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Metal-organic frameworks (MOFs) functionalized with open metal sites (OMSs) have received widespread
attention in various applications due to their fascinating electronic properties and unique interactions
with guest molecules. However, rational tailoring of the coordination environment of metal nodes dur-
ing the synthesis of MOFs remains a great challenge due to their tendency of saturated coordination
with linkers. Herein, we reported the construction of three new MOFs featuring unsaturated Cu(ll) sites,
namely [Cu(HCOO)(pzta)], (HL-1), {{[Cu(PTA)qs(pzta)(H,0)]-2H,0}, (HL-2) and [Cu(NA)ys(pzta)], (HL-3)
(Hpzta = 3-pyrazinyl-1,2,4-triazole; PTA = terephthalic acid; NA = 1,4-naphthalene dicarboxylic acid), based
on the mixed-linker strategy via specific selection of versatile Hpzta ligand and carboxylate ligands. Re-
markably, the obtained MOFs exhibited excellent activity and good recyclability for the catalytic reduction
of nitroaromatics under mild conditions (25°C and 1 atm). In particular, the complete conversion of 4-
nitrophenol (4-NP) took only 30s on HL-2, reaching a record-high TOF value compared with previously
reported metal catalysts. The combined experimental and theoretical studies on HL-2 revealed that the
open Cu site with positive-charged nature could improve the adsorption and subsequent electron trans-
port between the substrates, and was responsible for the outstanding performance. This work shined

lights on the further enhancement of performance for MOFs through rational OMSs construction.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic frameworks (MOFs), which are built from metal
ions/clusters linked together by organic ligands, have been con-
sidered as multifunctional platforms due to their modular struc-
ture, intriguing porosity as well as adjustability in physiochemical
properties [1-4]. In particular, MOFs with open metal sites (OMSs)
received extensive attention in recent years, and are regarded as
promising candidates for advanced materials since its first confir-
mation by Omar M. Yaghi et al. in 2000 [5-8]. In general, the metal
nodes tend to be coordinatively saturated with functional linkers
based on principles of reticular synthesis. Hence, the formation of
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OMSs in MOFs could not only optimize the pore structure of the
framework but also modulate the electron density of the metal
nodes, which in return trigger unusual interactions between the
guest molecules and metal sites [8-10]. Till now, extensive compu-
tational and experimental studies have confirmed that OMSs play
a performance-determining role in the applications in MOFs, such
as gas sorption and separation, catalysis, sensing [11-19]. For ex-
ample, OMSs functionalized MOFs are among the most promising
adsorbents with ultrahigh H, uptake [11], exceptional selectivity
in CO, removal from gas mixtures [12], and have been described
as highly active catalysts for organic transformations, including se-
lective oxidation of alcohols [13], reduction of unsaturated imines
[14], CO, cycloaddition to synthesize epoxides [15], photo-fenton
degradation of acetamiprid [17], as well as the cyclization of cit-
ronellal to isopulegols [19].

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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It should be noted that, although there is a myriad of success-
ful applications that have benefited from the utilization of OMSs-
containing MOFs, the balance between further enhancement of
performance and the concentration of OMSs as well as structural
stability of the MOFs remains an open question. Since the top-
down removal of ligands and/or solvent molecules via an activation
strategy is currently a prerequisite for the construction of OMSs in
MOFs [20-22], which can be further extended to thermal, chemi-
cal, or photothermal activation. In many instances, unfortunately,
complex and extremely precise regulations on activation condi-
tions are required to minimize the potential structural transforma-
tion or even complete decomposition. Recently, R. A. Fischer et al.
and M. Oh’s group achieved the synthesis of HKUST-1 and MOF-
74 with structural defects via partial replacement of the organic
linkers by defective linkers [23,24]. They found that implementing
defects into the framework can contribute OMSs for catalytic appli-
cations. However, the distribution and concentration of OMSs are
somewhat low in most MOFs [25-27]. Therefore, expanding and
exploring new strategy for OMSs construction remains a challenge
but crucial to fully exploit their potential on a larger scale.

For crystalline materials, the microstructure design and regu-
lation through rational modification of synthetic factors, such as
type of metal/ligand, ratio, oxidation state, or fabrication environ-
ment, is the most fundamental approach [28-30]. And one field
that has especially benefited from this discipline is the construc-
tion of MOFs as advanced materials. Notably, some success has
been achieved in aligning the geometry, size topology, and coor-
dination mode of MOFs by rational selection of the ligands with
unique functional groups (e.g., pyridine or pyrazole groups) and/or
spatial configurations (such as asymmetric chelate sites) [31-37].
These preliminary works give us fascinating inspiration and moti-
vation to explore efficient strategy for the construction of OMSs in
MOFs.

Herein, we reported the assembly of 3-pyrazinyl-1,2,4-triazole
(Hpzta) ligand with Cu(Il) ions ensure the formation of second
building unit (SBU, Cu,(pzta),) with unsaturated Cu sites in HL-
1. In view of configuration tailoring, another two new MOFs (HL-2
and HL-3) with different configuration were constructed through
a mixed-linker strategy. In these MOFs, the Cu,(pzta), SBUs were
linked by diverse second carboxylate ligands (PTA for HL-2, and
NA for HL-3) to form the framework with different dimensions.
The single-crystal X-ray diffraction results revealed that the unsat-
urated Cu sites in HL-1 and HL-3 were blocked by the adjacent
Cu,(pzta), SBUs with a distance about 3-5 A, respectively, while in
HL-2 it was unobstructed. Their catalytic activity, reaction kinet-
ics and thermodynamic characteristics in the reduction of nitroaro-
matics are investigated systematically. Furthermore, the correlation
between the catalytic activity and the coordination structure and
electronic properties of open copper sites was also explored by a
combined experimental and theoretical study, and finally a possi-
ble reduction mechanism is also hypothesized.

The solvothermal reactions between mixed-ligands (Hpzta and
carboxylate ligand) and Cu(II) salt in solution of DMF/DMA and wa-
ter yielded the crystals of HL-1, HL-2, and HL-3, respectively (Fig.
1, more synthesis details see Experimental Section in Supporting
information). Based on the single-crystal X-ray diffraction analy-
sis, each Cu(ll) ion is five-coordinated by three N atoms from two
Hpzta ligands and two O atoms from in-situ formed formate lig-
and/water molecules, forming a slightly distorted CuN30, square-
pyramid geometry (Figs. 1a-c). For HL-1, two adjacent Cu(Il) ions
were bonded together by two Hpzta ligands to generate Cu,(pzta),
SBU with two unsaturated Cu sites, where Cu(Il) ions and coor-
dinated N atoms took in a plane (more crystal parameters see
Table S1 in Supporting information). Furthermore, the Cuy(pzta),
SBUs connected by formate in a p-n':n! mode to form a two-
dimensional (2D) network (Fig. 1d), and these 2D networks packed
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Fig. 1. (a, b) Assembly of Hpzta with Cu ions into Cu,(pzta), SBU and (c) configu-
ration of coordination mode for Cu atom. (d) 2D layer network of HL-1, (e) 1D band
of HL-2 and (f) 3D framework of HL-3. Packing mode and minimum Cu-Cu distance
of the adjacent Cuy(pzta), SBUs in (g) HL-1, (h) HL-2 and (i) HL-3 (selected hydro-
gen atoms are omitted for clarity).

in an AA stacking mode via intermolecular hydrogen bonding (Fig.
S1a and b in Supporting information).

It should be noted that the formic acid in HL-1 is in-situ formed
by the decomposition of DMF solvent. Based on the mind that the
formate linker might be replaced by other carboxylate ligands, con-
sequently, dicarboxylic acid was further incorporated as bridging
ligands during MOFs synthesis to adjust the openness of the un-
saturated Cu sites in Cuy(pzta), SBUs. As shown in Fig. le, the
PTA ligand linked the Cu,(pzta), SBUs to yield a 1D chain run-
ning along ¢ axis (HL-2). The slight coordination difference from
HL-1 is that, in HL-2, the coordinated oxygen atom in the vertex
of the CuN30, square-pyramid is water molecule rather than car-
boxyl oxygen atom. There were also two free water molecules in
the asymmetric unit of HL-2. Additionally, hydrogen bond interac-
tions were formed not only between water molecules, but also be-
tween water molecules and 1D chains, giving the 3D supramolec-
ular structure of HL-2 (Figs. S1c and d in Supporting information).

When NA was used as the bridging ligand for Cu,(pzta), unit,
a 3D framework (HL-3) was constructed, which possesses the nar-
row 1D square channels (<4.1A) along c axis (Fig. 1f). In HL-3, dif-
ferent from HL-2, carboxylate connected Cu(ll) ion in a py-nl:n!
mode, each NA bridged four SBUs and each Cuy(pzta), SBU linked
to four NA (Fig. Sle in Supporting information). Topologically, the
3D framework of HL-3 can thus be regarded as a (4,4)-connected
network with the point symbol of (42) (84) (Fig. S1f in Supporting
information). As shown in Figs. 1g-i, the Cu sites were blocked by
the adjacent Cuy(pzta), SBUs in HL-1 and HL-3 with a close dis-
tance about 3-5A and a minimum Cu-Cu distance of 4.04A and
4.89A, respectively. For HL-2, however, the adjacent SBUs were ar-
ranged at a spatial interval with a minimum Cu-Cu distance of
7.86 A (Fig. 1h), this value is obviously higher than those of HL-1
and HL-3. Therefore, it is reasonable to assume that the Cu sites in
three MOFs may present different accessibility to the external envi-
ronment during catalysis process owing to the modulated skeleton
arrangement.

The textural parameters of the Cu-MOFs characterized by N,
adsorption are shown in Fig. S2 and Table S2 (Supporting informa-
tion). The calculated surface area (Sggr) and pore volume centered
at 12-22 m2/g and 0.09-0.14 cm3/g, respectively. The crystalline
structure and thermal stability of the synthesized MOFs were in-
vestigated by powder X-ray diffraction (XRD) and thermogravimet-
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Fig. 2. XRD patterns of the synthesized (a) HL-1, (b) HL-2, (c) HL-3. (d) TGA curves
of the MOFs, and microscopy images of (e) HL-1, (f) HL-2, (g) HL-3.

ric analysis (TGA). As depicted in Figs. 2a-c, the XRD spectra of
all three MOFs show strong Bragg diffraction peaks and match the
main peaks of the simulated spectra, indicating their good crys-
tallinity and high purity. Besides, the main character peaks in XRD
patterns still maintained after immersing the solids in water for
72 h, confirming their relatively high stability, which are attractive
virtues for their catalytic applications. TGA curves in Fig. 2d reveal
that HL-1 and HL-3 are stable in N, atmosphere up to 240°C and
320°C, respectively. As for HL-2, the TGA curve experienced two
major weightlessness at 110-150°C and 325-500°C. According to
its crystal structure, the former mainly originated from the removal
of the free H,O molecules, and the latter is mainly caused by
the decomposition of the framework. The optical photographs fur-
ther confirmed the morphology and structure of the as-synthesized
MOFs. As shown in the insets of Figs. 2e-g, all MOFs are presented
as solid powders, colored blue for HL-1, green for HL-2, and dark
green for HL-3, respectively. It can be seen in the enlarged mi-
croscopy images that both HL-1 and HL-2 assembled into a two-
dimensional sheet-shaped structure along the horizontal but a di-
amond and irregular morphology in the vertical direction. The size
of the MOF nanosheets centered at 500-2000 nm. As for HL-3, a
one-dimensional rod-like morphology was observed with a diame-
ter of 50-100pum and a length of 1000 pm.

To define the chemical composition and valence of elements in
the as-synthesized MOFs, the XPS spectrum was further recorded.
XPS survey spectra in Fig. 3a show that the obtained MOFs are
composed of elements C, N, O, and Cu, indicating their similar sur-
face chemical composition. Fig. 3b displayed the C 1s XPS spec-
tra of the MOFs, and three types of carbon atoms could be as-
signed according to the literature, including C=C bonds at 284.8 eV,
C-0 bonds in the range of 285.5-287.4eV and C=0 and/or 0-C=0
species at a higher bonding energy of 288.6eV [38,39]. Compared
with HL-1, an obvious increase in the peak intensity of C-O and
C=0 species was confirmed for HL-2 and HL-3, which should
be originated from the carboxylate ligands in their frameworks.
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Fig. 3. (a) XPS survey spectra and fine spectra of (b) C 1s, (c) O 1s, (d) Cu 2p and
(e) N 1s of the obtained MOFs.

This hypothesis was further confirmed by the O 1s XPS results.
As demonstrated by Fig. 3c, the O 1s peak could be fitted into
two kinds of oxygen species: Ether groups (531.1eV) and carbonyl
groups (531.9eV) [40]. It is obviously that higher content of car-
bonyl groups was detected in HL-2 and HL-3 than those in HL-
1. The high-resolution Cu 2p XPS spectrum is given in Fig. 3d.
The Cu 2p 3, and Cu 2p 4, core level around the bonding en-
ergy of 934.8eV and 954.9eV could be identified in the spectrum
of HL-1, HL-2, and HL-3, indicating a similar chemical environ-
ment of Cu species. Besides, the two additional satellite peaks at
943.3 eV and 963.3 eV further reveal the valence state of Cu species
is +2 [41,42]. Notably, compared with that of CuO (933.8eV and
953.6eV), the Cu 2p peaks for MOFs shifted towards higher bind-
ing energy, indicating a positively charged nature of the Cu sites,
which should be closely related to its carboxylic acid coordinated
microstructure according to the single crystal results. In addition,
due to the usage of the same N-containing ligand for all samples,
similar N 1s XPS spectra were obtained (Fig. 3e). The direct coor-
dination of Cu with N atoms is an advantage of the newly synthe-
sized MOFs for their catalytic applications, since the strong elec-
tron injection ability of the N species has been proved to be con-
ducive to promoting the charge transfer ability of the coordinated
metal species, thus achieving improved catalytic performance [38].

The open metal sites, positively-charged Cu nodes, and high sta-
bility confirm the obtained MOFs ideal candidates for catalytic ap-
plications. Therefore, their catalytic performance was further evalu-
ated in the catalytic transformation of 4-nitrophenol (4-NP) to syn-
thesize 4-aminophenol (4-AP) through a reduction route. The title
reaction has a significant prospect for industrial application and
has been extensively applied as a model reaction in literatures [43-
45]. In view of green chemistry and energy conservation, in this
study, the reaction was carried out at atmospheric temperature
and pressure (25°C, 1 atm) using H,O and NaBH,4 as the solvent
and reductive agent. Fig. 4 summarized the catalytic performance
of 4-NP reduction over the as-synthesized MOFs. The result of the
blank experiment reveals that the reduction of 4-NP does not oc-
cur without the addition of any catalyst. Over CuO catalyst, a 54.3%
conversion of 4-NP was obtained in 6 min reaction. Compared with
CuO, we can see from Fig. 4a that all the Cu-based MOFs showed
significantly improved reduction performance. For example, the
reaction time for the complete reduction of 4-NP decreased to
3min for HL-3 and 1.5min for HL-1, respectively. Remarkably,
over HL-2, the complete conversion of 4-NP was achieved only
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in 30s, exhibiting superior catalytic performance under the same
conditions.

Similar to previous reports, an excess amount of NaBH4 to 4-NP
was used in this work. Hence, a pseudo-first-order kinetic model
was applied for the kinetic study and calculation of the apparent
rate constant (k) [44,45]. As illustrated in Fig. 4b, the calculated k
for 4-NP reduction is 195.6 x 10~3 s~! for HL-2, which is about 75-
fold higher than that of CuO and even higher than that of the ho-
mogeneous Cu catalysts (Table S3 in Supporting information). The
rate constant (k) met the trend: HL-2 (195.6 x 10-3 s7!) > HL-1
(453 x 1073 s71) > HL-3 (28.2x 1073 s71) > CuO (2.6 x 1073 s71),
Apart from 4-NP, catalytic reduction of other nitrophenols and or-
ganic dye molecules over HL-2 was also investigated and the re-
sults were displayed in Fig. 4c. It shows that HL-2 could effectively
catalyze the reduction of 2-nitrophenol (2-NP), 3-nitrophenol (3-
NP), 3,5-dinitrophenol (3,5-DP), methyl orange (MO) and methy-
lene blue (MB) with >95% conversion under mild conditions. Addi-
tionally, as demonstrated by Fig. 4d, the rate constant (k) gradually
increased with increasing the reaction temperature, implying that
the reduction of 4-NP is thermodynamically favorable over HL-2.
Furthermore, the activation energy (E;) was investigated using the
classical Arrhenius equation. The inset in Fig. 4d depicted the plot
of Ink versus 1/T. Based on the linear fits, the E; was calculated to
be 90.62 k]/mol for HL-2.

Apart from the catalytic activity, the durability and reusabil-
ity of the catalyst are also key parameters for their practical ap-
plications. Fig. 4e depicted the consecutive cycle test of HL-2 for
4-NP reduction. Impressively, HL-2 could be consecutively used at
least 10 times without observable degradation in efficiency, which
should be associated with its high stability. XRD pattern of the
reused HL-2 revealed no significant change in the crystallinity in
comparison to the fresh sample (Fig. S3 in Supporting informa-
tion), confirming its usage potential for practical catalysis. Thus,
a large-scale reduction of 4-NP was carried out. The amplifica-
tion test in Fig. S4 (Supporting information) confirmed that HL-2

is still highly active with the increase of 4-NP dosage (scale-up
8-fold, 18-fold and 36-fold, for example), and achieved a maxi-
mum turnover frequency (TOF) of 28.8 mmol g-! min~! under am-
bient conditions. Fig. 4f and Table S3 briefly summarized the cat-
alytic activities of HL-2 as well as some recently reported cata-
lysts. Impressively, HL-2 displayed a record high TOF compared
to most literature-reported non-noble metal catalysts and certain
precious-metal-containing catalysts, confirming its potential appli-
cation prospects in the field of nitroaromatics reduction.

For the reduction mechanism studies of 4-NP, Esumi and collab-
orators demonstrated previously that the transformation involves
two rate-determining steps: (1) The adsorption of 4-NP on the ac-
tive sites (through either physical absorption or electrostatic inter-
action) and (2) the efficient electron transfer from the hydrogen
donor to the acceptor 4-NP mediated by the catalyst [46]. Oyama
et al. also highlighted that the activity of 4-NP reduction is strongly
influenced by the coordination and electronic structure of metal
sites, which determines the adsorption and activation of reactants
on the catalyst [47]. For HL-2 in this study, the superior perfor-
mance in 4-NP reduction should be correlated to the synergy ef-
fects of the unique spatial configuration of the framework and rich-
ness of open Cu sites. To gain a deeper understanding of the pos-
itive effect of open Cu sits on 4-NP activation and illustrate the
mechanism of the 4-NP reduction over HL-2, DFT calculations were
further conducted. All computations were done on the model sys-
tem according to the crystallographic data. First of all, the adsorp-
tion properties of 4-NP over HL-2 were studied and the plausible
adsorption configurations and the adsorption energies are summa-
rized in Fig. 5a and Fig. S5 (Supporting information). Based on our
calculations and the previous related study [43], the most stable
configuration of 4-NP over HL-2 was set to be parallel to the cata-
lyst surface.

Fig. 5b depicted the DFT-calculated potential energy profile and
the corresponding configurations for the reduction pathway of 4-
NP to 4-AP catalyzed by the open Cu sites over HL-2. The reduc-
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tion reaction was first triggered by the adsorption of 4-NP with
an adsorption energy of —0.76 eV. The first protonation step occurs
with the oxygen atom of 4-NP combining with a hydrogen atom to
form a *NOOH intermediate, which is exothermic step of —0.31eV.
Subsequently, the *NOOH intermediate is dehydroxylated to *NO
with releasing a H,O molecule (AE=-0.88eV). The formed *NO
is further hydrogenated into *NHO with a large energy release of
—0.88 eV, while the conversion of *NO-to-*NOH step is less feasi-
ble with a smaller reaction energy of —0.51eV. On the formation
of *NHO, the hydrogenation step leading to the *NHOH formation
is thermodynamically relevant with the reaction potential energies
of —0.36eV. The formed *NHOH is then further dehydrated into
the *NH intermediate with the exergonicity of —1.17 eV before the
formation of the final product of 4-AP (E=—1.62eV) by the third
hydrogenation. The complete hydrogenation reduction of 4-NP to
4-AP over HL-2 catalyst follows the reaction pathway *NO, (4-
NP) — *NOOH — *NO — *NHO — *NHOH — *NH — *NH, (4-AP).

Via a combined analysis of both experimental and theoretical
results, the pivotal role of open Cu sites in HL-2 for the efficient
and fast reduction of nitroaromatics could be ascribed as follows:
The unique spatial configuration endow the surface Cu sites with
higher accessibility in the framework, which improves the con-
tact of substrates during reaction. Secondly, the positively-charged
nature of the open Cu sites can further enhance the adsorption
and activation of negatively charged 4-NP molecules, which is es-
sential for subsequent reduction steps. Moreover, the electron-rich
N species coordinated with Cu species could improve the charge
transport capacity of the catalyst and make it easier for the reduc-
tion of 4-NP to occur on the Cu sites.

In summary, three new Cu-based MOFs were hydrothermally
synthesized and characterized clearly, and exhibited outstanding
catalytic performance for reducing 4-NP under atmospheric con-
ditions. The complete conversion of 4-NP took only 30s over HL-2,
giving a record-high k value of 195.6 x 10-3 s~ and TOF value of
28.8mmol g! min~!. Combined structural analysis and DFT cal-
culations uncovered the open and accessible Cu site with positive-
charged character was responsible for the excellent catalytic per-
formance, which improves the adsorption and subsequent elec-
tron transport between the substrates. In addition, HL-2 could be
reused at least ten times without fading in activity, exhibiting
the usage potential for practical application. This work underlines
the importance of ligands for OMSs design during MOF synthesis,
which may be a promising direction for the construction of novel
OMSs functionalized MOFs with multifunctional performance.
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