCPs)™ is growing, not least because they have shown
potential aplplications as active materials for supercapacitors,”™®
batteries,” "> electrocatalysis,ls_15 chemiresistive sensors,*~*
thermoelectrics,'”*° and superconductors,n’22 among others.
Electrical conductivities that span more than 10 orders of
magnitude have been reported for these materials, but
systematic advances in understanding structure—function
relationships in this class are rare, even when similar building
blocks are employed. For instance, use of the common
hexahydroxytriphenylene (HHTP) or hexaiminotriphenylene
(HITP) ligands leads to some of the highest electrical
conductivities (>100 S/cm),”** but also very low conductiv-
ities (<1077 S/cm).”> Evidently, these vast differences are
related to both structure and composition. Whereas identical
structures with different comspositions naturally give rise to
different electrical properties,'>*°™>® probing the opposite, that
is, how electrical properties change when the composition is
constant but the structure changes, has not been possible thus
far.

Here, we employ 2,3,5,6-tetraamino-1,4-hydroquinone
(TAHQ) and its various oxidized forms to isolate three distinct
porous and nonporous Ni-based frameworks that share the same
1:1 metal/ligand ratio, but exhibit structures with one-, two-, and
three-dimensional connectivities (Figure 1c). Their electrical
conductivities span nearly 8 orders of magnitude, reaching 0.3

S/cm.
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B RESULTS AND DISCUSSION

Ligand Choice. Several features of TAHQ are attractive
from a coordination standpoint. In its most reduced form,
TAHAQ is essentially a hydroquinone with two 1,2-phenylenedi-
amine moieties on either side of the phenol groups. Electron-
rich TAHQ readily oxidizes to produce the quinone form
tetraaminobenzoquinone (TABQ, Figures la and SI; see
Supporting Information for synthetic details). Whereas both
phenol and amino groups can engage in metal coordination in
TAHQ, the significantly reduced electron density of the quinone
groups makes them poor ligands, and TABQ typically
coordinates metals only through its amino groups (Figure 1b).
Electrostatic potential (ESP) surfaces of the two redox partners
(Figure 1a) highlight additional distinguishing features that arise
in TABQ upon oxidation: a significantly reduced HOMO—
LUMO gap relative to TAHQ_(Figure S2) and a reduced
electron density on the quinone carbons.”” These establish
donor—acceptor (D—A) interactions that could further
influence the framework structure, as is the case in molecular
TABQ crystals (Figure S1, Table $1).*° Indeed, D—A alignment
is often used to tailor the solid-state packing of conducting
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Figure 1. Ligand choice and synthetic conditions of Ni-based frameworks. (a) Chemical structures of TAHQ and TABQ with electrostatic potential
(ESP) surfaces and HOMO and LUMO energies (at the B3LYP/def2-QZVP level). (b) Different connectivities of TAHQ (left) and TABQ _(right)
toward metals. (c) Schematic illustration of the synthetic details and transformation of Ni-1D, Ni-2D, and Ni-3D.
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Figure 2. Structural characterizations of Ni-2D. (a) Part of a 2D layer of Ni-2D. Half-filled spheres represent the bridging H,O molecules with 50%
occupancy. Hydrogen atoms are omitted for clarity. The black dashed lines represent a unit cell. (b,c) Stacking of 2D layers. (d) 3D reciprocal lattices
of a Ni-2D rod with a resolution down to 0.72 A. (e) Cryo-EM image of a Ni-2D rod, showing the 7— stacking of TIBQ ligands within 2D layers
across the whole rod. Upper and lower inset, the high-magnification image, and the FFT of the yellow dashed square. (f) Cryo-EM image of a Ni-2D
rod, revealing interlayer stacking across the whole rod. Upper and lower inset, the high-magnification image, and the FFT of the yellow dashed square.
Scale bars of FFTs, 2 nm™". (g) Experimental and calculated PXRD patterns of Ni-2D.

polymer chains, where it also functions to lower the band gap
and promote charge transport.”’

The electronic features of TAHQ and TABQ are best probed
by UV—vis spectroscopy. A solution UV—vis spectrum of TABQ_
shows an intense intraquinone transition at 460 nm,*”** with an
absorption onset at 532 nm (Figure S3a). The optical gap is thus
calculated to be 2.33 eV, close to the computed HOMO—
LUMO gap of 2.05 eV. In comparison, the spectrum of TAHQ_
taken under an atmosphere of N, exhibits an absorption band for
the hydroquinone 7—7* transition at 338 nm, whose onset gives

an optical gap of 3.45 eV.** Although the solution of TAHQ
rapidly and completely oxidizes to TABQ within half an hour
upon exposure to air, as evidenced by the evolution of the UV—
vis spectra (Figure S3b), no isosbestic points are observed,
suggesting that oxidation proceeds via an intermediate species.’
A clue to this intermediate being the tetraamino-semiquinone
radical comes from the growing and diminishing of a broad
absorption at ~850 nm during the oxidation.** The D—A nature
of TABQ is best revealed in the solid-state diffuse reflectance
UV—vis spectrum (DRUV-vis, Figure S3c), which reveals a
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Figure 3. Structural characterizations of Ni-1D. (a) Interchain D—A 77— stacking of Ni-1D. Hydrogen atoms are omitted for clarity. The black dashed
lines represent a unit cell. (b) Top-down view of the interchain D—A 7—7 stacking and interchain hydrogen bonding between —NH and C=0 (gray
dashed lines). (c,d) SEM images of Ni-1D microcrystals. Scale bars: 500 nm. (e) Rietveld refinement of the synchrotron PXRD pattern of Ni-1D, with
R, =4.17%, R, = 5.34%, and GoF = 1.39. (f) Cryo-EM image of a single Ni-1D rod, showing TIBQ—Ni chains aligning along the a-axis. Upper and
lower inset: high-magnification image and FFT of the yellow dashed square, respectively. (g) High magnification Cryo-EM image of a part of a Ni-1D
rod, revealing TIBQ—Ni chains aligning along the c-axis. A grain boundary was highlighted by the white dashed rectangle. Inset: FFT of the
micrograph. White dashed arcs indicate a Debye—Scherrer ring. Yellow and red dashed lines indicate two sets of diffraction spots. (h) High
magnification Cryo-EM image of a part of a Ni-1D rod exhibiting interchain 7—x stacking. Inset: FFT of the micrograph. Scale bars of FFTs: 2 nm ™.

broad absorption from mid-visible to beyond 1000 nm. This
feature is absent in the solution spectrum and is commonly
associated with intermolecular charge transfer interactions. It
gives an optical gap of 1.49 eV, significantly smaller than the
solution value. UV—vis spectroscopy did not reveal any packing
effects for TAHQ, whose spectra were qualitatively identical
between solution and solid state.

Ni-Based Nonporous Frameworks. Solvothermal reac-
tion between TABQ and Ni(OAc),4H,0 in degassed
concentrated aqueous ammonia under an inert atmosphere at
120 °C yields NiC,H,O3N, (NiTIBQ(H,0), Ni-2D) as a black
microcrystalline powder consisting of rectangular rod-like
crystals with lengths varying between 0.5 and 1.5 ym (Figure
S4). The structure of Ni-2D was determined by continuous
rotation electron diffraction (cRED) with an ab initio method.*”
The resolution of the cRED data sets was measured up to 0.72 A,
allowing the location of all non-hydrogen atomic positions in Ni-
2D with atomic precision (Figures 2d, SS, S6, and Table S2).
The four amino groups in TABQ are deprotonated and chelate
square-planar Ni** ions to form 1D chains of alternating
tetraimino-benzoquinone (TIBQ) moieties and Ni*". The 1D
chains are connected through bridging H,O molecules to form
2D layers, where TIBQ moieties stack along the crystallographic
c-axis in a fully eclipsed manner with a 7— stacking distance of
3.34(5) A (Figure 2ab). This distance is very close to the
interlayer spacing of graphene sheets in graphite®® and the
interlayer spacing of highly conducting 2D MOFs.”® The
presence of bridging H,O rather than OH™ or O*~ was further
confirmed by O 1s X-ray photoelectron spectroscopy (XPS),
which shows a characteristic water O 1s binding energy of 535.4

eV (Figure S8) ;2% and by attenuated total reflection (ATR)-
FTIR, which reveals the characteristic water O—H stretching
band at 3406 cm™' (Figure S10 and related discussion
therein).*' 2D layers of Ni-2D are staggered, likely due to the
electrostatic repulsion of carbonyl O atoms, and crystallize in the
orthorhombic space group Immm (Figure 2b,c), with the
shortest interlayer Ni--Ni distance of 7.52 A.

The structural features of Ni-2D were also confirmed by high-
resolution Cryo-EM down to a resolution of 2.1 A, which is
prominent given the well-known beam sensitivity of similar
hybrid materials.** The Cryo-EM images showed that crystals of
Ni-2D exhibit long-range ordering across the whole crystallite
(Figures 2e,f and S11). Micrographs investigating the ¢
crystallographic direction (Figures 2e and S11d) revealed the
eclipsed 7—r stacking of TIBQ—NIi chains within 2D layers of
Ni-2D. A stacking distance of 3.35 A was obtained by analyzing
the fast-Fourier transform (FFT, Figure 2e lower inset) of the
highlighted area. Micrographs exploring the a crystallographic
direction (Figures 2f and S11) showed 2D layers oriented
parallel to the long side of the rod crystals with an interlayer
spacing of 6.22 A. Altogether, the Cryo-EM data are in excellent
agreement with the crystal structure derived from cRED. The
excellent match between calculated and experimental powder X-
ray diffraction (PXRD) patterns further confirmed the crystal
structure and phase purity of the bulk material (Figure 2g).

Remarkably, repeating the synthetic conditions for Ni-2D in
the presence of air produced NiC,H,O,N, (NiTIBQ, Ni-1D),
another black microcrystalline material that proved to be
structurally distinct from Ni-2D.*’ Polycrystalline Ni-1D can
also be synthesized from TAHQ-4HCl under aerobic conditions
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(Figure S12) and consists of sharp-edged rectangular bricks and
rods (Figures 3 and S13) up to S00 nm long. Because cRED
caused electron beam damage in this case, the crystal structure of
Ni-1D was solved by Rietveld refinement from high-resolution
synchrotron PXRD data (Figure 3e).** As in Ni-2D, Ni-1D is
formed from chains of TIBQ and Ni**, formed by concomitant
deprotonation and oxidation of TABQ or TAHQ under reaction
conditions. The main structural difference between Ni-2D and
Ni-1D is the absence of bridging water, which changes the
packing of Ni-TIBQ chains from 2D layers in the former to
brick-wall packing in the latter (Figure 3a).*> This type of
packing has been observed in organic semiconductors with high
carrier mobility*® and may be attributed here to interchain D—A
interactions between partially oxidized TIBQ moieties (Figure
3b). The packing in Ni-1D leads to an interchain 7—7 stacking
distance of 3.11 A at 100 K; significantly shorter than that in Ni-
2D, where bridging water molecules disrupt the D—A alignment.
Notably, such close 7—7 stacking is rarely seen in conjugated
metal—organic materials.”’ Interchain hydrogen bonding
through —NH and C=0 is also favorable given the appropriate
alignment of chains (Figure 3b). The combination and balance
between interchain D—A alignment and hydrogen bonding may
also account for the two distinct morphologies observed in Ni-
1D: parallelepipeds and rods, which can be explained by the
Bravais—Friedel-Donnay—Harker (BFDH) law, and further
verified by high-resolution Cryo-EM.

A micrograph of a Ni-1D single rod longer than 200 nm
showed the long-range ordering of TIBQ—NIi chains across the
whole crystallite down to a resolution of 3.0 A, with an interchain
spacing of 5.91 A along the a-axis (Figure 3f). Cryo-EM also
revealed the close packing enabled by D—A alignment along the
¢ crystallographic direction, with an interchain spacing of ~3.5 A
(Figures 3g and S14d) and the close 7—7x stacking with a
distance of ~3.1 A (Figures 3h and S14d). Cryo-EM also
revealed structural features that Rietveld refinement did not.
Remarkably, a grain boundary formed by a subtle misalignment
of the 1D chains was recognized by the presence of two sets of
diffraction spots located on the same Debye—Scherrer ring with
a misalignment angle of 5.8° (Figure 3g, inset). Grain
boundaries can significantly affect charge transport in semi-
conductors and are often invoked, but have not yet been
structurally resolved in conducting MOFs or CCPs.

Given the structural similarities between Ni-1D and Ni-2D, it
is perhaps not surprising that the latter can transform into the
former through the loss of bridging water. Albeit slowly, Ni-2D
spontaneously transforms into Ni-1D over weeks under ambient
conditions, suggesting that the D—A slipped 7-stacking in Ni-1D
is favorable energetically (Figure 4a). Lower temperature
suppresses the transformation, whereas heating to 100 °C
under dynamic vacuum considerably accelerates it (Figures 4b
and S15). Continued heating of Ni-1D showed no further
changes in its PXRD, attesting to its excellent thermal stability.
The gradual removal of bridging water molecules was confirmed
spectroscopically by ATR-FTIR (Figure S16), which revealed a
gradual reduction in the intensity of the O—H stretching band
for bridging water at 3406 cm™". The two N—H stretching bands
of Ni-2D at 3297 and 3264 cm ™" also merge into a single N—H
band at 3245 cm™! that coincides with that observed for Ni-1D.
Unlike Ni-2D, Ni-1D has good thermal stability and is also
stable in strong acid [e.g, 4 M HCl (aq.)] and base [e.g, 1 M
KOH (aq.)] (Figure S17), a rare feature in electrically
conductive CCPs.”
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— 311A
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Figure 4. (a) Schematic representation and (b) ex situ PXRD patterns
for the transformation from Ni-2D to Ni-1D.

Three-Dimensional, Porous Ni-TIHQ Framework. The
reaction of TAHQ-4HCI with Ni(OAc),-4H,0 in degassed
concentrated aqueous ammonia at 120 °C under a N,
atmosphere yields brown hexagonal rodlike crystals of a Ni—
TIHQ framework (Ni-3D) up to 40 pm long (Figures Sd inset,
$18). Ni-3D undergoes a rapid color change from brown to
black within half an hour of exposure to air (Figure S19), even
though PXRD reveals no changes during this time (Figure S20).
cRED analysis down to a resolution of 0.767 A (Figures 5d, S21,
$22, and Table S2) showed that crystals of oxidized Ni-3D
(NiC¢H,O,N,, Ni-3D-o0x) belong to the trigonal space group
R3m. As with Ni-2D, the high-quality cRED data allowed for the
direct location of all non-hydrogen atoms in Ni-3D-ox and
revealed helical 1D rod secondary building units (SBUs) parallel
to the c-axis (Figure 5b).** The SBUs consist of slightly distorted
[NiN,O,] octahedra sharing two axial vertices and located on 3,
screw axes (Figure Sb).

The SBUs are connected by TIHQ ligands into a hexagonal
lattice (Figure Sa), where every Ni** is coordinated by two u*-
TIHQ and one > TTHQ linkers. The #*-TTHQ linkers use all six
heteroatoms to chelate four independent Ni** ions from two
adjacent SBUs, where each N atom binds to one Ni** and each O
atom bridges two Ni** ions on the same SBU. This coordination
mode is particularly notable because planar hexa-substituted
triphenylenes and benzenes have thus far almost exclusively
given rise to planar 2D MOFs with trigonal symmetry, with very
few exceptions.””*” The p>-TIHQ linkers bridge two Ni** ions
from two adjacent SBUs through four N atoms, similar to the
coordination modes observed in Ni-1D and Ni-2D. Interest-
ingly, the uncoordinated O atoms from y#>-TTHQ linkers point
toward the center of the 1D hexagonal pores, leading to a highly
hydrophilic pore environment (Figure Sa). Altogether, the
overall topology of Ni-3D(-ox) is fog (Figure $23), and it is one
of the two distinct (3,4)-c derived nets of the basic 4-c nbo net.”"

In contrast to the dense nature of Ni-1D and Ni-2D (Figure
S24a), Ni-3D-ox is intrinsically ultramicroporous with 1D pores
with a diameter of ~4.2 A, as indicated by the calculated
Connolly surface (Figures Sc and S25). Upon activation, Ni-3D-
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Figure 5. Structural characterization of Ni-3D-ox. (a) Portions of the crystal structure of Ni-3D-ox, built from octahedral [NiN,0,] nodes, y#*-TIHQ
linkers, and y*-TTHQ linkers. (b) Portion of an infinite 1D rod SBU along the ¢ crystallographic axis formed by octahedral [NiN,0,] nodes through
vertices sharing. (c) Connolly surface of a unit cell of Ni-3D-ox viewing along the c-axis. (d) 3D reciprocal lattices of a Ni-3D-ox rod with a maximum
resolution of 0.77 A. Inset: Single hexagonal rod of Ni-3D-ox. Scale bar: 5 ym. (e) High-magnification Cryo-EM image of a part of a Ni-3D-ox rod,
showing well-aligned 1D SBUs. Inset: FFT of the micrograph. (f) Schematic representation of the Ni-3D-ox structure to illustrate the 1D SBUs
alignment in (e). Red arrows and dashed lines indicate the viewing direction. (g) Intensity profile of the red solid line in (e), normal to the c-direction.
Gray dashed lines with an even spacing of 10.9 A are guides to the eye. (h) Cryo-EM image of a portion of a Ni-3D-ox single crystal. Inset: FFT of the
micrograph. (i) High-magnification Cryo-EM image of the same crystal in (h), showing individual [NiN,O,] nodes. Orthogonal yellow and red dashed
lines indicate the packing of [NiN,O,] nodes shown in (j). Scale bars for FFT: 2 nm™".

ox retains its crystallinity (Figures S18 and S20), and an N,
adsorption isotherm at 77 K revealed a Brunauer—Emmett—
Teller apparent surface area of 120 m*/g (Figure S24b). We
note, however, that there is likely a substantial amount of H,O
that persists in the pores even after prolonged activation at 110
°C (Figure S26) as suggested by the continued weight loss
observed by thermogravimetric analysis upon heating from 100
to 300 °C before eventual decomposition (Figure S27, Tables
S3—S5). The persistent guest water molecules likely account for
the lower apparent specific surface area relative to the theoretical
value (Figure S25). In contrast, no significant weight loss was
observed between 100 and 300 °C for either Ni-1D or Ni-2D
(Figures S28 and $29).

As with the previous materials, the structure of Ni-3D-ox was
confirmed by near atomic-resolution Cryo-EM, down to 1.7 A
(Figure Sh). Long-range ordering of the SBUs was revealed by
the evenly spaced high-contrast lattice fringes that align parallel
to the c-axis (Figure Se,f) with a spacing of 10.8 A, confirmed by

both FFT (Figure Se, inset) and line intensity profile normal to
the c-axis (Figure Sg). Micrographs exploring the crystallo-
graphic orientation shown in Figure 5j exhibited highly ordered
packing of [NiN,O,] nodes across the whole crystal (Figures Sh
and $30). Individual [NiN,O,] octahedrons were clearly
observed in the high-magnification micrograph of a portion of
another Ni-3D-ox single crystal (Figure S30c), arranged as an
orthogonal array with two average internode distances of 6.27
and 3.79 A (Figure Si), matched perfectly with the crystal
structure solved by cRED. Bulk phase purity of Ni-3D-ox was
verified by PXRD (Figure S31).

Assessing the Formal Oxidation States of the Ligands.
The physical and structural details of the three Ni materials are
determined exclusively by the formal oxidation state of their
linkers. Indeed, XPS confirmed that the Ni ions in all materials
are divalent, with essentially identical Ni 2p;/, binding energies
(Figures S8, S9, $32).°” A first indication of the degree of ligand
oxidation came from comparing the C—C, C-0O, and C—-N
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3D upon exposure to air. Dashed lines indicate best linear fits to the absorption edges. (e,f) Temperature dependence of yy;, ¥uT, and yy ' (H= 1.0
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bond lengths across the three materials. Because the TIBQ
linkers in Ni-1D can be thought of as two N—C—C—C—N §-
center, 67 (Sc-67) subsystems, the C—C and C—N distances
here are remarkably similar, 1.384 and 1.393 A, respectively
(Figure S33a). The 67 systems further function as a particularly
effective electronic communication bridge between two Ni**
centers. The two C—C bonds connecting the two 67 subsystems
(C1-C3’ and C1'—C3 in Figure 6a) show a more pronounced
single bond character and an elongated bond distance of 1.454
A, significantly longer than in the free ligand TABQ, 1.360 A.
Similar structural distortions have been observed in 2,5-
diaminobenzoquinonediimine (DABQDI) metal complexes,
such as planar Ni-DABQDI tapes,”> and oxidized TABQ

derivatives.”” The C=0 bond in Ni-1D is also slightly more
extended to 1.261 A relative to the free TABQ ligand’s 1.237 A,
likely due to partial participation in the 67 subunit. In contrast,
the C=0 bond length in Ni-2D remains nearly unchanged
compared to the free ligand’s 1.232 A, while the C—C distances
undergo significant elongation to an average of 1.497 A, closer to
the single-bond character of C—C bonds in cyclohexane (1.53
A) than the C—C bonds in aromatic rings (Figure S33c). The
C—N bonds in Ni-2D show both C=NH and C=N"
characters with an average C—N distance of 1.375 A (Figure
6b). Altogether, the structural details point to a more oxidized
form of TIBQ and a more localized electronic structure in Ni-2D
than in Ni-1D.
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Figure 8. Electrical conductivity. (a) Conductivity increase during the transformation from Ni-2D to Ni-1D at ambient condition. Solid lines are a
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sputtering-cleaned polycrystalline Au reference.

The color change accompanying the oxidation of Ni-3D to
Ni-3D-ox likewise corresponds to the oxidation of TIHQ.
Indeed, monitoring this rapid oxidation by in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS),
showed gradually diminishing C—N and C—O stretching bands,
and the concomitant growth of C=N and C=O stretching
bands (Figure 6d). Thus, although TIHQ linkers in as-
synthesized Ni-3D retain their hydroquinone character (Figure
6¢), p*TIHQ and p*TIHQ in Ni-3D-ox are best described as
being neutral and bearing a —4 negative charge, respectively, to
give an overall neutral framework. Indeed, the C—0O, C—C, and
C—N distances and y*-TTHQ in Ni-3D-ox are similar to that of
free TABQ_(which can be thought of as bearing a —4 charge
balanced by 4 protons). Conversely, the C—O and C—N
distances of 1.240 and 1.264 A for y>-TTHQ are typical for
carbonyl C=O0O and imine C=NH moieties, respectively
(Figure S33). Therefore, 4> TIHQ linkers are best described
as 1,2,4,5-tetraimino-3,6-diketocyclohexane (Figure 6¢), a
neutral ligand that has also been reported as such in a binuclear
Ru complex.°4 Overall, the structural data reveal a redox ladder
wherein the ligand is progressively oxidized in moving from Ni-
3D to Ni-3D-ox, Ni-1D, and Ni-2D (Figure 6c).

The oxidation state of linkers was further confirmed by Raman
spectroscopy, as the C—C, C—0, and C—N vibrational modes
are highly sensitive to the ligand oxidation state.”> The intense
C=0O0 stretching bands at ~1587 cm™" for both Ni-1D and Ni-
2D are slightly red-shifted relative to TABQ_ at 1595 cm™
(Figures 6e and S34 and related discussion therein). The broad
C—N stretching band at 1387 cm™" observed for Ni-1D can be
explained by the highly delocalized nature of the 67

subsystems.”® In comparison, the two bands at 1506 and 1547
cm™! observed for Ni-2D, corresponding to C=NH and C=
N~ stretching modes, attest to the more oxidized ligand in this
material.*® Notably, benzene ring breathing bands at 1619 and
1551 cm™" for Ni-3D shift and merge into a new C—C stretching
band at 1531 cm™" upon formation of Ni-3D-ox, confirming the
oxidation of TIHQ linkers (Figures 6e and $S35). The Raman
bands between 400 and 650 cm™ in all spectra correspond to
Ni—N and/or Ni—O bonds.

Electronic Structures. Initial assessment for the degree of
charge delocalization and metal—ligand conjugation in the three
Ni frameworks came from electronic structure investigations by
DRUV-vis and magnetometry. Both Ni-1D and Ni-2D exhibit
strong electronic absorptions around 500 nm, corresponding to
ligand-centered (LC) z—7* intraquinone excitations (Figures
7aand 836).32’33 The absorption maximum of Ni-1D, 503 nm, is
slightly red-shifted compared to Ni-2D, 475 nm, consistent with
the higher degree of delocalization in the former. In contrast, Ni-
3D shows a hydroquinone-based LC n—7z* transition at 344
nm.>* Broad metal-to-ligand charge transfer (MLCT) bands
centered around 750 nm and 732 nm were observed for Ni-1D
and Ni-2D,* respectively. These absorption bands are
significantly red-shifted compared with those in related 2,5-
diamino-1,4-diiminobenzoquinone complexes®’ >’ and indi-
cate significant electronic delocalization between Ni** and
TIBQ orbitals. The two broad NIR bands, centered at 1172 nm
for Ni-1D and 1081 nm for Ni-2D, stem from extended
intrachain metal—ligand d—7 conjugation and strong interchain
stacking. In contrast, Ni-3D exhibits essentially no MLCT
features or NIR bands, which suggests that it lacks intrinsic
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charge delocalization. However, oxidation to Ni-3D-ox
coincides with the gradual growth of MLCT bands centered
around 506 and 660 nm (Figure 7b), suggesting substantially
enhanced metal—ligand electronic communication with oxida-
tion of TIHQ. Although the NIR region in Ni-3D-ox gains
intensity relative to Ni-3D, indicating the increase of free carrier
concentration and electronic delocalization,’ it is still much
weaker than the NIR features of Ni-2D and Ni-1D. Extracting
optical band gaps (E,) from the DRUV-vis spectra by the way of
Tauc plots revealed decreasing values of 2.06, 1.60, 0.82, and
0.70 eV for Ni-3D, Ni-3D-ox, Ni-2D, and Ni-1D, respectively
(Figure 7¢,d).

Magnetometry provided critical insights into the electronic
communication between metals and/or ligands. Direct current
(DC) magnetic susceptibilities were measured for polycrystal-
line samples of Ni-1D and Ni-3D-0x"" from 1.8 to 293 K under
an applied field of 1 kOe (Figure 7e). Ni-1D has y T of 0.30 cm®
K mol™" per Ni-TIBQ unit at 293 K, much lower than the value
of 1 cm® K mol™" expected for high-spin Ni** centers with S = 1.
T for Ni-1D gradually decreases with decreasing temperature,
but sees a sharp increase between 45 and 11 K. This behavior is
consistent with the presence of both ferromagnetic and
antiferromagnetic exchange pathways. For structurally closely
related molecular analogues, such as Ni(isq), (isq = o-
diiminobenzosemiquinonate) complexes,’>®® square-planar
Ni** ions typically exhibit closed-shell S = 0 configurations.
Therefore, the antiferromagnetic coupling here likely arises from
the Ni-mediated interaction between TIBQ-centered radicals
(Figure $37), again in close analogy to the Ni(isq), complexes.”*

Ni-3D-ox exhibits a y,,T value of 0.95 cm® K mol™ per Ni-
TIHQ unit at 293 K, very close to the value expected for a Ni**-
centered S = 1 spin and a closed-shell TTHQ linker (1 cm® K
mol™" for g = 2.0). The yT value gradually decreases to 0.158
cm® K mol™" at 1.8 K, suggesting an overall antiferromagnetic
coupling between the Ni-centered spins. Fitting the y,,~' versus
T curve in the high-temperature region to the Curie—Weiss law
gives a Curie constant C of 1.04 cm® K mol™' and a Weiss
temperature 6 = —25.4 K (Figures 7fand $38). In contrast to Ni-
1D, Ni-3D-ox can be described as a network of isolated S = 1
spins centered on Ni**, coupled by weak antiferromagnetic
interactions. The weak antiferromagnetic coupling observed
here further points to the absence of TIHQ-centered radicals,
whose presence would have enabled strong exchange coupling
with Ni-centered spin systems by analogy with molecular
complexes.”*®® The presence of organic radicals in Ni-1D and
Ni-2D and the absence thereof in Ni-3D-ox was confirmed by
electron paramagnetic resonance (EPR) spectroscopy. The
characteristic signal at g = 2.05 and 2.08 observed for Ni-1D and
Ni-2D, respectively, is ~200 times weaker in Ni-3D-ox (Figure
S39).

Electrical Conductivity. The distinct electronic structures
of Ni-1D, Ni-2D, and Ni-3D(-ox) give rise to electrical
conductivities that span almost 8 orders of magnitude, from
107° S cm™ to nearly 1 S cm™'. Four-contact probe
measurements of polycrystalline pellets of Ni-1D and Ni-2D
revealed bulk electrical conductivities reaching 0.19 S cm™" (6 =
(0.16 +£0.02) Scm™") and 0.067 S cm™" (5 = (0.054 + 0.009) S
cm™!), respectively, at room temperature (RT), which are on par
with the most conductive 1D CCPs to date.” Interestingly, the
conductivity of Ni-1D increased by about 60% to 0.27 S cm™
after treatment with HCI (Figures S40 and S41), similar to the p-
doping of polyaniline. The transformation of Ni-2D to Ni-1D at
RT over the course of several (Covid-induced lockdown)

months coincided with a gradual increase in electrical
conductivity (Figures 8a and S42—S45). Given the similar
crystallite size and the same metal—ligand connectivity in these
two materials, we attribute the higher electrical conductivity of
Ni-1D to its interchain D—A stacking and shorter 7—7 stacking
distance.

Under anaerobic conditions, Ni-3D exhibits a two-probe
electrical conductivity of 6.2 X 10~° S cm ™', as may be expected
in the absence of 7—7 stacking and weak covalency of the
metal—ligand bond."” Upon exposure to air, the conductivity
increases to 6.7 X 1077 S cm™" after 12 h to finally reach a
maximum conductivity of 2.9 X 107° S cm™" for Ni-3D-ox, a
remarkable value for 3D-connected, porous MOFs.”° The
increase in conductivity in going from Ni-3D to Ni-3D-ox is
paralleled by a substantial decrease of ~0.5 eV for E,. This
implies that increasing the ligand oxidation state modifies the
electronic structure of the framework, which translates to
improved charge transport.

Variable-temperature conductivity measurements revealed
semiconducting behavior for all three materials (Figure 8b). Ni-
1D and Ni-2D exhibit Arrhenius-type dependence of the
conductivity with temperature T

Ey
OeT = Oee0 €XP T
B

where o, , is the temperature-independent prefactor and E, is
the thermal activation energy. This behavior is typical for doped
organic semiconductors and conductive MOFs with band-like
charge transport.”>*’

A notable increase in E, for Ni-1D from 19.3 meV at T <
~260 K to 43.9 meV at T > ~285 K (Figures 8c and S46) is
correlated with a reversible structural change that occurs at
approximately 270 K (Figures 8c and S47). Indeed, Rietveld
refinement of synchrotron PXRD data for Ni-1D at 295 K
(Figure $48) revealed a longer interchain 7—z stacking distance
of 3.15 A (3.11 A at 100 K) and a larger dihedral angle of 13.5°
between the six-membered carbon ring and five-membered Ni
chelating ring (11.5° at 100 K) (Figure 8d), suggesting that the
interchain and intrachain transport are both weakened, in
agreement with the higher E,.

Ni-2D showed a significantly higher E, of 78.0 meV in the
temperature range 100—300 K (Figure 8b). The apparent
decrease in conductivity above 60 °C is not an indication of a
transition to a temperature-deactivated transport. Rather, we
attribute it to the partial transformation of Ni-2D to Ni-1D; the
associated disorder accompanying this transformation is the
more likely cause of the decreasing electrical conductivity with
temperature (Figure S49). For context, these E, values are still
smaller than those observed for heavily n-doped Cg, one of the
most conductive doped organic semiconductors, and suggest
exceptional electronic coupling and small energetic disorder in
our materials.®”

In contrast to the lower dimensionality structures, Ni-3D-ox
shows variable-range hopping (VRH) transport, which is best
described by Mott’s VRH theory (Figures 8b inset, $50)°

T \/d+
0
7]
where d is the dimensionality of transport (d = 3 for Ni-3D-o0x),

0, is the temperature-independent constant and equals the T —
oo value of 6,1, and T, is the Mott temperature. The latter is

O T = O €XPp

https://doi.org/10.1021/jacs.2c00614
J. Am. Chem. Soc. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c00614/suppl_file/ja2c00614_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

related to the charge-carrier concentration and carrier hopping
length between adjacent localized states. We believe that the
increased conductivity of Ni-3D-ox relative to Ni-3D is due to
ligand oxidation, which generates charge carriers and localized
sites that overall decrease the hopping distance. We note that
VRH theory also fits the variable temperature conductivity data
for Ni-2D (with d = 2), indicating that the charge transport in
this material occurs primarily within the 2D layers and that
interlayer electronic interactions are weak (Figure S51).

Valence-band XPS (VB-XPS) and ultraviolet photoelectron
spectroscopy (UPS) corroborate the electronic structure
insights afforded by conductivity measurements. The highest
occupied states (HOS) of Ni-1D and Ni-3D-ox revealed by
UPS are ~0.45 and ~1.3 eV below the Fermi level E. (Figures Se
and S52), respectively. Fitting of the VB-XPS edge gives a higher
HOS level for Ni-1D, which is only about ~0.2 eV below E,
indicating the substantial contribution of Ni orbitals to the
density of states (DOS) near the valence band maximum
(VBM) and the close match of ligand and metal energy levels
(Figure S53). The shallow HOS below Ey, of Ni-1D is consistent
with its high electrical conductivity. Ni-2D exhibits moderate
HOS (~0.6 eV below Eg), again in good agreement with its
slightly lower conductivity relative to Ni-1D.

Bl CONCLUSIONS AND OUTLOOK

Despite the considerable interest in the electronic properties of
MOFs and coordination polymers, it has been difficult to design
systems that enable correlations between physical properties and
structure. Indeed, when structure—function relationships are
discussed in this context, changes in the structure usually are also
accompanied or caused by compositional changes.””~"" Here,
we showed that owing to their multiple redox states and metal
binding preference, the redox series comprising TAHQ, TABQ,
and TIBQ provides a unique platform to study structure—
function relationships in essentially isomeric Ni MOFs/
coordination polymers. These results thus provide important
insights into how dimensionality and various supramolecular
interactions between SBUs, ligands, and structural motifs (i.e.,
D—A, hydrogen bonding, and 7—7 stacking) lead to differences
of nearly 8 orders of magnitude in electrical conductivity.
Ligands that combine a similar breadth of redox states and
metal-chelating motifs should provide inspiration for future
material design.
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