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A cyclic trinuclear complex is synthesized from Ag' and 1H-pyrazole-
4-carbaldehyde. Reticulation of the complex with 1,3,5-tris(4-
aminophenyl)benzene through Schiff-base reaction affords a porous
FDM-72 framework. Amine choice is systematically investigated as it
may initiate metal reduction. This study proposes a new route and its
amine selection criterion to synthesize Ag-based frameworks.

Metal-organic frameworks (MOFs)' are a class of crystalline
porous materials typically constructed from inorganic secondary
building units (SBUs)” and organic linkers. Coordination linkages
between metal ions and organic binding groups (carboxylates,
azolates, etc.) are the main driving force that bring different
constituents together and lock each other into well-defined
frameworks. Recently, as an alternative route to synthesize MOFs,
discrete coordination complexes with specific functional groups
are being employed to react with organic units using dynamic
covalent chemistry to achieve extended structures.® For example,
[TigO6(COO)s] clusters,” [CrsO(COO)s] clusters,” [Zn,(PO3),]
clusters,® and even polyoxometalates’ with -NH,/~CHO function-
alities have been reticulated with organic aldehyde/amine
through Schiff-base reaction. As a juncture of MOF and covalent
organic framework (COF) chemistry,® the newly developed syn-
thetic route involves the construction of both coordination
linkages and dynamic covalent linkages in one framework.

In 2021, Li and our group reported the use of Cuz(PyCA);
(HPyCA = 1H-pyrazole-4-carbaldehyde) as the basic modules for
MOF construction through dynamic covalent chemistry.” The
synthetic approaches have been practiced to build various
reticular materials®'® targeting small molecule catalysis and
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photocatalytic CO, conversion applications, thanks to their
abundant redox-active sites and periodic n-n conjugated sys-
tem. However, applying the same stepwise synthetic strategy to
frameworks based on other d'° metals, such as Ag, is less
investigated. (i) For the coordination linkage construction,
facile preparation and isolation of molecular Ags;(PyCA); has
not been reported yet, and its crystal structure is desired for
precise modelling of the corresponding extended structures. (ii)
For the dynamic covalent linkage construction, Ag' is more
oxidative than Cu', and their compatibility with various amines
featuring different reductive ability remains unexplored.

Herein, we report the successful synthesis of Ags;(PyCA)s
molecular single crystals through Ag-pyrazolate coordination.
The triangular complex could serve as a 3-connected node when
reacting with 1,3,5-tris(4-aminophenyl)benzene (TAPB) through
Schiff-base reaction. With the help of stepwise coordination
linkage and dynamic covalent linkage, Ag’, PyCA, and TAPB are
successfully reticulated into a two-dimensional (2D) honey-
comb structure with layers packed in eclipsed fashion. Further-
more, the metal/amine compatibility investigation reveals that,
while both p-phenylenediamine (PA) and TAPB are compatible
with Cu(PyCA);, PA may reduce Ag;(PyCA); and complicate the
framework construction. This study proposes not only a new
route to synthesize Ag-based frameworks, but also a criterion
for their building unit selection.

Through a solvothermal reaction of AgNO; and HPyCA in a
mixture of N,N-diethylformamide (DEF), methanol, and H,O at
100 °C for 12 h, Ag;(PyCA); crystals in needle shape are synthesized
(Fig. 1, see the ESLt for details). Single-crystal X-ray diffraction
(SXRD) reveals that each Ag' is linearly coordinated with two N from
two (PyCA)~, and three Ag' form a trinuclear triangular complex
with three (PyCA)™. The complex with three -CHO groups is co-
planar. In each unit cell, 16 Ag;(PyCA); molecules are arranged in a
4 x 4 fashion (Fig. S5a, ESIT). Slight rotation and tilting between
neighbouring complexes results in a unit cell with long a and b cell
parameters (Table S1, ESIt). n—r stacking between the complexes is
evident, as the intermolecular distance is only 3.0 A (Fig. S5b, ESI¥).

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Preparation of Ags(PyCA)s by coordinating Ag' with HPyCA.

It should be noted that Ag' is likely to be reduced to Ag
during the complex synthesis, thus the obtained product is
often a mixture of colorless Ags;(PyCA); crystals and black Ag
particles (Fig. S1, ESIt). However, the Ag particles can be easily
removed by dissolving Agz(PyCA); in DMSO, followed by filtra-
tion and re-precipitation in methanol (Fig. S2, ESIt). Ag;(PyCA);
is isostructural with the previously reported Cus(PyCA);-H,O
and Ag;(Me,PyBCA); (Me,PyBCA = 4-(3,5-dimethyl-pyrazol-4-
ylbenzaldehyde).””** With three ~CHO in the corners, the
triangular Ags;(PyCA); could serve as a building unit to further
build extended structures using dynamic covalent chemistry.

A crystalline material named FDM-72 (FDM = FuDan Materi-
als) is obtained after heating Ag;(PyCA); in a TAPB solution in
mesitylene, dioxane, and aqueous CH;COOH at 50 °C for 72 h
(Fig. 2a). Compared with the Fourier transform infrared (FT-IR)
spectra of Ags;(PyCA); and TAPB, C=O0 stretching (1660 cm™")
and N-H stretching (3424 and 3346 cm™ ') are not observed
in FDM-72 (Fig. S3, ESIt). Furthermore, a new vibration at
1617 cm™ ' in FDM-72 confirms the C=N bond formation, sug-
gesting a Schiff-base reaction between Ags(PyCA); and TAPB.

FDM-72 shows relatively strong low angle peaks (Fig. 3a) in
powder X-ray diffraction (PXRD); however, determining its
crystal structure using SXRD is not possible due to its small
crystal size and inherent structural disorder. In addition, the
PXRD with slight amorphization and weak diffraction at high
angles is not enough for a reasonable Rietveld refinement.'*%¢
Since both Ag;(PyCA); and TAPB show C; symmetry, it is
rational to build an FDM-72 structure model as 2D honeycomb
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Fig. 3 (a) PXRD profiles of FDM-72 and simulation based on the eclipsed
and staggered models. (b) Pore distribution profile of FDM-72 using the
NLDFT adsorption model. (c) *H NMR of FDM-72 after DCI digestion and
AgCl removal. (d) PXRD profiles of as-synthesized FDM-72 and FDM-72
after being soaked in various acid and base solutions for 7 days. (e) Diffuse
reflectance UV-vis spectra of FDM-72, Agz(PyCA)z, and TAPB. (f) The plots
of (Ahv)? versus hv for optical band gap calculation.

layers,'” in which the tritopic Ags(PyCA); and TAPB nodes are
arranged alternatively within the layers (Fig. 2a). We modelled
the two most possible stacking modes of the layers after
applying geometry optimization of the constituents, and they
are (i) eclipsed mode with AA packing of layers along the ¢ axis
in the P6 space group, and (ii) the staggered mode with AB
packing in space group P6; (Fig. 2b). Pawley refinement®® is
further performed based on the two structure models (see the
ESIt). Specifically, for the eclipsed model, its unit cell para-
meters are refined to be a = 24.0661 A, ¢ = 4.2981 A (Table S2
and Fig. S6, ESIT). On the other hand, for the staggered model,
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(a) Synthesis of FDM-72 from Ags(PyCA)s and TAPB. In the Ags(PyCA)s unit: Ag, orange; C, grey; O, red; N, blue. In the TAPB unit: C, tan; N, blue. (b)

Topology diagrams and parameters of the eclipsed and staggered stacking modes.
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the parameters after refinement come to a = 23.7252 A, ¢ =
6.5299 A (Table S3 and Fig. S7, ESIt). The experimental PXRD
peaks at 260 = 4.3, 7.5, 8.6 and 11.5° could be assigned to (100),
(110), (200), and (120) planes in both models. However, the
peaks at higher angles are relatively wide and weak (Fig. 3a),
and unambiguous assignment to different planes in either
model is not possible. Although the Pawley refinement shows
marginally better agreement for the eclipsed model, determin-
ing the exact stacking mode of FDM-72 with high confidence
needs additional experimental validation, such as its pore size
distribution analysis.

The N, adsorption isotherm of FDM-72 is measured at 77 K
after solvent exchange and sample activation. Moderate PXRD
intensity still remains after the MOF is washed with N,N-
dimethylformamide (DMF) (Fig. S8, ESIt), followed by supercritical
CO, drying and 100 °C heating in vacuo. The adsorption isotherm
can be characterized as a type IV isotherm featuring a clear
hysteresis loop (Fig. S9, ESIT). The Brunauer-Emmett-Teller surface
area (Apgr) of activated FDM-72 is calculated to be 395 m® g, and
its total pore volume is 0.448 cm® g '. We found that the
experimental Aggr is much lower than the simulated values based
on the eclipsed (2118 m* g~ ") or staggered model (1088 m> g™ )
using Zeo++,"* indicating substantial inherent defects in FDM-72
and possible local structural collapse during the sample activation.
Based on nonlocal density functional theory (NLDFT), FDM-72
features a wide pore size distribution between ~13 and 40 A, with
the peak centre at 20 A (Fig. 3b). Pores larger than 40 A are also
evident, further confirming macroscopic defects in the framework.

Although the experimental Aggr is lower than the simulation,
previous studies show that pore size is still a strong indicator of
the layer packing mode.””** Theoretically, FDM-72 with eclipsed
packing would have mesopores with 21.8 A in diameter, while
only micropores (d = 7.5 A) exist in the staggered model.
Comparing the experimental with the simulated pore size, we
conclude that the layers in FDM-72 are stacked in eclipsed mode.
Overall, the Ags;-based FDM-72 is isostructural with the Cu,-based
JNM-1,% suggesting that the Ag/Cu-pyrazolate coordination link-
age doesn’t interfere with the imine linkage formation, and a
rational stepwise synthetic strategy could be developed for MOFs
based on the trinuclear d*° metal complex.

To quantify the organic moieties in FDM-72, it is first
digested by DCl and the obtained organic components are
separated from AgCl precipitates for solution "H NMR measure-
ment. Both the Ag-pyrazolate coordination linkage and the
covalent imine linkage are dissociated during the digestion. Peak
integration concludes that the molar ratio between PyCA and
TAPB is 3.0:1.1 in FDM-72 (Fig. 3c), which is slightly deviated
from the theoretical value (3:1). The observation suggests that
PyCA vacancies are dominant in FDM-72.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDX) confirm uniform element distribution
in the crystalline material (Fig. S10, ESIT). X-Ray photoelectron
spectroscopy (XPS) confirms that the oxidation state of Ag in
FDM-72 is +1 (Fig. S11, ESI}). After the samples are kept in
solutions with pH = 5-14, their PXRD patterns remain intact
(Fig. 3d). Furthermore, FDM-72 still remains crystalline after it
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is soaked in NaOH (5 M) for 7 days, confirming the high
chemical stability of both the Ag-N coordination and C—=N
imine linkages. Further increasing the NaOH concentration to
10 M or lowering the acid pH value to 4 leads to the decom-
position of the framework. The Ags;(PyCA); complex starts to
decompose at 200 °C in thermogravimetric analysis (Fig. $12,
ESIT). After the complexes are incorporated into the framework,
FDM-72 is thermally stable up to 330 °C, indicating that the
resulting scaffold is more resilient towards heat treatment after
the formation of the imine linkage.

Highly conjugated m-orbital arrays in FDM-72 would enhance
charge delocalization, resulting in small band gaps that contri-
bute to high photoenergy conversion performances. In the UV-vis
diffuse reflectance spectrum, the absorbance of the deep brown
FDM-72 in the visible range is greatly signified compared with
those of Ag;(PyCA); and TAPB, with the absorption peak at
400 nm (Fig. 3e). Using the Kubelka-Munk function, the optical
band gap (Ey) of Ag;(PyCA); and TAPB is calculated to be 3.69 and
3.30 eV, respectively (Fig. 3f). After they are reticulated into the 2D
framework, the optical band gap of FDM-72 is only 2.16 eV,
confirming that the imine linkages build up a highly conjugated
n-n system.'® The electrochemical Mott-Schottky spectrum and
valence band X-ray photoelectron spectrum (VB-XPS) of FDM-72
are further measured. Its conduction band position is estimated
to be —0.38 V versus NHE (Fig. S13, ESIt), and the valence band
edge is located at 1.73 eV (Fig. S14, ESIt). The calculated band
gap (2.11 eV) based on the Mott-Schottky plots and the VB-XPS
agrees with the optical band gap (2.16 eV).

Ag' is known to be reduced easily even by a mild reducing
agent, and a direct coordinative assembly between d'® metals
(such as Ag' and Au') and organic linkers often encounters
unavoidable Ag or Au particles as by-products.’” Separating the
metal particles from the framework solids is not straightfor-
ward for most systems. In this work, we construct FDM-72 by
connecting the coordination complex with tritopic amine
through Schiff-base reaction. The molecular Ag;(PyCA); allows
us to remove unwanted metal particles before the framework
construction by simple dissolution and filtration, and thus the
consequent FDM-72 is guaranteed to be phase pure. However,
we are aware that different organic amines may have different
redox potential, and the compatibility between the Ag;(PyCA);
complex and different amines needs to be investigated to
define the limit of the presented synthetic strategy.

We picked two isostructural trinuclear complexes based on
two kinds of d'® metals (Cu' and Ag") and two kinds of organic
amines (TAPB and PA) for the compatibility study. Cus(PyCA);
is known to react with TAPB or PA to obtain JNM-1°“ and FDM-
71°” (Fig. 4a and b). No diffraction peak from Cu is observed in
the product PXRD, confirming that neither amine could reduce
Cu' during the framework synthesis. Successful construction of
FDM-72 proves that TAPB could not reduce Ag' in Ags(PyCA); to
Ag (Fig. 4c). We now turn to the reaction between Ag;(PyCA);
and PA to study the competition between Ag reduction and
Schiff-base reaction in various MOF synthesis conditions.

Several attempts, such as mechanical grinding and sol-
vothermal reactions in vials or Schlenk flasks, were applied to

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Framework construction based on Mz(PyCA)s (M = Cu, Ag) and
organic amines (TAPB and PA). (a) Cu-based JNM-1,%? (b) Cu-based FDM-
71,°° and (c) Ag-based FDM-72 (this work) can be successfully obtained;
however, (d) PA could reduce Ag' in the Ags(PyCA)s complex and only Ag
particles are formed.

the reaction of Ags;(PyCA); and PA. However, no crystalline
framework was formed and only Ag particles were detected in
PXRD (Fig. 4d and Fig. S4, ESIT). The reductive ability of PA is
strong enough to reduce Ag' in the complex and thus destroys
the complex, while that of TAPB is weaker and does not lead to
Ag precipitates. In the case of Cu'-based Cuz(PyCA);, using
either PA or TAPB is safe for framework construction. Further
cyclic voltammetry (CV) of PA and TAPB (0.054 M) reveals their
oxidation potential at 0.58 and 1.12 V (versus SHE) (Fig. S15,
ESIT). Given the reference that standard electrode potentials (E°)
of Ag'(aq) + e~ — Ag(s) and Cu'(aq) + e~ — Cu(s) are 0.80 and
0.52 V, respectively, it is reasonable that the Ag' and PA
combination undergoes redox reaction, thus interrupting the
framework construction. Overall, we propose that the coordina-
tion linkage formation, the dynamic covalent linkage formation,
and the redox potential compatibility between the constituents
all need to be considered for functional framework synthesis.

In summary, we report the synthesis and structure of the
cyclic Ag;(PyCA); complex based on the coordination between
three linear Ag' and three PyCA ligands. The complex with three
-CHO groups can serve as a 3-connected node for reticular
structure. Furthermore, the dynamic covalent linkage between
the complex and TAPB gives rise to FDM-72 with honeycomb
layers stacked in an eclipsed fashion. FDM-72 shows 1D chan-
nels with 2.0 nm diameter, and an optical band gap of only
2.16 eV. The oxidative potential compatibility between the amine
and the metal needs to be considered for the stepwise linkage
construction, since the reductive amine may reduce the metal and
thus interrupt the corresponding framework synthesis.
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