#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

High-resolution structure of Zn3;(HOTP),
(HOTP = hexaoxidotriphenylene),
a three-dimensional conductive MOF+

i ") Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 12416

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Kimberly J. Zhang, ©?2 Tianyang Chen, ©2 Julius J. Oppenheim, ©2
Luming Yang, ©° Lukas Palatinus, © ¢ Peter Maller, © 2 Troy Van Voorhis®

and Mircea Dincs @ *@

Although two-dimensional (2D) electrically conducting metal—organic frameworks (cMOFs) have become
prominent due to their numerous potential applications, their structures are often implied or assumed from
rather crude powder X-ray diffraction data. Indeed, exceedingly few examples exist of atomic-level
structural details coming from single crystal diffraction experiments. Most widely studied among cMOFs
are materials based on triphenylene ligands, in particular M3(HOTP), (M = Cu, Zn) and [M3(HOTP),]
[M3(HOTP)l; (M = Mg, Ni, Co; HeHOTP = 2,3,6,7,10,11-hexahydroxytriphenylene), which are invariably
described as 2D van der Waals materials with sheets of ligands connected by square planar or octahedral
metal ions. Here, we employ electron diffraction to show that, unlike the Mg, Co, Ni, and Cu analogs,
Znz(HOTP), crystallizes into a three-dimensional network that is analogous to the structures of the
lanthanide-based HOTP MOFs. Moreover, similar to the lanthanide frameworks, Znz;(HOTP), exhibits
incommensurate modulation, likely originating from a frustration between the preferred m=—m stacking
distance and the Zn—-O bond lengths, or from a Peierls distortion. This work reinforces the importance of
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Introduction

Owing to their unusual combination of electrical conductivity
and porosity, conducting metal-organic frameworks (cMOFs) are
of particular interest for a wide range of applications, from
energy storage to chemiresistive sensing."”> Many cMOFs utilize
close -7 stacking contacts and metal-semiquinone (as well as
diimino- and dithioquinone) moieties to achieve high conduc-
tivity, as both facilitate long-range electron delocalization.*® The
most prominent ones are the family of cMOFs made by reacting
2,3,6,7,10,11-hexahydroxytriphenylene (H¢HOTP) with various
divalent metal ions, M = Mg, Co, Ni, Cu."**® These frameworks
crystallize as two-dimensional hexagonal nets where the metals
adopt a square-planar or octahedral geometry with two semi-
quinone ligands (with additional pore filling M;HOTP clusters in
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especially when trying to correlate electronic properties to structural details.

the case of M = Mg, Ni, and Co). The hexagonal sheets can stack
in a variety of arrangements, including eclipsed, slipped parallel,
staggered, or more complex sequences.

By analogy with the other divalent metal-based MOFs in this
family, Zn;(HOTP), has also been assumed to adopt the same
2D stacked-sheet structure as other transition metals, with the
only debate over the precise stacking arrangement of the 2D
sheets.**® The first report of Zn;(HOTP), was assumed to be
isostructural to Cuz(HOTP),." A later report of Zn;(HOTP), used
Rietveld refinement of powder X-ray diffraction (PXRD) data to
propose eclipsed stacking of two-dimensional hexagonal nets
with Zn** adopting square planar geometry (Fig. 1a)."* However,
as is often the case with this family of materials, powder X-ray
diffractograms of Zn;(HOTP), contain an insufficient number
of reflections to allow unambiguous indexing and refinement.
This original proposed structure was deemed consistent with
the observed high electronic conductivity of the material due to
the presence of close m-7 stacking contacts.”® A subsequent
report, supported by Pawley refinement of PXRD data, argued
for a staggered stacking of two-dimensional hexagonal nets,
which allowed for an octahedral geometry around the Zn>" ions
with water occupying the axial positions (Fig. 1a).*® The precise
structure of Znz;(HOTP), remained unresolved due to the
inherent limitations of PXRD in distinguishing between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) In previous studies, simulated models of Znz(HOTP), depict
square-planar or octahedral Zn?* ions (purple) linking HOTP ligands
(dark hexagons with red O atoms) in parallel 2D hexagonal layers
stacked along the c-axis. (b) In this work, diffraction studies establish
Zns(HOTP), as a lattice wherein Zn?* nodes bridge HOTP linkers into
a three-dimensional framework where neighboring HOTP ligands are
not coplanar. The connectivity and Zn®* coordination environments
differ significantly, highlighting the importance of direct structural
characterization.
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plausible stacking arrangement and coordination geometries
(Fig. 1b and S17).

Results and discussion
The debate over the structure of Zn;(HOTP), is not just a ques-

tion of crystallography: the relative orientation of individual
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sheets in 2D electronic materials has profound consequences
on their bulk electronic structures.'”*® To resolve this debate, we
sought to produce sufficiently large crystals of Znz(HOTP), to
allow structural determination by single crystal diffraction.
Solvothermal reaction of H¢HOTP with Zn(OAc),-2H,O in
a mixture of water and N,N-dimethylformamide (DMF) yields
Zn3(HOTP), as a dark-blue crystalline powder (Fig. 2a). Activa-
tion of this material by desolvation under dynamic vacuum,
followed by an N, adsorption isotherm at 77 K, gave an apparent
Brunauer-Emmett-Teller (BET) surface area of 249.9 m*> g~
(Fig. S2t), in line with previously reported values of 274 to 330
m?” g~ 1151 Morphologically, crystallites of Zn;(HOTP), present
as approximately 2 um long needles with a hexagonal cross-
section measuring approximately 600 nm (Fig. 2e). Further
details on physical characterization, including elemental anal-
ysis, thermogravimetric analysis, and UV-vis spectroscopy, are
provided in the ESI (Fig. S3-S57). Although too small for single
crystal X-ray diffraction, these crystals were suitable for char-
acterization by electron diffraction.

Data obtained from 3D electron diffraction (3D ED, also
known as MicroED) revealed that Zn;(HOTP), crystallizes in the
super-space group P6;/mmc(00v)00ss with lattice parameters
a = b = 20.866 A and a rather short m-stacking distance that
coincides with the ¢ unit cell parameter of 3.1649 A, with
a modulating vector ¢ = 0.3488c* (Table S1 and Fig. S6-S177).
Although a view parallel to the ¢ direction reveals the expected
honeycomb structure with an interatomic distance across the
pore of ~17 A and a calculated pore diameter of ~14 A (Fig. S21),
views along the a or b directions show that the organic ligands
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Fig. 2 Structural characterization of Zns;(HOTP),: (a) synthetic route to Zn3;(HOTP), via solvothermal reaction of HsHOTP and Zn(OAc),-2H,0 in
H,O/DMEF at 85 °C. (b) Crystal structure of Zn3;(HOTP), viewed down the a*-axis (left) showing 1D channels (highlighting offset 7t-stacking with
a 3.16 A stacking distance) and down the c-axis (right) (the interatomic distance across the pore is ~17 A). (c) Experimental PXRD of Zns(HOTP),
with simulated PXRD data. The blue ticks denote main reflections and orange ticks denote first order satellite reflections (d) structural views of the
commensurate approximant model, showing Zn?* ions in pseudo-square pyramidal (blue) and pseudo-tetrahedral (orange) geometries with
corresponding Zn—-0O bond lengths. (e) SEM image of Znz(HOTP), crystallites showing ~2 um needles with hexagonal cross-sections.
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do not form continuous coplanar 2D sheets, as is the case with
other transition metals (Fig. 2b). Further, the Zn>" ions do not
adopt a square planar arrangement and, most importantly, are
not bound to just two catecholate ligands, as is the case with
other divalent ions in the Mj3(HOTP), family. Instead, two
crystallographically independent Zn>" ions adopt 4-coordinate
pseudo-T4 and 5-coordinate pseudo-C,, geometries, each coor-
dinating to three independent HOTP ligands (Fig. 2d). Although
the HOTP ligands define m-stacking columns, neighbouring
columns are offset by half a unit cell in the ¢ direction, such that
there are no 2D continuous, coplanar sheets of organic ligands
(Fig. 2d). Because the Zn** ions connect HOTP ligands in the ¢
direction, Zn3(HOTP), is therefore a three-dimensional MOF,
not a 2D one as previously assumed. In this sense, it is similar
to, but not isostructural with the lanthanide-HOTP MOFs,
wherein lanthanide ions situated between organic layers
connect HOTP ligands in the third direction."

Another resemblance with the lanthanide-HOTP MOFs
structures is the incommensurate modulation found in Znj(-
HOTP),. This modulation leads to a variation of the position of
the Zn nodes along the ¢ direction relative to HOTP linkers. We
note that, because the modulation vector is close to 1/3, the
structure can be approximated as a 3-fold supercell. The
supercell corresponds to space group P6 with a c-lattice
parameter of 9.49 A (with each 7- stacking distance of 3.16 A)
and 3 coordinatively saturated Zn>" ions per unit cell sitting on
two pseudo-C,, sites and one pseudo-Ty site. The Zn ions do not
lie directly on the 2-fold rotation axis and are resultantly
disordered over two positions. The occupancy of Zn ions in
these sites has a discontinuous occupational modulation. This
positional disorder and modulation are correlated to the
disorder and modulation of a rotation of the HOTP linker in the
ab plane. For both the Zn and lanthanide-HOTP frameworks,
the modulation can be seen as originating from -either
a geometric frustration between the preferred m-m stacking
distance and the metal-oxygen bond length, or from a Peierls
distortion wherein the one-dimensional band formed by the -
stacked HOTP is partially filled (due to linker oxidation).' The
observation of incommensurate modulation in Zn;(HOTP),
raises the intriguing possibility of a charge-density wave (CDW)
state, as seen in the Ln-HOTP analog.”® While further experi-
ments are needed to probe this hypothesis, Zn;(HOTP), joins
the class of incommensurately modulated MOFs with potential
for electronically driven structural transitions.

To obtain more insight into the electronic structure of
Zn;(HOTP),, we performed density functional theory (DFT)
calculations at the HSEO06 level on the 3-fold commensurate
approximant (Fig. 3 and Table S21).* We find that along the I'-A
pathway in the Brillouin zone (corresponding to the real-space
c-direction) there is a large band curvature, where the band,
formed by the HOTP-linker HOMO and HOMO-1 orbitals,
crosses the Fermi level. This is consistent with a large amount of
m-T overlap between HOTP linkers. Along the I'-M-K pathway
(corresponding to the ab plane), the bands are flat with a small
band gap of ~0.1 eV. The flat band is consistent with electrons
that cannot delocalize from the HOTP linkers to the Zn due to
high ionicity and low orbital overlap. From this, Zn;(HOTP),
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Fig. 3 Calculated band structure with projected density of states
(DOS) of Zn3z(HOTP),. The inset shows the first Brillouin zone of the
material with high symmetry k-points. Znz(HOTP), has a small band
gap in the in-plane direction, and significant band curvature is
observed in the out-of-plane direction. Zns(HOTP), is calculated to be
metallic, as demonstrated by the band crossing the Fermi-level in the
out-of-plane direction, and a non-zero projected DOS at the Fermi-
level.

should be semi-conductive in the ab plane and metallic along
the c-vector. Consistent with a highly ionic Zn, the species-
projected density-of-states (pDOS) reveals that the bands
around the Fermi level are populated only by the valence
orbitals of carbon and oxygen (i.e., the HOTP linker).

In our hands, polycrystalline pressed pellets of Zn;(HOTP),
exhibit an average two-contact probe conductivity of 2.05 x
107° S em ™' and highest conductivity of 5.4 x 10> S cm™*
(Fig. S1871). These values are in line with the original reported
conductivity for Zn;(HOTP),, 8 x 10> S cm™*,* but nearly 1000
times lower than the later reported value of 4.5 x 10">Scm™ ',
which has a significantly different synthetic procedure than the
one we used. We note here that two-contact probe measurement
possesses significant contact resistance, which might explain
the discrepancies of our measured conductivity with that of the
reported ones. As well, different particle morphologies
produced for each procedure will lead to different crystallite
packings, affecting the grain boundary resistances. We also
acknowledge the likelihood that different synthetic conditions
may lead to the formation of a Zn;(HOTP), phase that is indeed
2D (Fig. S17), which could potentially have higher conductivity.

To better understand the intrinsic electronic transport
properties and eliminate contact resistance effects, we per-
formed four-probe conductivity measurements on pellets
pressed under different pressures. At 3 tons of pressure, the
conductivity was 3.36 x 107> S cm™'; when increased to 6 and 9
tons, it rose to 7.78 x 107> S cm ' and 1.04 x 10°* S ecm ™},
respectively (Table 1). The increase in conductivity at higher
packings is consistent with a decrease in the contribution of
grain boundary resistances. However, given that the band
structure calculations predict metallic transport (along the c¢
direction) and ~10™* S em ™" is too resistive to be consistent
with metallic transport, the grain boundary resistances must
still dominate the device conductivity. In addition, the highly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Four-probe electrical conductivity measurements of Zns(-
HOTP), pellets as a function of applied pressing pressure. Higher
pelletizing pressure leads to improved grain connectivity and reduced
interparticle resistance, resulting in increased bulk conductivity

Method Pressure (tons) Conductivity (S em™)
Four-probe 3 3.36 x 107°
Four-probe 6 7.78 x 107°
Four-probe 9 1.04 x 10°*

anisotropic nature of charge transport in Zn;(HOTP), and the
large aspect ratio of needle-like crystals suggest that the
conductivity of the pellet may also depend on the average
orientation of the crystals. These observations are consistent
with that for the Ln-HOTP MOFs, where the single crystal
conductivity is ~1000 S cm™ " along the c-direction but the
pressed pellet conductivity is only ~10™* S cm™".192°
Alternatively, if the cause of the modulation is indeed a CDW
state, we might expect the appearance of a band gap at the
wavevector g = 0.3488c*, whereas for the calculated commen-
surate approximant g = 1/3c*, there would be no band gap.
Thus, the calculation would predict metallic behavior for the
approximant, whereas the CDW state could be semiconducting.

Conclusions

In conclusion, we have reported the single crystal structure of
Zn;(HOTP), determined by electron diffraction. Notably, this
MOF adopts a three-dimensional connected topology whereby
the Zn ions bridge between - stacks of HOTP linkers. As well,
the structure exhibits an incommensurate modulation. We
hope that future work strives towards large single crystal
synthesis, such that axis-oriented single crystal electronic
conductivity measurements may be performed as well as vari-
able temperature studies to determine the nature of the
incommensurate modulation.
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