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In this study, two new monometallic organic frameworks (MOFs),
namely {[Zn; sLINMP)(H,0)]-H,0}, (1) and {[Pb,L,(H,0),]-H,0}, (2),
were synthesized for the first time by a new bifunctional N,O-
containing 2-(1H-tetrazol-5-yl)terephthalic acid (H,L) ligand. Then,
based on the HSAB principle, another porous Pb—Zn heterometallic
organic framework (HMOF), namely {[PbZngsL(H,0)]-0.5NMP-
H,0}, (3), was successfully obtained for the first time by combining
Pb(i) and Zn(i) ions with H,L. The MOFs 1 and 2 are 3D densely
packed frameworks, whereas the HMOF 3 is a porous 3D framework
(28.9% porosity) with 1D open channels modified by Lewis basic
sites (exposed N atoms) and Lewis acidic sites (unsaturated bime-
tallic sites). The HMOF 3 has a strong boiling water/acid—base
resistance (pH = 2-12) and shows an enhanced high-efficiency
catalytic effect for CO, conversion (98%) under ambient tempera-
ture and pressure conditions. In addition, fine color regulations of
the MOFs were successfully realized by doping different kinds of
metal ions into them. This study aims to provide a new way and field
of vision for the construction of HMOFs and their multi-functional
materials.

Heterometallic-organic frameworks (HMOFs) formed by the
assembly of two or more kinds of metal ions with organic
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Highly stable 3D porous HMOF with enhanced
catalysis and fine color regulation by the
combination of d- and p-ions when compared
with those of its monometallic MOFsf
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ligands have attracted significant attention owing to their
structural and functional advantages.'™ Especially, the intro-
duction of second metal ions into the framework as additional
unsaturated sites can directly and effectively enhance the
affinity of reactants to the host frameworks, such as CPM-
200s, of HMOFs.? However, in recent years, only few HMOFs
with great catalytic properties have been reported, for instance,
[Th,sNig] nanocages,” Ni-Co-MOF,® and Zn,Ln;L, have pre-
sented relatively high catalytic efficiency under mild condi-
tions. Compared with the case of MOFs, very few studies have
been reported on HMOFs. The key problem is when two kinds
of metal ions react with the same ligand, the formation of
monometallic MOFs is more likely than that of HMOFs.
According to the hard-soft acid-base (HSAB) principle, the
Pb(u) and Zn(u) ions have different coordination abilities to
the electron-donating O and N atoms; this provides possibili-
ties of competition between different metal ions and atoms
possessing a lone pair of electrons in ligands. That is, the Pb(u)
ions are more easily coordinated with oxygen atoms to form
rod-like metal chains or clusters, leading to non-porous MOFs
with densely packed structures;*° however, the Zn(i) ions
are more prone to coordinate with N atoms and yield porous
MOFs when compared with the case of the Pb(u) ions. There-
fore, there is an assumption that the Zn(un) and Pb(u) ions can
combine together to prepare highly stable porous HMOFs with
improved performances when compared with those of their
monometallic MOFs.

In addition, the selection of ligands is of great importance
for the construction of HMOFs. To date, only few smaller types
of ligands, such as carbonyl, CN~, and N(CN)>~,"'® have been
used to build functional HMOFs. Based on the these discus-
sions, a new bifunctional N,O-containing 2-(1H-tetrazol-5-
yl)terephthalic acid (H,L) ligand was designed to produce new
HMOFs with high porosity. Herein, two new monometallic MOFs,
namely {[Zn, sL(NMP)(H,0)] H,0},, (1) and {[Pb,L,(H,0),]-H,0}, (2),
were synthesized for the first time and showed 3D densely
packed frameworks. Then, a new porous Pb-Zn HMOF, namely

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 The synthetic route of the MOFs 1-2 and HMOF 3.

{[PbZn, sL(H,0)]-0.5NMP-H,0}, (3), was produced by combining
Pb(u) and Zn(u) ions with H,L via a reaction. Compared with the
MOFs 1 and 2, the HMOF 3 is a 3D porous framework with 1D
open channels modified by Lewis basic sites (LBSs, exposed N
atoms) and Lewis acidic sites (LASs, unsaturated bimetallic sites)
and has high stability in a boiling water and acid/base environ-
ment. As a result, the HMOF 3 can be explored as an extraordinary
catalyst for CO, fixation under ambient temperature and pressure
conditions. Furthermore, fine color regulations were realized by
doping different metal ions into these MOFs; that is, the MOFs 1
and 2 showed a relatively strong single blue and weak yellow
emission, respectively, whereas the HMOF 3 exhibited a near
white emission when applied in photoemitters.

The solvothermal reactions of Zn(i)/Pb(u) ions with the H,L
ligand afforded the monometallic MOFs 1 and 2, whereas the
HMOF 3 was directly obtained by a one-pot reaction of Pb(u)
and Zn(u) ions at an equal molar ratio with H,L (Scheme 1).
Note that the HMOF 3 cannot be synthesized by a stepwise
construction strategy; this may be due to the existence of strong
coordination bonds in the MOFs 1 and 2, and it is thus difficult
to break the original bonds and form new bonds during the
reaction. The MOF 1 crystallizes in a monoclinic crystal system
with the P2(1)/n space group. X-ray single-crystal structure
determination revealed that the basic unit of the MOF 1
comprises one Zn1(u) and half Zn2(u) ions (100 and 50% site
occupancies, respectively), one L>~, one coordinated NMP mole-
cule, one H,0 molecule, and one guest H,O molecule (Fig. 1a).
Zn1(u) is four-coordinated by three O atoms and one N atom in a
distorted tetrahedral fashion, and the six-coordinated Zn2(u) ion
adopts distorted octahedral coordination geometries. The carbox-
ylates of L>~ are coordinated with the Zn(n) ions in n*:n°% n'm*:u,
coordination fashions (Fig. S1a, ESIt). Moreover, 1D pores formed
by [Zne(L)s(NMP),] exist in 1 (Fig. Sib, ESIt). The coordinated
NMP molecules remain in the middle of the pores. Along the
a-axis, these 1D pores are extended by 1>~ into a 3D framework
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Fig. 1 Coordination environments of the Zn(i) ions and Pb(i) ions in 1 (a)
and 2 (b); symmetry codes for1: #1: 2 —x,1 —y,1—zand #2: 1.5 - x, 0.5 +
¥, 05—z for2: #1:1—-x,1—-y, 1 -z #2: —x, -y, 2 —z, #3: x — 1, y, z; #4:
X, 1+y z, #5:x,y — 1, z;and #6: 1 — x, -y, 2 — z.
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loaded with H,O molecules (Fig. Sic, ESIt). In addition, this 3D
framework can form a rare tri-nodal (2,3,4)-connected ins topolo-
gical net with the symbol (6°)(6°-8) (Fig. S1d, ESI{)."*

The MOF 2 belongs to the triclinic P1 space group. The
asymmetric unit of 2 consists of two Pb(u) ions, two L>~, two
coordinated H,O molecules, and one guest H,O molecule
(Fig. 1b). Considering the primary Pb-O bonds of up to 2.7 A,
Pb1l and Pb2 can be described as four- and five-coordinated
modes, respectively. All the Pb(u) ions in 2 are in hemidirected
geometries, indicating the existence of stereochemically active
6s lone pair electrons. In the void direction of the Pb coordina-
tion geometry, Pb1(u) is weakly coordinated to O1, 04, 09, and
010 with n*n":u, modes to link the Pb(u) ions to form a 1D
infinite chain motif (Fig. S2a, ESIt), and these 1D chains are
further extended by L*~ to afford a 3D densely packed frame-
work (Fig. S2b and c, ESIt). Topologically, L>~ can be consid-
ered as a 5-connected node (Fig. 3a), and the two kinds of Pb(u)
ions are regarded as 4 and 6-connected node; thus, the 3D
framework forms a new tetra-nodal (4,5,5,6)-connected topol-
ogy with the symbol (4'*-6%)(4%-6%)(4”-6%)(4°-6°) (Fig. S2d, ESIY).

The HMOF 3 crystallizes in the monoclinic C2/c space group
and exhibits a porous 3D framework with double LBSs and
LASs. The asymmetric unit contains one Pb(u) and half
Zn(u) ions (100 and 50% site occupancies, respectively), one
1>~ ligand, one coordination H,O molecule, one guest H,O
molecule, and half NMP molecule (Fig. 2a). Regardless of the
weak coordination of the Pb-O bond (2.847 A), the six-
coordinated Pb(u) ion is bridged by one tetrazolate N atom and
five O atoms to form a distorted octahedral coordination geome-
try, whereas the Zn(u) ion is unsaturated four-coordinated with
two tetrazolate N atoms and two bridged carboxylate O atoms,
displaying a tetrahedral configuration. Furthermore, one L*~ links
four Pb(u) and two Zn(u) ions by the tetrazolate group and two
carboxylates with the n':n%:p, and n*n>u; modes (Fig. S3a,
ESIt); this forms planar bimetallic chains as secondary building
units (SBUs) (Fig. S3b, ESIt). Along the c-axis, these SBUs are
further linked by L*~ to produce a 3D framework including a 1D
open channel with the window sizes of ca. 8.6 x 11.6 A% where the
LBS and LAS are decorated on the porous surface (Fig. 2b). The

(b)

Fig. 2 (a) Coordination environment of the Pb(i) and Zn(i) ions in 3;
symmetry codes: #1: x, 1 —y, —05 + z, #2: 1 — x, 1 — y, 1 — z, #3:
05-x,15-y,—z;#4:05-x,05+y, 05—z #5:05-x,15-y; 1 -z
and #6: 1 — x, y, 0.5 — z. (b) The 3D porous framework of 3.
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effective porosity of 3 is 28.9% regardless of the free solvent
molecules. Topologically, the Pb(u) and two Zn(u) ions can be
simplified as a 4-connected node to be further linked by hexa-
dentate L*~ ligands into a new trinodal (4,4,6)-connected topology
with the point symbol (4*-6%);(4°-6%), (Fig. S3d, ESIY).

The thermogravimetric analysis curve of 3 shows that there
is an 8.8% weight loss at ~32-132 °C, which corresponds to the
escape of dissociative solvent molecules (calcd 8.0%) (Fig. S4,
ESIt). The main skeleton of the structure remains stable in the
temperature range of ~132-303 °C and then quickly collapses.
Powder X-ray diffraction (PXRD) indicated that the synthesized
solid samples 1-3 have high purity (Fig. S5, ESIt). The stability
of the host framework is of great importance for the application
of a MOF as catalyst thus, the chemical and thermal stabilities
of the HMOF 3 were carefully tested for further studying the
properties of the HMOF (Fig. 3). The PXRD analyses showed
that the HMOF not only is very stable in boiling water, but
also has a strong acid-base resistance, which may avoid the
potential Pb(u) contamination of the environment during the
application process. The unusual chemical and thermal stabi-
lities of the HMOF 3 should be ascribed to its unique structure
because the bimetallic chains acting as the SBUs may be more
stable, and more importantly, the several free basic N atoms
present in its structure prevent the collapse of the HMOF 3
under strong acidic conditions.?

In order to more directly and effectively reduce CO, in the
atmosphere, the conversion of CO, into more valuable chemi-
cals, such as formic acid, dimethyl carbonate, and carbonates,
is often considered.’”'* The carbonate formed by the cycload-
dition of CO, to epoxides has been widely used in the pharmacy
and chemical industry and has attracted widespread attention
in recent years. To date, only few studies have been reported on
the synthesis of HMOFs with bimetallic nodes as Lewis
acids.”'® High-density LBSs and LASs are modified on the
pore surface of 3, which is then effectively applied for the
capture of CO, to obtain more valuable products. Herein, due
to the existence of guest molecules in the channels of 3, the
removal of free molecules was excluded to release the active
sites before the catalytic reaction. The synthesized 3 was first
soaked in CH,Cl, and then heated to 100 °C for 4 h under high
vacuum to obtain desolvated 3a, and the infrared spectra
demonstrated that there is no C—=O vibration of the NMP
molecules in 3 (Fig. S6, ESIT).
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Fig. 3 The stability of 3. (a) PXRD patterns obtained in an acid/base
solution with pH = 2-12. (b) The PXRD patterns of boiling water vs. time.
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Table 1 Various carbonates obtained from the catalysis of epoxides by 3a
for12 h

Entry  Epoxide Product Catalyst  Yield (%)

o7 Yo TBAB 5.4

o” Yo 3a/TBAB 98

Q
0
2 A/C' 0~ Yo 3a 9.9
\—k/a
0
O
AN o No 3a/TBAB 98

3a/TBAB 56

(0]
> %"V\/ (L&/o\/\/

(o]
(’)Lu
6 L—Q© 3a/TBAB 26

Condition: epoxides (20 mmol), 3a (0.2 mmol), TBAB (2 mmol), and
ambient temperature and pressure.

Based on the abovementioned discussion, the catalytic
performance of 3a was investigated in the coupling reaction of
CO, with various epoxides at ambient temperature (Scheme S1,
ESIt). After a 12 h reaction in the presence of tetra-n-butyl
ammonium bromide (TBAB) or 3a as a catalyst, the yield of the
product was low (Table 1). Moreover, when 3a was used as a
catalyst and TBAB was used as a co-catalyst, the conversion of
epichlorohydrin was high up to 98%, which matched well with
that obtained in the case of the reported HMOFs (Table S1,
ESIt). These results indicate that 3a and the co-catalyst have a
synergistic effect, which can significantly improve the catalytic
activity. In order to study the catalytic properties of 3a, epoxy
substrates of different sizes were selected. The results indicated
that small butane epoxy leads to a higher yield in the reaction
(98%), and the yield of butyl glycidyl ether is ordinary (56%);
however, when styrene oxide was used as a substrate, the
catalytic conversion was lower (26%), indicating that a smaller
epoxy substrate can easily diffuse and interact with the open
metal sites in the framework.

Based on the reported cycloaddition mechanism of MOFs as
catalysts, it is proposed that there may be two types of reaction
mechanisms in this study."”'® In the first mechanism, the
oxygen atom of the epoxy substrate interacts with the bimetallic
Lewis acids (Scheme S2a, ESIt). Simultaneously, Br~ of TBAB
attacks the less hindered carbon atoms in the epoxy substrate;
this leads to the ring opening of the epoxy substrate and the
formation of an active oxygen anion. Finally, the reaction of the
active oxygen anion with CO, forms alkyl carbonate anions, and
the ring-closing reaction produces the corresponding cyclic
carbonate and the next reaction catalyst. The second possible
mechanism is as follows (Scheme S2b, ESIt). The oxygen atom

This journal is © The Royal Society of Chemistry 2020
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of the substrate interacts with the center of the bimetallic ions,
and simultaneously, the carbon dioxide molecule is polarized
by the base in the HMOF 3 to transform the oxygen atom of CO,
into an oxygen anion. Then, the oxygen anion attacks the less
sterically hindered carbon atoms in the epoxide to form an
alkyl carbonate anion, and finally, the ring is closed to form a
product and a catalyst for the reaction.™™"

Due to the stereochemical activity and strong charge transfer
properties of Pb(u) ions, Pb-based MOFs often show novel
photochemical performances in the solid state, especially for
fine-tuning different color regulations.”>** The central metal
ions can play a particularly important role as a multiple
emission source of photoluminescence. In this study, the three
kinds of solid MOFs showed different colors under a UV light of
365 nm at room temperature (Fig. S7a, ESIt). The free ligand
has a weak luminescence at 365 nm excitation, and its emission
wavelength is 405 nm, resulting from the n*—n or n*—n
transition in the ligand. The monometallic Zn-based MOF 1
shows a strong blue emission, and the Pb-based MOF 2 shows a
weak yellow emission; the excitation wavelengths of 1 and 2 are
340 nm and 365 nm, respectively, and the corresponding maxi-
mum emission peaks are 445 nm and 525 nm. Interestingly, the
HMOF 3 shows a near white fluorescence, which can be observed
with the naked eyes, due to the combination of Pb(u) and Zn(u)
ions, and the HMOF 3 shows two continuous emission peaks at
427 nm and 494 nm (/e = 365 nm). The strong fluorescence
intensity of 3 should be attributed to the increased rigidity of the
ligands after coordination between the bimetallic nodes and H,L.
Compared with the case of the H,L ligand, the maximum emis-
sions of 1-3 are significantly red shifted; this may be ascribed to
metal-ligand charge transfer (MLCT)."® It can be concluded that
the introduction of a second luminescence center into the MOFs
can modulate the single-phase photoluminescence to provide a
pathway for the fine-tuned light source.

In addition, the emission intensity, spectral shape, and
maximum peak position of 3 were further investigated at
different excitation wavelengths. In the wide excitation range
of 320-450 nm, the fluorescence of 3 confirmed its large Stokes-
shifted broadband emission covering the big range of the
visible spectrum (from 380 to 700 nm) (Fig. S7b, ESIt). The
emission intensity increased by about 6 times at 450 nm
excitation as compared to that at 320 nm excitation. It should
be noted that under the excitation of 370 nm, the emission
spectra of 3 had a large full-width-at-half-maximum (FWHM),
which was up to 171 nm (Fig. S8, ESI}). It is found that an In-
based SMOF-1 exhibited an intrinsic broadband white emis-
sion; however, its FWHM was relatively narrow (150 nm).>* The
fact that this broadband white emission was rare in fluorescent
MOFs implies that 3 may be a promising photoemitter for
industrial applications.

In summary, herein, three new MOFs were systematically
synthesized, in which the MOFs 1 and 2 are monometallic 3D
packed frameworks, whereas HMOF 3 is a porous 3D frame-
work with high-density LBSs and LASs. As a result, the highly
stable HMOF 3 shows an enhanced catalysis for CO,, and the
fine color regulations of MOFs were also successfully realized

This journal is © The Royal Society of Chemistry 2020
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by doping different ions. This work will provide an effective
mean for building different functional HMOFs via a facile one-
step synthesis strategy. Subsequently, these emerging HMOF
materials will be promising candidates for wide applications in
the field of industrially important CO, conversion and photo-
emitters in the near future.
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