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Abstract: This paper describes structural elucidation of
a layered conductive metal-organic framework (MOF) mate-
rial Cu3(C6O6)2 by microcrystal electron diffraction with sub-
angstrom precision. This insight enables the first identification
of an unusual p-stacking interaction in a layered MOF material
characterized by an extremely short (2.73 c) close packing of
the ligand arising from pancake bonding and ordered water
clusters within pores. Band structure analysis suggests semi-
conductive properties of the MOF, which are likely related to
the localized nature of pancake bonds and the formation of
a singlet dimer of the ligand. The spin of CuII within the
Kagom8 arrangement dominates the paramagnetism of the
MOF, leading to strong geometrical magnetic frustration.

Introduction

The emergence of layered two-dimensional (2D) electri-
cally conductive MOFs[1] as a new generation of 2D materi-
als[2] has offered opportunities for innovation in electronics,[3]

magnetics,[4] chemiresistive sensing,[5] electrocatalysis,[6] and
energy storage.[7] In 2D layered conductive MOFs, the
connection of ligands and metal nodes determines the
topology and environment of the nanochannel and governs
the electronic coupling between the subunits that dictate the
emergent electrical[1] and magnetic properties of the overall
material.[8] This electronic coupling can be extremely sensitive
to the exact atomic arrangement of molecular components
and the stacking of layers within the MOF crystal.[9] Due to

electronic coupling between adjacent layers, stacking features
exert dramatic influence upon the electronic properties in
other 2D layered materials.[10] Achieving a similar level of
control in MOFs requires clear structural elucidation of the
molecular details and stacking features of this class of
materials with atomic precision.[9]

The self-assembly of 2D conductive MOFs involves
multiple and interrelated processes, including deprotonation,
redox reactions, and coordination polymerization. The com-
plexity of controlling the thermodynamics and kinetics of
these processes has posed considerable challenges for obtain-
ing crystals amendable for single crystal X-ray diffraction
(SXRD) analysis. To date, access to single crystal structures of
2D conductive MOFs remains highly limited.[11] With few
exceptions,[11] 2D conductive MOFs thus far have been
obtained as polycrystalline powders with moderate crystal-
linity, small crystallite size, disordered interlayer stacking,
and/or unidentified pore environment.[1] The lack of knowl-
edge of single crystal structures with atomic precision has
significantly hampered the understanding of structure-prop-
erty relationships.[1b, 9a, 11c] Although combining powder X-ray
diffraction (pXRD) with quantum calculations has yielded
structural insight into selected 2D conductive MOFs,[9a,12] this
approach offers limited information about atomic positions,
geometric parameters, stacking modes, and arrangement of
guest molecules within pores. While insight into these
parameters can emerge from sophisticated electron micros-
copy techniques,[11a,b] developing and implementing addi-
tional methods that can offer direct structural insight into 2D
layered MOFs with atomic precision are highly demanded.

Recently, the emerging technique of microcrystalline
electron diffraction (MicroED)[13] has been employed to
characterize a range of compounds including large biological
macromolecules,[14] small molecules,[15] and organometallic
complexes.[16] Unlike X-rays, electrons possess both charge
and mass, allowing them to interact more strongly with
matter, thus yielding high-quality diffraction data on sub-
micron crystals several orders of magnitude smaller than
those required for SXRD analysis. Thus, MicroED is partic-
ularly advantageous for the structural determination of
conductive MOFs whose synthetic routes are difficult to
adapt to growing sufficiently large single crystals for conven-
tional X-ray analysis. Indeed, several studies have shown the
use of electron diffraction for the unambiguous structural
characterization of several classes of materials,[17] such as
zeolites,[18] MOFs,[11c,19] and covalent organic frameworks.[20]

Despite these successful implementations, the application of
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MicroED for structural determination of 2D conductive
MOFs remains extremely limited.[11c]

This paper describes an unambiguous elucidation of the
structure of Cu3(C6O6)2 by MicroED with sub-angstrom
precision (0.8 c) to provide information on features of
interlayer packing, variations of the coordination, and the
presence of water guests. We demonstrate that the ligand
embedded in the two fully eclipsed layers of the MOF is
cofacially stacked with a remarkably short interplanar
distance of 2.73 c. This extremely short p-stacking distance
suggests the formation of the pancake bonds between the
ligands, which represents the first discovery of this type of
interaction in 2D layered materials. Cu3(C6O6)2 exhibits a bulk
electrical conductivity of 1.2 X 10@6 Scm@1 at room temper-
ature with an activation energy of 0.47 eV. Band structure
analysis suggests that the semiconductive feature of Cu3-
(C6O6)2 may be related to the localized nature of the pancake
bonds. As pancake bonding leads to the formation of singlet
dimers of the ligand between adjacent layers of the MOF, this
structural feature leaves the spins of CuII as the dominant
contributor to the paramagnetism of Cu3(C6O6)2. The CuII

ions in a 2D Kagom8 network of the Cu3(C6O6)2 MOF
experience strong geometric magnetic frustration. Our study
provides fundamental insights into how the unique stacking
features can affect the electrical and magnetic properties of
2D layered conductive MOFs.

Results and Discussion

In our optimized conditions, Cu3(C6O6)2 was synthesized
by adding tetrahydroxy-1,4-benzoquinone (THQ) solid to
a copper nitrate or acetate solution in water in the presence of
ammonium acetate under gentle air bubbling at 65 88C for 24 h
(Figure 1a, see section 2 in Supporting Information for
details). Cu3(C6O6)2 was obtained as a microcrystalline pow-
der comprising crystals with hexagon-shaped rods at the
submicrometer to micrometer scale and hexagonal pores, as
observed by scanning electron microscopy (SEM, Figure 1b)
and transmission electron microscopy (TEM, Figure 1c),
respectively. Compared with the previous report,[21] our
synthetic conditions significantly increased the crystallinity
(Figures S1,S2) and crystallite size (nanometer vs. micro-
meter, Figure S3) of Cu3(C6O6)2 material. This improvement
of the crystallite size to micrometer dimensions was a key
advance that ultimately enabled the first structure elucidation
of Cu3(C6O6)2 MOF using MicroED with atomic-level
precision.

The crystal of Cu3(C6O6)2 was illuminated by a low dose
electron beam (< 0.03 e@c@2 s), while being continuously
rotated. The diffraction data were processed and refined using
broadly available software for X-ray crystallography (see
section 9 in Supporting Information). The structure of Cu3-
(C6O6)2 was resolved with a high resolution of up to 0.80 c.[22]

This resolution is on par with the best resolution achieved by
electron diffraction for MOF PCN-415 (0.75 c)[19b] and
comparable to that of the SXRD structure of COF-300
(0.85 c).[23] Cu3(C6O6)2 has a honeycomb-type network
formed by the coordination between the Cu ion and C6O6

unit in a ratio of 2:3 (Figure 2 a). Cu ions link the ligand
through the chelation sites from the direction of the C2

symmetry axis of the ligand. We identified two types of Cu
ions, Cua and Cub in a molar ratio of 1:2, which have slightly
different distortions in their square planar coordination
geometry (Figure 2c). Cua adopts a nearly perfect square
planar coordination geometry in CuaO4 units with a dihedral
angle of only & 2.288 between the two planes established by O-
Cua-O atoms. The corresponding dihedral angle in CubO4

units is & 7.488. These imperfect square planar connections
lead the layers of the MOF to be slightly bent. These layers
exhibit a unique double-layer and mixed stacking of AAA’A’
with an alternating fully eclipsed (AA and A’A’) and
a slipped-parallel packing (AA’ and AA’, relative in-plane
displacement of 1.9 c) between two adjacent layers (Fig-
ure 2b). This observation is in stark contrast to other layered
conductive MOFs that show either fully eclipsed, slipped-
parallel, or staggered packing exclusively.[9a, 11a, 12a, 24] In Cu3-
(C6O6)2, the average layer-to-layer distance (see Figure S14
for definition) for the fully eclipsed and slipped-parallel
packings with honeycomb pores of 2.9 c and 3.1 c, respec-
tively. The value of 2.9 c is much shorter than those observed
in MOFs with honeycomb lattices based on hexaiminoben-
zene (& 3.2–3.3 c)[7b, 24] and hexasubstitubed triphenylene
(& 3.3 c).[11a, 12a,25]

Cu3(C6O6)2 showed solvent-accessible nanopores with
a diameter of & 1.1 nm containing confined water clusters.
Regeneration of the positions of hydrogen atoms of water

Figure 1. The synthetic scheme, chemical structure, and electron
microscopy images of Cu3(C6O6)2 MOF. a) The synthetic Scheme for
the formation of Cu3(C6O6)2. b) EM and c) TEM characterization of
Cu3(C6O6)2.
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molecules by DFT calculations suggested a hydrogen-bonded
water assembly of dodecamer (H2O)12 formed within the two
adjacent fully eclipsed layers. This assembly appeared aligned
along the channel to form a longitudinally extended cluster
[(H2O)12]n (Figure 2d). The above analysis suggested a chem-
ical formula of Cu3(C6O6)2·6 H2O, which is in excellent
agreement with elemental analysis (Table S2) and thermog-
ravimetric analysis (Figure S24). Pawley refinement of the
structure resolved by MicroED analysis against experimental
pXRD (l = 1.5406 c) yielded an excellent match (Figure 2e
and section 10 in Supporting Information). These results
demonstrated good consistency with the structure resolved by
MicroED and experimental pXRD, as well as excellent
crystallinity and purity of the bulk material of Cu3(C6O6)2.

An accurate determination of the valency of constituents
in MOFs is critical for interpreting their electronic properties,

including charge transport and spin behavior. X-ray photo-
electron spectroscopy (XPS) confirmed the presence of C, O,
and Cu in Cu3(C6O6)2 sample. The deconvolution of high-
resolution XPS scan of Cu 2p range[26] in Cu3(C6O6)2

suggested a dominant distribution of CuII over CuI with
a CuII :CuI ratio of 95:5 (Figure 3 a, see section 7 in Supporting
Information). High-resolution XPS analysis of the C 1s
revealed a nearly 1:1 distribution of -C=O and -C@O (Fig-
ure 3b), in line with the observation of C=O and C@O
stretching in Fourier-transform infrared spectroscopy and
Raman spectroscopy (section 4 in Supporting Information).
These results supported the existence of the ligand in
a tris(semiquinone) form on average, equivalent to an anionic
radical of [C6O6]

3@C. However, the possibility of an equal
distribution of ligand in @2 ([C6O6]

2@) and @4 ([C6O6]
4@)

states as a mixed valency cannot be excluded (upper part in

Figure 2. Single crystal structure of Cu3(C6O6)2 resolved by MicroED and pXRD analysis of the bulk powder of Cu3(C6O6)2. a) Front view of the
crystal structure. Two types of structurally different Cu in Cu3(C6O6)2 were labeled by Cua and Cub, respectively. b) Side view of the structure
showing a double-layered and mixed type of fully eclipsed and slipped parallel stacking. The purple and green arrows depict the alignment of Cua

and Cub, respectively, along the directions of the stacking. In (a) and (b) the guest molecules in the pores are omitted. c) The slightly different
geometry of CuO4 unit formed by Cua and Cub. d) The structure of the water cluster [(H2O)12]n formed inside the channel of Cu3(C6O6)2. The
structure was shown as the equivalent primitive cell to highlight a single-channel structure. e) Overlay of the experimental and Pawley refinement
pXRD traces for Cu3(C6O6)2 with key diffraction planes labeled.
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Figure 3c). A combination of Cu2+ ions and the ligand with
a formal averaged charge of @3 in a ratio of 3:2 should give
a charge-neutral framework for Cu3(C6O6)2, consistent with
the crystal structure resolved by MicroED and elemental
analysis (Table S2). The above analysis demonstrated that the
charge neutral Cu3(C6O6)2 MOF in this work exhibited a more
oxidized state in its skeleton than the negatively charged
scaffold of this analog reported previously.[21a] We attribute
the charge neutrality realized in this work to continuous air
bubbling during synthesis.

To gain more insights into the oxidation state of the
ligand, we turned to bond-length analysis. Previous studies of
metal-semiquinone complexes showed that the C@O bond
length is indicative of the degree of oxidation of the semi-
quinone fragment.[27] Shorter C@O bonds correlate with more
oxidized (quinone-type) character, whereas longer C@O
bonds correspond to reduced (catechol-type) character.
Based on the C@O and C@C bond lengths, the structure of
the Cu3(C6O6)2 revealed two kinds of slightly different C6O6

ligands within the MOF (lower part in Figure 3 c) with
averaged C@O bond lengths of 1.28(1) c. This value was
close to the average C@O bond lengths in a CuII bis-
semiquinonate complex (1.288 c)[27b] and a CuII triphenylene
tris(semiquinone) complex (1.283 c) (see Table S6 and Fig-
ure S22 for comprehensive comparison). This consistency
suggested that ligands within the MOF were likely in
a tris(semiquinone) state (see detailed discussion in section 11
in Supporting Information).

Our analysis showed
that the two types of ligands
were alternatively embed-
ded in the two adjacent fully
eclipsed layers within the
MOF. The ligands were co-
facially stacked with an in-
terplanar distance (averaged
C to C distances in the
ligand) of only 2.73 c (Fig-
ure 3d). This value repre-
sents one of the shortest p-
p stacking distances (plane
to plane or centroid to
plane)[28] that has been ex-
perimentally approached
and identified in all struc-
tures reported to date.[29]

Considering that conven-
tional p-p stacking distances
are in the range of 3.0–
3.9 c,[28] this extremely
short distance suggested the
presence of strong intermo-
lecular interactions, for ex-
ample, charge transfer inter-
action[30] or spin-spin cou-
pling interaction,[31] between
the two types of C6O6 li-
gands.

Spin pairing has been
previously observed in p-assemblies of phenalenyl,[32] viol-
ogen cation,[33] naphthalenediimide anion,[34] tetracyanoqui-
nodimethane anion,[35] tetrathiafulvalene cation,[36] and oth-
ers.[31a,37] In these systems, efficient p-p orbital overlap
provides the driving force for the stabilization of a dimer
that is responsible for contact distances significantly shorter
and interaction energies larger than those of typical van der
Waals interactions. This interaction has been described as
„pancake bonding“.[31a, 32, 34, 35,37a, 38] We hypothesized that anal-
ogous interactions may be present within adjacent bilayers of
Cu3(C6O6)2 MOF, considering the cofacial alignment and the
very short interplanar distance between the ligands with
a formal radical state.

Given that the spin state of the ligand can be significantly
affected by the radical pairing interaction, electron para-
magnetic resonance (EPR) spectroscopy was performed to
study the spin characteristics of MOF Cu3(C6O6)2. EPR of
Cu3(C6O6)2 at 77 K (Figure 4 a) and 298 K both exhibited
a broad absorbance band in the range of 2500–4500 G, which
was ascribed to a Cu-centered radical in Cu catecholate-based
materials (Figure S12, see Supporting Information for dis-
cussion).[11c,27c,39] The asymmetric shape of the EPR spectra is
consistent with the pseudo-square planar coordination of Cu,
in which in-plane Cu···O coordination bonds are much longer
than Cu to O and Cu to Cu distances along the axial direction
(Figure S33).[40] DFT calculations revealed that the spin
density of Cu3(C6O6)2 was predominately centered on the
dx2@y2 orbital of Cu ions, with the positive and negative signs of

Figure 3. Oxidation state analysis of the metal and ligand in Cu3(C6O6)2 MOF and extremely close stacking of
the ligand. The high-resolution XPS scan of a) Cu 2p and b) C 1s range (after Ar+ sputter etching) of
Cu3(C6O6)2 MOF with area percentages of the deconvoluted peaks given. c) Representative resonant
structures of C6O6 ligand in @2, @3, and @4 charged states (upper part). Two types of C6O6 ligands (colored
in red and blue) as being incorporated in Cu3(C6O6)2 MOF with slightly different C@O bonds (lower part).
d) The arrangement of the two types of C6O6 ligands in Cu3(C6O6)2.
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spin density for Cua and Cub, respectively (Figure 4b and
section 15 in Supporting Information). Taken together, EPR
results and DFT calculations suggested that the unpaired
electrons in Cu3(C6O6)2 MOF were centered CuII centers. The
lack of the spin signal from ligands was consistent with the
presence of pancake bonded singlet dimers (Figure 3 d). This
strong interlayer interaction may be beneficial in promoting
ordered packing without stacking faults in Cu3(C6O6)2 (Fig-
ure S5).

Although pancake bond, as a type of stacking interaction,
has been demonstrated in several molecular systems with
planar configurations as mentioned earlier,[32–34,38] as far as we
know, it has not been previously reported in any 2D layered
materials. The possible presence of pancake bonds in the
Cu3(C6O6)2 suggested a unique type of electronic interlayer
coupling between the ligands in the MOF, which can influence
the electrical and magnetic properties of this material.

With a clear picture of structural features for Cu3(C6O6)2

in mind, we sought to investigate the electrical and magnetic
properties of this material. Two-contact probe measurements
of the conductivity of Cu3(C6O6)2 gave a bulk conductivity of
1.2 X 10@6 Scm@1 at 298 K. This value showed more than one
order of magnitude improvement compared with the MOF
made from CuII and THQ in previous reports.[21a,b] We
attributed this increase to the improved crystallinity achieved
in this study, as well as the charge-neutral skeleton of the
structure in this report. Temperature-dependent conductivity
tests showed that increasing the temperature to 393 K
increased the conductivity of the material to 1.7 X
10@4 Scm@1 (Figure 5a). A plot of conductivity against
temperature revealed Arrhenius-type dependence with an

activation energy (Ea) of 0.47 eV for the charge carrier
transport (inset in Figure 5a). UV-vis-NIR spectroscopy
showed relatively broad absorption bands that extended to
the NIR region (Figure 5b). Plotting the UV-vis-NIR spectra
in Tauc coordinates resulted in an optical band gap (EO, gap) of
0.95 eV for Cu3(C6O6)2 (inset in Figure 5b). These results
suggested the semiconductive property of the bulk material of
Cu3(C6O6)2.

To further understand the intrinsic electrical properties of
Cu3(C6O6)2, we performed the spin-polarized DFT calcula-
tions of band structure using meta-generalized gradient
approximation functional (section 15 in Supporting Informa-
tion). The calculated band structure of Cu3(C6O6)2, which
included entrapped water molecules, revealed a direct band
gap of 0.14 eV near gamma point, consistent with the
semiconducting characteristic of Cu3(C6O6)2 (Figure 5c).
Although DFT calculations can underestimate the band
gap,[41] the discrepancy between the theoretical band gap
(0.14 eV) and the relatively large experimental activation
energy (0.47 eV) indicated charge hopping barriers between
rather localized states. Domain boundaries,[1b,4c,21a, 24,42] im-
purities, and defects may also contribute to the magnitude of
the activation energy of charge transport in the polycrystal-
line MOF. The partial density of states (PDOS) showed that
the valence band maximum (VBM) comprised exclusive
contributions from p orbitals of O and C atoms. The
conduction band minimum (CBM) exhibited considerable
hybridization of d orbitals of Cu and p orbitals of O atoms.
The calculated minimum carrier effective mass (section 15 in
Supporting Information) of VBM along the M-A direction
(along reciprocal lattice vector [0,1,1̄]) was 0.05 me, much
smaller than those for L-M, A-G, G-Z, and Z-V directions
(0.15, 2.01, 0.18, and 0.40 me, respectively). These differences
suggested more efficient transport of charge carriers along the
M-A direction than along other directions (Figure 5d).

The calculated orbitals near the VBM were centered on
[C6O6]

3@C ligand (Figure 5e, see also Figure S28a) in compar-
ison to the orbitals near the CBM that were mostly centered
on CuO4 units (Figure 5 f, see also Figure S28b). The compo-
sition of these orbitals was consistent with the PDOS analysis.
Importantly, we observed that in the calculated orbitals near
the VBM, the p orbitals of C exhibited high degree of overlap
and formed multicentered bonding orbitals. This observation
further corroborated the formation of the pancake bonding of
ligand in Cu3(C6O6)2. Because of the unique double-layer and
mixed stacking mode of Cu3(C6O6)2, the pancake bonds were
found sandwiched between the fully eclipsed layers (AA or
A’A’), while absent between the slipped-parallel layers (A’A
or AA’). This spatial distribution of the pancake bonds
suggested the presence of a localized feature of p electrons in
the VBM. We hypothesize that this feature likely limits the
long-range out-of-plane electron transport in Cu3(C6O6)2 and
serves as an important intrinsic reason for the observed
moderate conductivity and relatively large activation energy
in addition to the contributing factors of domain boundaries.

To probe the magnetic properties of Cu3(C6O6)2 MOF,
temperature-variable magnetic susceptibility measurements
were performed between 1.8–300 K (Figure 6a). The field
cooled (FC) and zero field cooled (ZFC) magnetization

Figure 4. Spin characteristic of MOF Cu3(C6O6)2. a) EPR spectra of
Cu3(C6O6)2 at 77 K. b) DFT-calculated spin-up (pink) and spin-down
(blue) density of Cu3(C6O6)2.
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curves were almost the same in the tested temperature range,
indicating a lack of long-range magnetic order down to 1.8 K
and a typical paramagnetic behavior at 1.8–300 K. The
magnetic hysteresis tests of Cu3(C6O6)2 MOF at 2 K and 5 K
did not display any hysteretic behavior (Figure 6b and
Figure S32), demonstrating the lack of remanent magnet-
ization due to the absence of ferromagnetic ordering. The
fitting of paramagnetic susceptibility cm,p (see section 16 in
Supporting Information) against temperature at 25–300 K
according to Curie–Weiss law provided a nearly linear
relationship (inset Figure 6a). This fitting yielded a Curie
constant of 1.23 emuK mol@1 (per mole Cu3(C6O6)2·6 H2O)
and a Weiss constant (q) of @26.1 K. This value of Curie
constant was only slightly higher than the theoretical value
expected for three independent spins of Cu2+ with S = 1/2

(1.125 emuKmol@1). How-
ever, this value was much
smaller than that for five
independent S = 1/2 spins
(1.875 emuKmol@1, three
Cu2+ and two ligands).
Consistently, the effective
moment (meff) calculated
for each Cu ion in the
formula Cu3(C6O6)2·6 H2O,
1.788 mB, was reasonably
close to that expected for
Cu2+ ion with S = 1/2 state,
1.73 mB. These results sup-
ported that the paramag-
netism of the Cu3(C6O6)2

MOF at the tested temper-
ature range was mostly
from the spin of Cu cen-
ters. The negative Weiss
temperature suggested an
antiferromagnetic interac-
tion between localized
Cu2+ ions moments.[42,43]

Further considering the
Kagom8 arrangement of
CuII ions in Cu3(C6O6)2,
the antiferromagnetic in-
teractions between adja-
cent CuII spins within the
layer (single arrows in Fig-
ure 6d) can lead to geo-
metrical frustration.[44] Es-
timation of the frustration
parameter f, defined as j q j
/Tc,

[45] gave f> 14, which
supported a strong sup-
pression of magnetic or-
dering that may result
from geometrical frustra-
tion.

The antiferromagnetic
exchange interactions
were also reflected in the

temperature dependence of the product of the paramagnetic
susceptibility and temperature (cm,p T), which revealed a de-
creasing trend with the decrease of the temperature (Fig-
ure 6c). Based on the computational insight that the calcu-
lated spin resides on dx2@y2 orbital of Cu ions, which favors
intralayer interaction over interlayer interaction, we hypothe-
sized that intralayer Cu coupling would dominate over
interlayer coupling (see section 16 in Supporting Information
for detailed discussion). The lack of magnetic ordering for
Cu3(C6O6)2 down to 1.8 K was also consistent with the
observed antiferromagnetic interactions of CuII spins within
a Kagom8 layer, similar to those found in the related Cu-BHT
(BHT= benzenehexathiol)[43] and Cu3(HHTP)2 (HHTP =

hexahydroxytriphenylene)[46] system.

Figure 5. Electrical properties of Cu3(C6O6)2 MOF. a) Electrical conductivity of Cu3(C6O6)2 pellets as a function
of temperature. The inset is the Arrhenius fitting of conductivity to temperature. b) UV-vis-NIR spectrum of
Cu3(C6O6)2 thin film deposited on quartz substrates. The inset is the Tauc plot of the UV-vis absorbance
spectra for the estimation of the optical band gap. c) Calculated band structure (blue and red lines for spin-up
and spin-down electron associated bands, respectively) and projected PDOS for Cu3(C6O6)2 using the structure
determined by MicroED with H atoms of water molecules regenerated. d) The first Brillouin zone and K-points
of Cu3(C6O6)2 MOF. Green planes parallel to 2D layers are added to guide eyes. Calculated orbitals near the
e) VBM and f) CBM.
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To assess the antiferromagnetic coupling interactions
between the adjacent CuII cations within a layer (Figure 6d),
we analyzed the temperature-dependent cm,p data by high-
temperature series expansion (see Supporting Information
for details).[47] The obtained exchange coupling constant for
adjacent CuII cations was J/kB =@20 K (@13.9 cm@1). This
coupling constant was much larger than that in Cu3(HHTP)
complex (@2.76 cm@1)[27c] and Cu3(HHTP)2 MOF (J/kB =

@2 K),[46] demonstrating a stronger antiferromagnetic cou-
pling interaction of adjacent CuII ions in Cu3(C6O6)2 MOF
system, which was possibly ascribed to the shorter CuII-CuII

distance in Cu3(C6O6)2 (6.5 c vs. 11.1 c in ref. [27c] and [46]).
Below 4.8 K, cm,p T value was even smaller than 0.375 emuK
mol@1 (calculated meff< 1.73 mB for each Cu3(C6O6)2·6 H2O
unit), indicating the existence of the across-Cu antiferromag-
netic coupling interactions (indicated as J1Q and J2Q in Fig-
ure 6d). The across-Cu antiferromagnetic couplings can be
favorable in Cu3(C6O6)2 MOF system considering that the
across-Cu CuII-CuII distances in this MOF (11.3 and 13.0 c)
were comparable with those in the triphenylene-bridged Cu
complexes (11.1 c).[27c,46]

Conclusion

This paper demonstrates the unambiguous structural
elucidation of Cu3(C6O6)2 MOF by MicroED with sub-
angstrom precision. This achievement provides a new level
of insight into the hydration, coordination variation and
distortion, and stacking features of this material. Cofacial

stacking of adjacent bilayers over a re-
markably short interplanar distance of
2.73 c has led us to propose pancake
bonding interactions, which were not
previously reported in 2D layered ma-
terials. Experimental studies and elec-
tronic band structure analysis indicated
the semiconductive feature of the MOF,
which was likely related to the localized
feature of pancake bonds. The magnet-
ism of Cu3(C6O6)2, dominated by the
paramagnetic CuII ions, showed strong
geometric magnetic frustration resulting
from the Kagom8 arrangement of CuII

in the MOF. This property may be of
further interest for evaluating this ma-
terial as a potential candidate for quan-
tum spin liquid.[44, 48] We anticipate that
the fundamental study presented herein
will open the avenue for in-depth inves-
tigation of other conductive frameworks
and 2D layered materials through the
exploitation and manipulation of differ-
ent types of stacking forces. Future
studies using devices fabricated from
large single crystals and precisely con-
trolled number of layers of the 2D
layered MOFs should clarify the aniso-
tropic and intrinsic electronic properties

and minimize the nontrivial effects of structural defects,
impurities, and grain boundaries in this general class of
materials.[1b,11b,d]
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Figure 6. Magnetic properties of Cu3(C6O6)2 MOF. a) ZFC (solid blue line) and FC (dashed
orange line) magnetization for Cu3(C6O6)2 in an applied DC magnetic field of 100 Oe. The inset
is molar paramagnetic susceptibility of Cu3(C6O6)2 was fit against the temperature to Curie–
Weiss law. b) Magnetic hysteresis of Cu3(C6O6)2 MOF at 2 K and 5 K. c) Temperature depend-
ence of the product of the paramagnetic susceptibility and temperature (cm,p T). d) Schematic
representation of the antiferromagnetic coupling interactions in Cu3(C6O6)2 MOF. The circles
and triangles represent Cu ions and ligands in the MOF.
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2016, 55, 3566 – 3579; Angew. Chem. 2016, 128, 3628 – 3642;
b) L. S. Xie, G. Skorupskii, M. Dincă, Chem. Rev. 2020, 120,
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2014, 136, 8859 – 8862; b) X. Huang, P. Sheng, Z. Tu, F. Zhang, J.
Wang, H. Geng, Y. Zou, C. A. Di, Y. Yi, Y. Sun, W. Xu, D. Zhu,
Nat. Commun. 2015, 6, 7408.

[13] a) D. Shi, B. L. Nannenga, M. G. Iadanza, T. Gonen, eLife 2013,
2, e01345; b) B. L. Nannenga, D. Shi, A. G. W. Leslie, T. Gonen,
Nat. Methods 2014, 11, 927 – 930.

[14] B. L. Nannenga, T. Gonen, Nat. Methods 2019, 16, 369 – 379.
[15] C. G. Jones, M. W. Martynowycz, J. Hattne, T. J. Fulton, B. M.

Stoltz, J. A. Rodriguez, H. M. Nelson, T. Gonen, ACS Cent. Sci.
2018, 4, 1587 – 1592.

[16] C. G. Jones, M. Asay, L. J. Kim, J. F. Kleinsasser, A. Saha, T. J.
Fulton, K. R. Berkley, D. Cascio, A. G. Malyutin, M. P. Conley,
B. M. Stoltz, V. Lavallo, J. A. Rodriguez, H. M. Nelson, ACS
Cent. Sci. 2019, 5, 1507 – 1513.

[17] M. Gemmi, E. Mugnaioli, T. E. Gorelik, U. Kolb, L. Palatinus, P.
Boullay, S. Hovmoller, J. P. Abrahams, ACS Cent. Sci. 2019, 5,
1315 – 1329.

[18] a) J. Jiang, J. L. Jorda, J. Yu, L. A. Baumes, E. Mugnaioli, M. J.
Diaz-Cabanas, U. Kolb, A. Corma, Science 2011, 333, 1131 –
1134; b) J. Simancas, R. Simancas, P. J. Bereciartua, J. L. Jorda,
F. Rey, A. Corma, S. Nicolopoulos, P. Pratim Das, M. Gemmi, E.
Mugnaioli, J. Am. Chem. Soc. 2016, 138, 10116 – 10119.

[19] a) D. Denysenko, M. Grzywa, M. Tonigold, B. Streppel, I.
Krkljus, M. Hirscher, E. Mugnaioli, U. Kolb, J. Hanss, D.
Volkmer, Chem. Eur. J. 2011, 17, 1837 – 1848; b) S. Yuan, J. S.
Qin, H. Q. Xu, J. Su, D. Rossi, Y. Chen, L. Zhang, C. Lollar, Q.
Wang, H. L. Jiang, D. H. Son, H. Xu, Z. Huang, X. Zou, H. C.
Zhou, ACS Cent. Sci. 2018, 4, 105 – 111; c) D. Lenzen, J. Zhao,
S. J. Ernst, M. Wahiduzzaman, A. Ken Inge, D. Frohlich, H. Xu,
H. J. Bart, C. Janiak, S. Henninger, G. Maurin, X. Zou, N. Stock,
Nat. Commun. 2019, 10, 3025; d) Z. Huang, M. Ge, F. Carraro,
C. J. Doonan, P. Falcaro, X. Zou, Faraday Discuss. 2021, 225,
118 – 132.

[20] a) Y. B. Zhang, J. Su, H. Furukawa, Y. Yun, F. Gandara, A.
Duong, X. Zou, O. M. Yaghi, J. Am. Chem. Soc. 2013, 135,
16336 – 16339; b) T. Sun, C. E. Hughes, L. Guo, L. Wei, K. D. M.
Harris, Y. B. Zhang, Y. Ma, Angew. Chem. Int. Ed. 2020, 59,
22638 – 22644; Angew. Chem. 2020, 132, 22827 – 22833.

[21] a) J. Park, A. C. Hinckley, Z. Huang, D. Feng, A. A. Yakovenko,
M. Lee, S. Chen, X. Zou, Z. Bao, J. Am. Chem. Soc. 2018, 140,
14533 – 14537; b) Q. Jiang, P. Xiong, J. Liu, Z. Xie, Q. Wang,
X. Q. Yang, E. Hu, Y. Cao, J. Sun, Y. Xu, L. Chen, Angew. Chem.
Int. Ed. 2020, 59, 5273 – 5277; Angew. Chem. 2020, 132, 5311 –
5315; c) J. Nyakuchena, S. Ostresh, D. Streater, B. Pattengale, J.
Neu, C. Fiankor, W. Hu, E. D. Kinigstein, J. Zhang, X. Zhang,
C. A. Schmuttenmaer, J. Huang, J. Am. Chem. Soc. 2020, 142,
21050 – 21058.

[22] Deposition Number 2069514 contains the supplementary crys-
tallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and

Angewandte
ChemieForschungsartikel

Angew. Chem. 2022, 134, e202113569 (8 of 9) T 2021 Wiley-VCH GmbH

https://doi.org/10.1002/anie.201506219
https://doi.org/10.1002/anie.201506219
https://doi.org/10.1002/ange.201506219
https://doi.org/10.1021/acs.chemrev.9b00766
https://doi.org/10.1021/acs.chemrev.9b00766
https://doi.org/10.1021/acs.chemrev.6b00558
https://doi.org/10.1021/acs.chemrev.6b00558
https://doi.org/10.1021/jacs.6b08511
https://doi.org/10.1021/jacs.6b08511
https://doi.org/10.1021/jacs.7b00705
https://doi.org/10.1021/jacs.7b00705
https://doi.org/10.1021/jacs.5b09600
https://doi.org/10.1021/jacs.5b09600
https://doi.org/10.1021/jacs.7b08840
https://doi.org/10.1002/anie.201709558
https://doi.org/10.1002/ange.201709558
https://doi.org/10.1002/ange.201709558
https://doi.org/10.1021/jacs.8b11257
https://doi.org/10.1021/jacs.5b07020
https://doi.org/10.1021/jacs.5b07020
https://doi.org/10.1002/anie.201506048
https://doi.org/10.1002/anie.201506048
https://doi.org/10.1002/ange.201506048
https://doi.org/10.1002/anie.201907002
https://doi.org/10.1002/anie.201907002
https://doi.org/10.1002/ange.201907002
https://doi.org/10.1038/nmat4766
https://doi.org/10.1038/s41560-017-0044-5
https://doi.org/10.1039/C7CS00653E
https://doi.org/10.1039/C7CS00653E
https://doi.org/10.1021/acs.chemrev.9b00666
https://doi.org/10.1021/acs.chemrev.9b00666
https://doi.org/10.1021/jacs.7b05742
https://doi.org/10.1021/jacs.7b05742
https://doi.org/10.1021/ja512437u
https://doi.org/10.1021/ja512437u
https://doi.org/10.1038/s41557-019-0372-0
https://doi.org/10.1038/s41557-019-0372-0
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/nature26160
https://doi.org/10.1021/cm301194a
https://doi.org/10.1021/acscentsci.9b01006
https://doi.org/10.1038/s41563-020-00847-7
https://doi.org/10.1021/acscentsci.0c01488
https://doi.org/10.1021/ja502765n
https://doi.org/10.1021/ja502765n
https://doi.org/10.1038/nmeth.3043
https://doi.org/10.1038/s41592-019-0395-x
https://doi.org/10.1021/acscentsci.8b00760
https://doi.org/10.1021/acscentsci.8b00760
https://doi.org/10.1021/acscentsci.9b00403
https://doi.org/10.1021/acscentsci.9b00403
https://doi.org/10.1021/acscentsci.9b00394
https://doi.org/10.1021/acscentsci.9b00394
https://doi.org/10.1126/science.1208652
https://doi.org/10.1126/science.1208652
https://doi.org/10.1021/jacs.6b06394
https://doi.org/10.1002/chem.201001872
https://doi.org/10.1021/acscentsci.7b00497
https://doi.org/10.1039/D0FD00015A
https://doi.org/10.1039/D0FD00015A
https://doi.org/10.1021/ja409033p
https://doi.org/10.1021/ja409033p
https://doi.org/10.1002/anie.202009922
https://doi.org/10.1002/anie.202009922
https://doi.org/10.1002/ange.202009922
https://doi.org/10.1021/jacs.8b06666
https://doi.org/10.1021/jacs.8b06666
https://doi.org/10.1002/anie.201914395
https://doi.org/10.1002/anie.201914395
https://doi.org/10.1002/ange.201914395
https://doi.org/10.1002/ange.201914395
https://doi.org/10.1021/jacs.0c09000
https://doi.org/10.1021/jacs.0c09000
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202113569


Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.

[23] T. Ma, E. A. Kapustin, S. X. Yin, L. Liang, Z. Zhou, J. Niu, L.-H.
Li, Y. Wang, J. Su, J. Li, X. Wang, W. D. Wang, W. Wang, J. Sun,
O. M. Yaghi, Science 2018, 361, 48 – 52.

[24] J. H. Dou, L. Sun, Y. Ge, W. Li, C. H. Hendon, J. Li, S. Gul, J.
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