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Quadruple stacking topology with an unusual threefold stacking per-
iodicity in four honeycomb sheets was realized in a flexible wavy
honeycomb-sheet MOF (PMC-20). The infinite n-stacked arrays, formed
exclusively at the n-conjugated core of the linker site, contribute to the
highest electrical conductivity among the reported naphthalenediimide
(NDI)-based crystals.

Honeycomb lattice, which is characterized by its 3-connected
nodes and linkers, is commonly found in sheet materials such
as graphene"® and metal oxides.? It is one of the most exten-
sively studied two-dimensional (2D) atomic scale structures due
to its attractive electrical and magnetic properties. The research
on 2D honeycomb lattices has recently extended to molecule-
based framework.*® Notably, those with porosity such as
metal-organic frameworks (MOFs) and covalent organic frame-
works (COFs) have been of interest because of their bottom-up
designability and various characteristic functions including
ferromagnetism,” carrier transport,”'®'" photoluminescence,'>"
catalysis'*° and gas separation."”'® These functions originate from
the molecular components, while they are also influenced by the
stacking structure between honeycomb sheets.

The rn-stacking interaction is the typical interlayer inter-
action observed in honeycomb-sheet MOFs and COFs which
consist of m-conjugated planar nodes and linkers. The inter-
action often extends infinitely to form columnar structures,
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enabling the conduction of carriers (electrons or holes) along
the interlayer direction, so-called through-space conduction.
The proper stacking of redox-active planar moieties'®>' and
the extension of conjugation have been widely explored to
enhance the electrical conductivity of MOFs, known as the
through-space and through-bond approaches, respectively.""**
Although intralayer (i.e. through-bond) conduction among n-conju-
gated nodes and linkers has been regarded as the major contribut-
ing factor to the electrical conductivity in these MOFs and COFs, the
significant contribution of through-space conduction was recently
reported in conductive honeycomb-sheet MOFs with lanthanide
ions, which break through-bond m-conjugation.”®** To the best of
our knowledge, electrically conductive honeycomb-sheet MOFs and
COFs exhibit one of the four stacking modes shown in Fig. 1a-d. In
most cases, either an eclipsed (AA, Fig. 1a)**’ or slipped parallel
(AA', Fig. 1b)**" stacking mode, which forms n-stacked columns at
both node and linker sites, has been reported. The other minor case

(a) Eclipsed (AA) (b) Slipped parallel (AA’) (c) Staggered (AB)

(d) Staggered (ABC) (e) Quadruple (ABCD)

m-stacking manner

® stacking axis * stacking axis

Fig. 1 Schematic diagram of stacking modes in honeycomb-sheet fra-
meworks. (a)—(d) Reported stacking modes in MOFs and COFs with planar
n-conjugated nodes (triangle) and linkers (stick). (e) Quadruple stacking
mode and its expected n-stacking manner with flat honeycomb sheets.
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is known as a staggered stacking mode (AB stacking®'? in
Fig. 1c and ABC stacking”*! in Fig. 1d), where m-stacking
interaction works only at the node sites and the remaining
linkers float in the nanospace. These studies indicate that
planar m-conjugated nodes always contribute to the formation
of n-stacked columnar structures in reported honeycomb-sheet
MOFs and COFs. In contrast, to our knowledge, the formation
of columnar structures only at the n-conjugated linker sites has
never been reported. To overlap the n-conjugated planes of all
linkers, quadruple stacking topology as shown in Fig. 1e, ie.,
four honeycomb sheets with staggered stacking manner
at linker sites, would be formed. In this case, however, each
n-stacked linker site consists of only three of four honeycomb
sheets, leaving an empty space between a trimer of n-stacked
linkers. This geometric constraint would prevent the realization
of the quadruple stacking topology in honeycomb-sheet MOFs
and COFs.

Nevertheless, we herein report the first 2D honeycomb net-
work assembly that forms infinite n-stacked arrays exclusively
at the m-conjugated core of the linkers. This network consists
of Cd*>" ions as the non-planar 3-connected nodes, where
n-stacking interaction is not available, and N,N’-di(4-pyridyl)-
1,4,5,8-naphthalenetetracarboxdiimide (NDI-py) as the linkers.
The flexibility of the honeycomb coordination networks plays a
crucial role in forming 3-fold stacking periodicity in four
different honeycomb sheets, realizing an infinite n-stacked
array with high electrical conductivity. Because this 2D network
contains both pores and partially reduced conductive n-stacked
arrays, it is also regarded as the first porous molecular con-
ductor (PMC)**7*® with a 2D framework.
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The naphthalenediimide (NDI) core has widely been used as
the ligand in MOFs,*® whereas the NDI-based conductive MOFs
are still limited.>******” To induce the formation of a n-stacked
array by enhancing aromatic interaction with n-radicals, we
applied preliminary reduction of the NDI-py ligand using
cobaltocene as a reducing agent.>® The rod-shaped black crys-
tals were synthesized by liquid-liquid diffusion of a N,
N-dimethylacetamide (DMA) solution of CdBr, to N-methyl-
pyrrolidone (NMP) solution of NDI-py with cobaltocene under
an inert atmosphere. This compound is hereafter abbreviated
as PMC-20. The single-crystal X-ray diffraction (SXRD) analysis
reveals that a Cd>" ion is coordinated by three pyridyl groups of
NDI-py ligands and some disordered atoms (Fig. 2a). As shown
in the coordination geometry around the Cd*" ion (Fig. S1a-d in
ESIt), an H,O molecule (O5 or 06) and bromide ion in the axial
position and the oxygen atom (04 or O4A) of the solvent
molecules in the equatorial position are disordered. As a result,
the formula of the coordination network of PMC-20 is deter-
mined to be [Cd(NDI-py); sBro.s56(OHz)1.44(s0lvent)], which is
consistent with the elemental analysis.

The equatorial coordination geometry is distorted from
square planar geometry. The N-Cd-N bond angles of the cis
and trans positions are 98.51(15)° and 163.0(3)°, respectively
(Fig. S1e, ESIT), making a Cd*" ion as the distorted triangle-like
3-connected node of the honeycomb sheet as shown in Fig. 2b
and Fig. S1f (ESIt). The crystal structure of PMC-20 projected
along the a axis (Fig. 2¢) indicates that four honeycomb sheets
(shown in different colours) are stacked at the NDI core of the
linker with staggered stacking manner. Each n-stacked array
consists of only three NDI cores of four honeycomb sheets.
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Fig. 2 Crystal structure of PMC-20. (a) Thermal ellipsoid plot around the C

d2+

ion. The coordinating oxygen atoms of solvent molecules and bromide

ions are disordered. H atoms are omitted for clarity. (b) Two-dimensional honeycomb coordination network in PMC-20. (c) Perspective view of PMC-20
along the a axis (upper). Unit cell is shown in grey rectangle. Each honeycomb sheet is colour-coded differently. The stacking structure of the region
outlined with a dotted line is shown in the lower figure as a perspective view along the ¢ axis. (d) Side view of the n-stacked NDI column with the
interplanar distance. (e) Two types of pores in PMC-20. The coordinating solvent molecules are omitted for clarity in (b)—(e). Cd yellow, Br brown, O red,
N blue, C grey, and H white.
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Although a vacancy between the trimer of n-stacked linkers is
expected in the case of flat honeycomb sheets as shown in
Fig. 1e, the actual sheets form a wavy structure to fill the
vacancy and achieve infinite stacking as shown in Fig. 2c. The
flexibility of the Cd** coordination geometry enables the for-
mation of the wavy honeycomb sheet. The n-stacked columnar
structure of NDI-py linkers is highlighted in Fig. 2d. The NDI
cores are stacked in 3-fold periodicity with the stacking dis-
tances of 3.23, 3.22, and 3.22 A. Their transfer integral values
are calculated to be 274, 261, and 261 meV, respectively, which
are slightly smaller than the values of previously reported
PMCs**° but still larger than those of neutral NDI-based
organic semiconductors (typically < 100 meV).*®*° These
values indicate strong aromatic interactions enhanced by the
presence of m-radicals, which would also contribute signifi-
cantly to the formation of wavy honeycomb sheets and infinite
n-stacked arrays. The sharp electron spin resonance (ESR)
signal (g = 2.0038) confirms the presence of NDI radical species
(Fig. S2, ESIY). Ignoring the solvent molecules both in the pores
and coordinating to Cd*" ions, two types of pores are formed in
PMC-20 as shown in Fig. 2e.

The "H NMR spectrum of PMC-20 dissolved in DMSO-d,
suggests that NMP and DMA molecules are present in a 1:2
ratio (Fig. S3, ESIf). On the basis of the '"H NMR spectrum
and elemental analysis, we concluded that the unit formula of
PMC-20 contains one NMP, two DMA and 3.44 H,O molecules
including the coordinating solvent. The thermogravimetric
analysis (TGA) showed the weight loss with two unclear steps,
which roughly correspond to the liberation of 3.44 H,O mole-
cules (up to 50 °C) and that of one NMP and two DMA
molecules (from 50 to 200 °C) (Fig. S4, ESIt). The variable-
temperature powder X-ray diffraction (PXRD) measurement
(Fig. S5, ESIT) indicates that the PXRD patterns are maintained
up to 60 °C, demonstrating structural stability under the
liberation of H,O molecules. However, the patterns gradually
broadened and weakened above 60 °C, reflecting a loss of
crystallinity due to the liberation of NMP and DMA molecules
from the pores. We next tried to exchange NMP and DMA
molecules to other solvent molecules such as acetone and
methanol by soaking the crystals into each solvent for a week.
"H NMR spectra of the dissolved crystals after soaking show no
peaks attributable to NMP and DMA molecules, confirming the
completion of the solvent exchange reaction (Fig. S6, ESIt). The
PXRD patterns of the soaked crystals (Fig. S7, ESIT) indicate
that the crystal structure was maintained under the exchange
with methanol and acetone. This phenomenon contrasts with
the previously reported PMC-1, whose 1D coordination frame-
work was rearranged into a non-porous structure upon
soaking,*” reflecting the improved robustness of the 2D frame-
work in PMC-20.

The solid-state absorption spectrum of PMC-20 contains
various absorption bands as shown in Fig. 3. On the basis of
the previous report,>*°™** the broad absorption band attribu-
ted to the charge transfer between the NDI radical and neutral
species was observed near 0.4 €V, as well as the relatively weak
absorption band attributable to the charge transfer between
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Fig. 3 (a) The solid-state absorption spectrum of PMC-20 dispersed in a

KBr pellet. (b) Temperature dependence of electrical conductivity of
single crystalline PMC-20 measured along the a axis (the direction of the
n-stacked columnar structure).

two NDI radical species observed around 1 eV. The optical band
gap of PMC-20 is estimated from the former band (0.4 eV). In
addition, the absorption band around 2.7 eV and 3.5 eV can be
attributed to the intramolecular n-r* transition of NDI radical
and neutral species, respectively. The intense band of
the radical species (2.7 eV) compared with the neutral one
(3.5 eV) is consistent with the large mean charge of the NDI core
(—0.96) calculated from the chemical formula of PMC-20.

Direct current (DC) electrical conductivity measurements of
single crystals were performed by the two-probe method. The
temperature dependence of electrical conductivity indicates semi-
conducting behaviour with a conductivity of 7.62 x 107> S cm ™" at
room temperature. Notably, it is higher than the record of electrical
conductivity of NDI-based and TTF-based MOFs (Table S2, ESIt).
The activation energy (E,) is calculated to be 87.7 meV by fitting the
data with the Arrhenius equation ¢ = o, exp(E./kT), where g, is the
prefactor, k is the Boltzmann constant and 7 is the temperature.
Although the smaller transfer integrals suggest lower carrier mobi-
lity, the larger mean charge on the NDI core (-0.96), i.e., the higher
carrier concentration, is likely to play a more important role in
the higher conductivity of PMC-20 compared with that of
reported PMCs.

In conclusion, we synthesized PMC-20 as the first porous
molecular conductor (PMC) constructed from a 2D coordina-
tion network. The conductive infinite m-stacked arrays were
constructed at the m-conjugated core of the naphthalenedii-
mide (NDI) ligands in PMC-20, resulting in an uncommon
honeycomb-sheet framework that forms a columnar structure
only at the linker sites. This 3-fold stacking periodicity in four
honeycomb sheets has not been realized in flat honeycomb
sheets due to the geometric constraint. The flexible nature of
the 3-connected node with the Cd** ion plays a key role in
forming the wavy honeycomb sheet, which in turn enables the
achievement of the uncommon quadruple stacking structure.
The relatively robust 2D framework of PMC-20 enables solvent
exchange while maintaining the structure. Moreover, it exhib-
ited the highest electrical conductivity and lowest activation
energy among previously reported single-crystalline PMCs and
NDI derivatives. This work opens new avenues for the synthesis
of conductive honeycomb-sheet materials with unusual stack-
ing topology by enhancing the flexibility of the framework.

This journal is © The Royal Society of Chemistry 2025
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