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In the present work, we report a “two-in-one” strategy to con-
struct single-linker-based pillar-layered metal—organic frameworks
(PL-MOFs) guided by reticular chemistry via an in situ “one-pot”
approach. Two carboxyl groups and one pyridine group are inte-
grated into one molecular skeleton to form bifunctional organic
linkers via the reaction of pyridine-containing aldehyde and bicar-
boxylate-containing o-phenylenediamine. During the synthesis of
organic linkers, two zinc-based PL-MOFs, non-interpenetrated
HIAM-3016-op and two-fold interpenetrated HIAM-3017-op, can
be simultaneously constructed. The different interpenetrations for
these two PL-MOFs can be attributed to the increased length of
the pyridine-containing moiety. HIAM-3017-op can be utilized for
Cr,0,%~ detection with excellent sensitivity and selectivity. The
present work not only provides a novel insight to design and
prepare PL-MOFs with specific structures guided by reticular
chemistry, but also indicates the universality of the in situ “"one-
pot” strategy to construct porous materials.

As one of the subgroups of metal-organic frameworks (MOFs),
pillar-layered MOFs (PL-MOFs)"” have received considerable
attention due to their unique structures and potential appli-
cations in sensing,® catalysis*® and gas separation.” The most
important feature of PL-MOFs is the presence of two linkers in
one MOF, which can offer more possibility to tune the struc-
tures and properties of the resultant MOFs. Usually, the 2D
layer in PL-MOFs is formed via the connection of metal sites
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and carboxylate groups from ditopic-,>®° tritopic-* or
tetratopic'®*-type carboxylate acid to generate a binuclear
“paddle-wheel” M,(COO), (M = Zn, Co, Cd) type structure,
whereas the pillaring linkers are coordinated to the unsatu-
rated metal sites via nitrogen atoms as shown in Scheme 1a.
Owing to the nature that the two linkers are orderly distributed
in the whole structure, PL-MOFs have been considered as
some of the ideal platforms to study the energy transfer with
highly tunable absorption and emission spectral overlap
between the pillar linkers and the linkers in the layer, in which
one acts as the energy donor and the other is the energy
acceptor.” 13716

Although a number of PL-MOFs have been reported, com-
pared with non-pillar 3D MOFs, drawbacks such as low poro-
sity and low stability of the structures have limited more
specific investigations in this area due to the structural
flexibility.®'”'® Therefore, it is essential to design new struc-
tures with special linkers to improve the thermal and chemical
stability without decreasing the void volume of the whole
framework. In recent years, the development of reticular
chemistry’® " has facilitated the discovery of MOFs with un-
precedented structures.”>®® It has been successfully proven
that reticular chemistry can provide helpful guidelines for the
top-down design and precise construction of MOFs, in which
organic and inorganic building units can be rationally
designed at the atom level.>*** Given the underlying nets, the
geometrical constrains and the specific functions of organic
and inorganic building units,>**® MOFs with desired struc-
tures and enhanced performances have been constructed via
the guidance of reticular chemistry.>”*°

On the other hand, for the construction of MOFs, the con-
ventional method is to use pre-synthesized organic linkers to
react with inorganic units, where extensive and time-consum-
ing organic synthesis has to be performed. To avoid these
shortcomings, an in situ “one-pot” strategy has been developed
to facilely prepare MOFs, where in situ organic synthesis and
MOF construction simultaneously happen under the same

This journal is © The Royal Society of Chemistry 2024
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@ Present work: two-in-one strategy to construct single-linker-based PL-MOFs anvia in situ “one-pot” approach
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Scheme 1 Schematic diagram illustrating the construction of PL-MOFs by (a) conventional methods using ditopic or tetratopic carboxylate acid
and nitrogen-containing molecules as the linkers and (b) the reticular chemistry guided “two-in-one” strategy to construct single-linker-based
PL-MOFs via an in situ "one-pot” approach and the corresponding structures of linkers and precursors.

solvothermal conditions.**™**

This strategy has been used to
successfully prepare MOFs with various structures and appli-
cations, especially for Zr-MOFs.

Bearing the unique structural features of PL-MOFs in mind,
herein, guided by reticular chemistry,”*>*** we envision that a
two-in-one strategy might be developed to prepare PL-MOFs
using only one kind of organic linker generated via an in situ
“one-pot” strategy. These organic linkers will possess a
T-shaped structure containing two carboxylate groups and one
pyridine group via a reaction between pyridine-containing
aldehyde and bicarboxylate-containing o-phenylenediamine
(Scheme 1b).

To verify our hypothesis, 2',3'-diamino-[1,1":4',1"-terphenyl |-
4,4"-dicarboxylic acid (H,DATC) and isonicotinaldehyde
(Fig. 1a) were first chosen as the precursors to synthesize
T-shaped 4,4'-(2-(pyridin-4-yl)-1H-benzo[d]imidazole-4,7-diyl)
dibenzoic acid (H,PBIA), using which the proposed PL-MOFs
might be simultaneously constructed. This in situ “one-pot”
strategy has been successfully used in our previous work to
construct a series of Zr-MOFs.® A typical synthesis of a single-
linker-based PL-Zn-MOF, HIAM-3016-op (HIAM = Hoffmann
Institute of Advanced Materials; 30 = zinc), is schematically
shown in Fig. 1a and b: a 5 mL vial containing 3.0 mL N,N-di-
methylformamide (DMF), Zn(NO3);:6H,O (0.17 mmol,
49.4 mg), H,DATC (0.075 mmol, 26.1 mg) and isonicotinalde-
hyde (0.077 mmol, 8.2 mg) was placed in a preheated oven at
100 °C, and then the colorless single crystals (Fig. S11) were
obtained after 3 days. Single crystal X-ray diffraction (sc-XRD)

This journal is © The Royal Society of Chemistry 2024

analysis revealed that HIAM-3016-op is a PL-MOF, which pos-
sesses a three-dimensional (3D) structure and crystallizes in
the monoclinic crystal system with the C2/c space group
(Table S1,t Fig. 1c and d). The organic linker indeed is H,PBIA
generated via the in situ reaction between H,DATC and isonico-
tinaldehyde (Fig. 1e). H,PBIA was confirmed via the 'H NMR
spectrum using the digested HIAM-3016-op (Fig. S27), which is
similar to the directly synthesized H,PBIA (Fig. S3f). As
depicted in Fig. 1c, d and Fig. S4,T each Zn(u) is square-pyra-
midally coordinated by four carboxylate oxygen atoms from
four H,PBIA linkers at the basal positions and one nitrogen
atom from one H,PBIA linker at the apical position. Two crys-
tallographically equivalent Zn(u) cations are bridged by four
carboxylate groups adopting a bis-bidentate coordination
mode to generate a dinuclear Zn(u) “paddle-wheel” Zn,(COO),
secondary building unit (SBU) (Fig. S51). These SBUs are
linked together by carboxylate groups of H,PBIA linkers to
form a 2D flat layer with square grids. The layer square grids
are further connected by the pyridine group from the H,PBIA
linker to form a 3D framework. In order to form 3D PL-MOFs,
it should be noted that the angle is 56.94° between the 2D
layer and the pyridine-based pillar moiety (Fig. 1d, e and
Fig. S61), which makes the whole structure look like a two-fold
interpenetrated framework from the ¢ axis (Fig. 1c). The pyri-
dine groups in the whole structure are parallel with each
other. Further structural analysis indicates that 3016-op pos-
sesses a 2-nodal (3,6)-c net with the point symbol of
{4%-6},{4*-6°-8%-10}, resulting in an ant topology (Fig. 1g). An
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Fig. 1 The molecular structures of H,DATC and isonicotinaldehyde (a), the structure of paddle-wheel Zn,(COO), (b), the single crystal structure of
HIAM-3016-0p (c and d), the corresponding linker structure of H,PBIA (e), and the underlying net of HIAM-3016-op (f and g).

almost same Zn-MOF, HIAM-3016, can be constructed using
directly synthesized H,PBIA under similar solvothermal con-
ditions (Table S21). The aforementioned results demonstrate
that the two-in-one strategy indeed can be utilized to construct
PL-MOFs by combining two carboxylate groups and one pyri-
dine group into one organic linker using the in situ one-pot
approach.

Inspired by the successful construction of single-linker
based HIAM-3016-op via the in situ “one-pot” strategy, we
attempted to use different organic precursors to construct
various single-linker based PL-MOFs. This investigation will
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not only confirm the universality of the proposed strategy but
also enrich the structural diversity and functionalization of the
resultant MOFs. Commercially available 4-(pyridin-4-yl)benz-
aldehyde was chosen as the pyridine-containing precursor to
react with H,DATC. Using similar synthesis conditions to
those for HIAM-3016-op (Fig. 2a and b), large single crystals of
HIAM-3017-op were obtained (Fig. S7f). sc-XRD analysis
revealed that HIAM-3017-op crystallizes in the monoclinic
crystal system with the C2/c space group, which is the same as
that for HIAM-3016-op. As shown in Fig. 2¢, d and S8,f
HIAM-3017-op is a PL-MOF constructed using an in situ gener-

COOH

COOH

= n —

Fig. 2 The molecular structures of H,DATC and 4-(pyridin-4-yl)benzaldehyde (a), the structure of paddle-wheel Zn,(COO), (b), the single crystal
structure of HIAM-3017-op (c and d), the corresponding linker structure of H,PPBIA (e), and the underlying net of HIAM-3017-op (f and g).
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ated linker, 4,4'-(2-(4-(pyridin-4-yl)phenyl)-1H-benzo[d]imid-
azole-4,7-diyl)dibenzoic acid (H,PPBIA) (Fig. 2e), as the
organic linker, which was also confirmed via the "H NMR spec-
trum of digested HIAM-3017-op (Fig. S97).

In the structure of HIAM-3017-op, two equivalent Zn(u) ions
are bridged by four carboxylate groups from four deprotonated
H,PPBIA linkers to form a binuclear “paddle-wheel”
Zn,(COO0), as the SBU. These SBUs are connected by other car-
boxylate groups to give (4,4)-c 2D layers, which are further
extended by the pyridine-based pillar moiety to form the 3D
network. This structural feature is the same as that for
HIAM-3016-0op. However, the great difference in HIAM-3017-op
is that the formed 3D network is interpenetrated to generate a
2-fold framework. In addition, due to the increased length of
the pyridine-containing moiety, the angle between the 2D layer
and the pyridine-based pillar increased to 81.30° (Fig. S107).
Topological analysis indicated that HIAM-3017-0p possesses
the same underlying net as HIAM-3016-op (Fig. 2f and g).

The phase purity of HIAM-3016-op and HIAM-3017-op was
confirmed by the agreement between simulated and experi-
mental powder X-ray diffraction patterns (PXRD) as shown in
Fig. 3a. The solid-state emission and absorption of these two
MOFs were also measured. As depicted in Fig. 3b, HIAM-3016-
op and HIAM-3017-op exhibit similar optical behaviors with
the absorption and emission maxima at 403/485 nm and 384/
478 nm, respectively. Then the thermal stability of HIAM-3016-
op and HIAM-3017-op was evaluated. Both of them show high
thermal stability up to 400 °C as confirmed by thermo-
gravimetric analysis (Fig. S11 and S12}). However, the surface
areas of these two MOFs cannot be obtained because their
crystallinity cannot be maintained during the activation even
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Fig. 3 PXRD patterns of simulated and as-synthesized HIAM-3016-op
and HIAM-3017-op (a), the solid-state photoluminescence spectra (solid
lines) and UV-vis absorption spectra (dash lines) of HIAM-3016-op and
HIAM-3017-op (b), PXRD of HIAM-3017-op after grinding (c), the photo-
luminescence spectrum (solid line) and UV-vis absorption spectrum
(dash line) of HIAM-3017-op in aqueous solution after grinding (d).
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using supercritical CO, (Fig. S131). Then we tested the stability
of ground HIAM-3017-op and the corresponding optical behav-
ior in aqueous solution to explore its potential application as a
chemical sensor. The PXRD patterns of ground HIAM-3017-op
matched well with the simulated one even after soaking in
water for one day, indicating its mechanical and chemical
stability (Fig. 3c and Fig. S1471). The ground HIAM-3017-op
exhibited bright emission in aqueous solution with emission
maxima at 521 nm, which is 43 nm red-shifted compared with
that in the solid state (Fig. 3d).

Then various 200 uM anions (CH;COO™, F~, CI7, I", HCO; ™,
C05%7, 10,7, NO,™, SO;>7, SO4*~ and Cr,0,””) were separately
added to the aqueous solution of ground HIAM-3017-0p to
evaluate the emission responses to common anions. As shown
in Fig. 4a, only Cr,0,>~ showed remarkable emission quench-
ing with a quenching percentage of 65%. The other ten
common anions led to a much lower fluorescence quenching
or enhancement effect, indicating that HIAM-3017-op can be
used as a highly selective chemical sensor for Cr,0,>~ detec-
tion. A titration experiment was then conducted to determine
the sensitivity of HIAM-3017-op toward Cr,O,*". The emission
intensity of HIAM-3017-op gradually decreased with increasing
Cr,0,>” concentration (Fig. 4b). According to the Stern-
Volmer equation, a linear correlation coefficient of 0.998 was
calculated for HIAM-3017-op in the Cr,O,”>” concentration
range from 5 uM to 200 pM (Fig. 4c). Accordingly, the detection
limit for Cr,0,>~ was determined to be 0.63 uM for
HIAM-3017-op. The PXRD patterns of HIAM-3017-op after
detection well match with those before sensing (Fig. 4d),
which confirms the chemical stability of HIAM-3017-op.
HIAM-3017-op also exhibited repeatable detection capability
for Cr,0,>", although decreased quenching efficiencies were
observed with values of 65.0%, 62.4% and 47.8% for three
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Fig. 4 Selectivity test of HIAM-3017 toward various anions (concen-
tration = 200 pM) (a), Cr,O,%~ concentration-dependent emission
quenching of HIAM-3017 (b), the corresponding Stern—Volmer plot (c),
and the PXRD patterns of HIAM-3017 after different treatments (d).
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cycles (Fig. S157). This reduced performance can be attributed
to the incomplete removal of Cr,0,°~ during each cycle and
the loss of crystallinity of HIAM-3017-op (Fig. S157). The afore-
mentioned results demonstrate that HIAM-3017-op can be uti-
lized as a great chemical sensor for Cr,0,>~ detection with
excellent sensitivity, selectivity and high stability.

In conclusion, guided by reticular chemistry, two pillar-
layered MOFs, non-interpenetrated HIAM-3016-op and two-
fold interpenetrated HIAM-3017-op, are successfully con-
structed by integrating two carboxylate groups and one pyri-
dine group into one linker skeleton via an in situ “one-pot”
strategy. HIAM-3017-op exhibits high sensitivity and selectivity
for Cr,0,>~ detection. This work provides a new insight for
rationally designing organic linkers and discovering new
MOFs guided by reticular chemistry via an in situ “one-pot”
strategy.
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