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ABSTRACT: We employ a two-step strategy for accessing crys-
talline porous covalent networks of highly conjugated m-electron
systems. For this, we first assembled a crystalline metal-organic
framework (MOF) precursor based on Zr(IV) ions and a linear di-
carboxyl linker molecule featuring backfolded, highly unsaturated
alkyne backbones; massive thermocyclization of the organic link-
ers was then triggered to install highly conjugated, fused-aromatic
bridges throughout the MOF scaffold while preserving the crystal-
line order. The formation of cyclized carbon links not only greatly
strengthen the precursor coordination scaffold, but more im-
portantly, enhance electroactivity and charge transport throughout
the polycyclic aromatic grid.

The making of crystalline porous carbon networks (e.g., as the
3D analog of the 2D graphene system) is of interest in view of sta-
bility, functionality, and electronic/catalytic applications.! One
prime example is the gyroid and other minimal surfaces (e.g., the
Schwarz P and D surfaces) tiled with carbon polygons to generate
3D carbon schwarzites (or Mackay-Terrones crystals). Since the in-
itial proposition in the 1990s,? theoretical studies have pointed to
the intriguing electronic properties of these negatively curved car-
bon networks;* experimentally accessing these 3D carbon crystals,
however, remains a challenge. One difficulty concerns the very
strong constituent C-C bond that tends to form irreversibly and
thereby disrupt the order of the forming network. This dilemma of
crystallinity and bond strength is also conspicuous in the study of
metal-organic* and covalent organic frameworks (MOF and
COF).> Namely, their crystallinity critically depends on the reversi-
ble coordination interactions (e.g., metal-imidazolate and metal-
carboxylate bonds) or covalent links (e.g., imine links from amino
and carbonyl condensations), stronger links like C-C bonds and
many metal-thiolate bonds often result in poor structural order.

In this regard, the two-step approach, which separates crystalli-
zation from covalent bond formation, proves widely effective for
integrating strong covalent links into crystalline nets in a post-syn-
thetic fashion.® Therein, a crystalline porous net is first assembled
from metal ions and an organic linker with tailor-made side groups
(e.g., thiol groups). A reactive agent (e.g., a metal guest of HgClz)®
was then diffused into the coordination solid to install the covalent
links (e.g., that of Hg-thiolate).
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Fig. 1. Linker molecule H2L1 (featuring 4 backfolded alkyne
backbones) reacts with ZrCls to form the ZrL 1 net (shown as an
octahedroid based on Zr-O clusters and L1 linkers). ZrL1 topo-
logically resembles the UiO series, but with four equatorial link-
ers absent in the octahedroid unit.

Herein we report a dramatic rendition of this powerful two-step
synthesis, in the context of accessing highly stable and crystalline
polycyclic aromatic networks. The key design builds on the sym-
metrically backfolded®®” linker L1 (Fig. 1; see also Fig. S1 for the
synthetic steps): the dicarboxylic termini serve to establish the crys-
talline framework with Zr(IV) ions, while the unsaturated alkyne
units subsequently thermocyclize to effect the transition into a more
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Fig. 2. Schematic of the thermally induced linker transformation
of the ZrL 1 crystal (structure represented by a quadrilateral aper-
ture of the net). The resulted network (ZrL1-320; on the right)
likely contains covalent links (e.g., the aryl-S-aryl unit) across the
individual aromatic linkers. Zr atoms: cyan; S: orange; C: grey.
O: red.

robust conjugated aromatic network (Fig. 2 and S8). Unlike the
destructive, high-temperature (e.g., above 800 °C) carbonization of
MOF solids,? the alkyne benzannulation here occurs at milder con-
ditions (e.g., 200-400°C), preserving the crystallinity of the MOF
scaffold, whilst accommodating richer functional design.
Solvothermally reacting L1 with ZrCls in N, N-diethylfor-
mamide (DEF), using acetic acid as the modulator, afforded
truncated octahedra of orange crystals (about 0.1 mm in size;
see also Fig. 2 and S2 for a photograph of the crystal). Even
though single crystal X-ray diffraction (SCXRD) analysis on
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Fig. 3. PXRD patterns (Cu Ka, 2=1.5418 A) for (a) a model based
on Lin’s tetragonal, 8-connected UiO-type MOF (ref. 9); (b) an as-
made sample of ZrL 1; (c) an activated sample of ZrL 1 (in air), i.e.,
ZrL1-ac; (d) sample (c) immersed in DMF for 24 hours, i.e., ZrL1-
DMFrg; (e) sample (b) heated at 320 °C for 3 hours. i.e., ZrL1-
320; (f) sample (e) immersed in a saturated (4% w/w) NaF solution
(50 °C, 24 hours); (g) sample (e) immersed in H3PO4 (10% w/w)
for 24 hours.

the crystals has not been successful due to very weak diffrac-
tion observed (on a Bruker APEX diffractometer), powder X-
ray diffraction reveals a tetragonal unit cell (a = 24.34, ¢ =
32.65 A; pattern b, Fig. 3; details of refinement also included
in ESI). The formula ZrsO4(OH)s(H20)4(L1)4 for the activated
crystal sample of ZrL 1 is supported by elemental analysis and
solution "H-NMR measurement (with the crystals dissolved in
a DMSO-ds/K3PO4/D20 solution to indicate the structural in-
tactness of the L1 linker; see Fig. S3). The 1:4 cluster/linker
ratio in ZrL1 points to 8-connected ZrsO4(OH)s(H20)4 clus-
ters; together with the tetragonal symmetry revealed by PXRD,
the framework structure of ZrL1 can be compared to a tetrag-
onal Zr-MOF reported by Lin’s group® (e.g., see patterns a and
b of Fig. 3, in which the Zrs cluster is 8-connected, with each
octahedroid cage missing four equatorial linkers (Fig.1, bot-
tom). The missing equatorial edges provide structural flexibil-
ity, allowing the octahedron to be distorted normal to the basal
plane, to give a tetragonal lattice. Thus ZrL 1, with the 8-con-
nected Zr-O cluster, adopts the bcu topology as compared
with the fcu topology of the 12-connected prototype. Note that
ZrL1 differs from the PCN-700 series,'® which also features
8-connected nodes and a bcu topology. In ZrL1, all the Zrs
octahedra are identically oriented, with their equatorial
squares perpendicular to the ¢ axis; in PCN-700, however,
each two linker-sharing Zre octahedra are related by the 4.
axis; their equatorial bases, while both paralleling the ¢ axis,
are perpendicular to the a and b axis, respectively.

Distinct framework dynamics and flexibility of the ZrL.1 network
was revealed in X-ray diffraction studies. For example, the acti-
vated sample ZrL 1-ac (the activation promotes the removal of the
guest molecules) exhibits diffraction peaks (e.g., the dominant low
angle peak; see pattern c, Fig. 3) that are significantly shifted to
larger values (towards the right), indicating contraction of the host
lattice. Upon immersion in DMF solvent, the peaks (pattern d, Fig.
3) are shifted back to the similar positions as in the pristine, as-
made ZrL1 sample (see ESI for cell refinements).

One intriguing result arises from the thermal treatment of the
ZrL1 crystals. For example, after heating at 320 °C for three hours
under a flow of argon, the orange crystals turned black (Fig. S4),
whilst retaining the highly crystalline lattice, as indicated by the
sharp and strong PXRD peaks observed. Indexing of the PXRD
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Fig. 4. CO2 (273 K) adsorption and desorption isotherms for an
activated ZrL1 crystal sample (blue graphs) and ZrL1-320 (i.e.,
after being heated at 320 °C) (red graphs).
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Fig. 5. IR spectra for (a) activated ZrL1; (b) ZrL1-320, i.c.,
activated ZrL1 heated at 320 °C for 3 hours.

peaks of the ZrL.1-320 (i.e., the 320 °C-treated sample; pattern e of
Fig. 3) reveals a tetragonal lattice with @ = 21.35, ¢ =29.41 A; with
diffuse reflectance indicating a bandgap of 0.82 eV (Fig. S5). Even
though N2 uptake was not significant for the ZrL1-ac and ZrL1-
320 samples thus obtained, CO2 gas sorption indicated a substantial
increase of surface area: from a Langmuir surface area of 140 m?%/g
for the activated ZrL.1-ac to 343 m?%g for ZrL.1-320 (Fig. 4 and S6).

The drastic chemical transformations from the thermal treatment
are also seen in the IR spectra, with the distinct alkyne stretching at
2205 cm™! of ZrL1 completely vanished in the ZrL.1-320 sample
(Fig. 5). In addition, the C-H 2920 cm™! associated with the CH3S-
groups of as-made ZrL 1 was also greatly diminished in ZrL.1-320,
indicating the cleavage of the CHs-S bond (e.g., to form aryl-S-aryl
bonds, emitting CH3SCHs and CH3SH; see also the illustration in
Fig. 2). To further characterize the emitted molecules, a sample of
ZrL1-ac heated in a sealed tube at 320 °C for 3 hours, and CDCl3
was then added to collect the soluble products for NMR analysis.
A comparison with standard samples of CH3SCH3 and CH3SH (Fig.
S7) confirms the formation of these molecules in the thermocyliza-
tion process (see Fig. S8 for a proposed mechanism). The departure
of these sulfur-rich molecules is also reflected in the considerable
weight loss at 320 °C revealed by TGA studies (Fig. S8), and in the
decreased S/Zr molar ratios (2.38/1 in ZrL1-320, and 3.85/1 in
ZrL 1) semi-quantitatively measured by EDX (Fig. S9).

Solid-state '*C NMR measurement on the ZrL.1-320 sample also
verifies the efficient benzannulation reaction. As seen in Fig. S10,
the spectrum is dominated by two broad signals at the aromatic re-
gion (the principal one at 128 ppm with a shoulder at 137 ppm).
The latter signal (around 137 ppm) most likely arises from the two
C-S carbons and the 16 edge quaternary carbons (as marked in the
inset), since these have been found to shift to relatively low field in
polycyclic aromatics;'! the main peak at 128 ppm can be assigned
to the remaining aromatic C atoms (total number: 32). The peak of
the two carboxyl carbons, generally occurring between 170-180
ppm, is not distinct because of their small number and consequently
weak signal. The overall peak profile also compares well with those
of a graphene nanoribbon made from thermally aromatizing an aryl
diacetylene precursor.'? Electrical conductivity measurements help
to reveal significant m-conjugation and electron delocalization in
the ZrL1-320. In a preliminary two-probe measurement, the ther-
mocyclized sample ZrL.1-320 (compressed powder), upon doped
by Br, exhibits a conductivity on the order of 102 S/m. We are
experimenting with the thermal treatment conditions, in order to
optimize the performance of the resulted sample in electronic con-
ductivity and other properties.

Remarkably, the thermally treated crystals (i.e., ZrL1-320) ex-
hibit extraordinary stability against acids and bases. For example,
whereas the F~ ion and phosphoric acid (H3PO4) have proven espe-
cially detrimental to Zr(IV)-carboxylate networks (because of the
stability of zirconium phosphate and fluoride compounds),'? the
ZrL1-320 crystals continue to feature strong and well-defined
PXRD peaks consistent with the original lattice, even after being
immersed in either 10% (w/w) H3POs4 or in saturated NaF solutions
(4% w/w, heated to 50 °C) for 24 hours, as is shown in patterns f
and g of Fig. 3).

The above results (especially the stability and conductivity re-
sults) thus indicate that extensive cyclization and crosslinking
across the linker molecules have been successfully induced by ther-
mally treating the Zr-L 1 scaffold (e.g., at 320 °C). The retention of
the structural integrity of the Zr-L1 scaffold is clearly indicated by
the PXRD analysis and the gas sorption studies. We are now build-
ing on this encouraging discovery and aiming to achieve more ver-
satile functions and porosity properties in crystalline frameworks
derived from tailor-made backfolded aromatic building blocks.
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