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Design and synthesis of photoluminescent active
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N-2-aryl-1,2,3-triazole ligands†
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N-2-aryl-1,2,3-triazole derivatives were synthesized as new ligand

systems for the construction of photoluminescent active metal–

organic frameworks (MOFs). Crystal structures revealed that the

five-membered triazoles show an unsymmetrical conformation

with the two C4,C5-substituted benzenes adopting a “twisted-

planar” geometry. As a result, a MOF constructed from this ligand

exhibited cross-layer interactions with improved water stability (at

100 °C for 24 hours). Furthermore, enhanced photoluminescence

emissions were observed upon the formation of MOF structures (Φ

up to 30%), suggesting the potential applications of these photo-

active porous materials through this new ligand design.

The past two decades have witnessed the fast growth of porous
materials research.1 Due to their large surface areas, tunable
pore sizes, diverse geometries and accessible functional sites,
porous materials have shown promising applications in
various research fields, including gas molecule storage, chemi-
cal catalysis and molecular sensing.2 As a very important class
of porous materials, metal–organic frameworks (MOFs) have
gained increasing attention in current chemicals and materials
research.3 Although many well-developed molecular scaffolds
with well-defined geometries have been reported in the past
two decades, new building blocks with alternative binding pat-
terns are always welcome and desirable since they could offer
new coordination modes with potential interesting functional-
ities.4 Herein, we report N-2-aryl-1,2,3-triazole derivatives as
linkers for the construction of metal–organic frameworks with
significantly improved water stability, enhanced luminescence
emission and selective CO2 adsorption.

Over the past decade, our group has been working on the
development of 1,2,3-triazoles as building blocks for impor-
tant chemical, material and biological applications.5 With
success in discovering several new synthetic methods for the
effective preparation of 1,2,3-triazole derivatives, our group
first reported the strong fluorescence emission associated with
N-2-aryl-1,2,3-triazoles (NATs).6 Moreover, X-ray crystal struc-
tures revealed a co-planar conformation between the triazoles
and N-2-aryl rings, which could account for the observed
strong photoemission.7 With continued interest in developing
new chemical platforms for materials and biological research,
we focus our attention on the potential application of these
new molecular scaffolds in the construction of porous
materials. In this manuscript, we report the first two MOF
structures obtained from ligands based on the NAT core,
NAT-MOF-1 and NAT-MOF-2.

As shown in Scheme 1A, multi-carboxylate ligands have
been widely used for MOF construction through the COO−

coordination with various metal cations.8 For example, the
1,3,5-tri-aryl-benzoic acid ligand has been used for the prepa-

Scheme 1 (A) Benzene-core ligands for MOF construction. (B) NAT as
the core structure for MOF construction.
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ration of MOF-177.9 Certainly, ligand conformation will greatly
influence the overall binding pattern and final MOF topo-
logy.10 For benzene-based ligands, two general conformation
concerns are (A) the binding angle between coordination sites
and (B) the dihedral angle between the two adjacent aryl
groups.11 For the bis-benzene system, twisted conformation is
observed in almost all cases due to the strong A-1,3 repulsion
between the two benzene rings.12 Interestingly, although some
examples have been reported in the literature, MOFs prepared
from ligands with 1,2-substituted benzene structures are much
less compared with the 1,3-substituted analogues.13 This is
likely due to the smaller coordination angle (60° for 1,2-subs
vs. 120° for 1,3-subs), which may cause increased steric hin-
drance toward metal cation coordination.14

Compared with popular benzene-core ligands, the NAT
ligand has a very different conformation from the following
perspectives. First, the two C4,C5-substituted groups show a
larger binding angle (72°), which might lead to the preferred
aryl group conformation with different overall repulsions.
Meanwhile, the triazole ring and N-2-aryl ring adopted a co-
planar conformation by avoiding the A-1,3 repulsion. More
importantly, while the N-1-aryl triazole showed almost no fluo-
rescence emission, manyN-2-aryl derivatives are good fluoro-
phores exhibiting strong emission in the UV/blue light
region.15 All these unique structural features initiated our
interest in exploring whether NATs can be used as ligands for
preparation of MOFs with interesting new functions. To the
best of our knowledge, there are few triazole based MOF struc-
tures reported so far and no NAT based MOF has ever been
reported.16 This is likely due to the challenges associated with
the synthesis of ligands and structural control.17 With recent
success in triazole synthesis and functionalization, we pre-
pared two NAT based ligands, L1 and L2 (Fig. 1A), and applied
them for MOF construction under various metal binding
conditions.

Using ligand L1, (4,4′-(2-phenyl-1,2,3-triazole-4,5-diyl)diben-
zoic acid (TADA), with no carboxylate on the N2-phenyl group
on triazole (Fig. 1B), NAT-MOF-1 was obtained under solvo-
thermal conditions by dissolving Zn(NO3)2·6H2O and L1 (2 : 1)
in solvents (1 : 1 DMF :MeOH) and heating at 85 °C for
72 hours. The FT-IR spectra (Fig. S2a†) of the resulting MOF
revealed the disappearance of the carboxylic acid groups at
around 2998 cm−1 and the symmetric and the asymmetric
stretching of the carboxylate groups at 1414 cm−1 and
1529 cm−1. Fortunately, a crystal was successfully grown with
its structure revealing a di-nuclear paddle-wheel secondary
building unit (SBU) that consists of two Zn atoms binding to
four L1 at approximately 90° with two dimethyl ether mole-
cules coordinated on the top (Fig. 1C). The packing of unit
cells along the c axes and a fragment of NAT-MOF-1 along the
c axes showing fitted pores are also revealed in Fig. 1E and 1F,
respectively.

Treating NAT ligand L2, 4,4′,4″-(2H-1,2,3-triazole-2,4,5-triyl)
tribenzoic acid (TATA), under similar solvothermal conditions
gave NAT-MOF-2. The FT-IR spectra showed the characteristic
band of the coordinated carboxylate groups at 1377 and

1606 cm−1 (Fig. S2b†). The broad band at 2991 cm−1 for car-
boxylic acid stretching disappeared, indicating the binding
with metal cations. The crystal structure of NAT-MOF-2 was
also successfully obtained as shown in Fig. 2.

The crystal structure of NAT-MOF-2 demonstrated a highly
interpenetrated framework. Each repeating unit is composed
of seven Zn(II) ions and four NAT ligands L2 (Fig. 2B and C).
Zinc ions including Zn1, Zn2, Zn3, Zn4 and Zn7 compose a
Zn5 unit while the vertices of the network are connected by
Zn5 and Zn6 in the horizontal direction and Zn3 and Zn7
connect the interlayers with a C5-substituted carboxylate group
to give structural extension along the vertical directions,
affording the interpenetrated networks. Interestingly, with the

Fig. 2 Crystal structure and structural components of NAT-MOF-2: (A)
triazole based linker L2; (B) central coordination environments of the
Zn5 unit; (C) overall coordination environments between ligand TATA
and Zn(II) ions; (D) view of NAT-MOF-2 along the c and (E) b axes
respectively.

Fig. 1 NAT-MOF synthesis and crystal structure of NAT-MOF-1: (A)
ligand and the general MOF synthetic route; (B) NAT ligand L1 (TADA);
(C) Zn paddle-wheel SBU; (D) connectivity between TADA and paddle-
wheel SBU; (E) view of NAT-MOF-1 along the c axes; (F) view of a frag-
ment of NAT-MOF-1 along the c axes showing fitted pores.
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highly unsymmetrical NAT core, the overall NAT-MOF-2 struc-
ture resembles a “roof tile” alignment. As shown in the
crystal structure, this tile-like interpenetrated network is
formed by the penetration of both horizontal and vertical
directions. The stacking of tiles was assembled through the
formation of the Zn5 unit located in the middle of the tile.
Meanwhile, due to the highly unsymmetrical factor of the
crystal structure and unsymmetrical Zn5 unit coordination
environments along the vertical direction in the center, there
are four different conformations of L2 from the repeating
units. To be specific, the dihedral angles between the NAT
and carboxylate groups and the binding angles (107°–164°) of
carboxylates from N-2 and C-4 positions resembling the basic
layer of the tile structure appear to be unique in general.
Interestingly, the binding modes for these two NAT-MOFs are
dramatically different, which highlighted the importance of
conformation control of these newly developed unsymmetri-
cal NAT ligands. The powder X-ray diffraction (PXRD) spectra
of both NAT-MOFs were collected. The diffraction patterns of
the tested samples and the calculated data from crystal struc-
ture were compared (Fig. S1†). With the structures of both
NAT-MOFs confirmed by X-ray, we set out to explore the influ-
ence of different topologies on the functions of the resulting
MOF materials.

Unlike typical di-aryl compounds, one unique property of
the NAT ligand is the co-planar conformation between the tri-
azole and N-2 aryl rings. Our group has previously demon-
strated that N-2-aryl triazoles could exhibit a strong fluo-
rescence, while the N-1 isomer shows almost no emission. As
a new class of small molecule organic fluorophores, NATs
have some unique advantages, including luminescence
efficiency, high thermal stability, good accessibility and easy
modification.18 However, during our previous studies, the
emission efficiency was significantly reduced when introdu-
cing a carboxylate group on the N-2-aryl position. This is
likely due to the various relaxation pathways (i.e. vibrational
and rotational) typically associated with the carboxylate
groups, which quenched the photo-excitation state.
Considering that carboxylate will have a more locked confor-
mation in MOF complexes over the free ligand, one could
rationalize that improved fluorescence emission might be
achieved upon MOF formation. To verify this hypothesis, the
solid-state photoluminescence emissions of both ligands and
MOFs were measured. As expected, the dramatic increase of
fluorescence intensity was obtained for both NAT-MOFs over
non-coordinated ligands (Fig. 3).

First, compared with non-substituted NAT compounds, the
carboxylate group caused the reduction of photoemission,
especially on the N-2-aryl position. While the N-2-phenyl
ligand L1 (TADA) still shows luminescence emission in the
solid state with a reduced quantum yield (Φ) of 13.8%, the dra-
matic quenching effect was observed with the N-2-benzoylic
acid ligand L2 (TATA, Φ = 0.59%). This is consistent with our
previous report that the actual fluorophore in NAT is the N-2-
aryl moiety. Upon the formation of MOF structures, a signifi-
cant increase of emission intensity was obtained for both

NAT-MOF-1 (Φ = 30.8%) and NAT-MOF-2 (Φ = 17.5%). This
emission enhancement could be attributed to Zn–O coordi-
nation, which significantly reduced the possibility of excitation
state relaxation, along with plausible π–π stacking between
adjacent aromatic moieties. This result is exciting since it
suggests the great potential of these new MOF materials for
photoactivation related applications.

Compared with benzene-based ligands, another interesting
feature of the triazole-based ligand is the larger coordination
angle between substituted groups at C4 and C5 positions (vs. 1,2-
substituted benzene). Clearly, this different binding angle will
influence MOF topology as seen in the X-ray crystal structures.

The stability of MOFs in water plays a crucial role in the
potential application of porous materials in the aqueous
environment.19 Generally, water stability depends on the steric
effects of the ligand and strength of metal–ligand coordi-
nation.20 Therefore, solvent and moisture stability was also
tested with these new type NAT-MOFs by comparing the PXRD
data of the MOF samples upon soaking in a variety of solvents,
including MeOH, acetonitrile, DCM and water. Although
NAT-MOF-1 showed poor stability in organic solution, it
demonstrated a relatively good stability in aqueous solution.
As shown in Fig. 4, even after being immersed in boiling water
for 24 hours, NAT-MOF-1 maintained most of its crystalline
framework with several changes in diffraction angle signals. In
contrast, NAT-MOF-2 presented a complete destructive break-
down of its porous framework as almost no signals were
observed in the PXRD spectra.

For porous materials, gas sorption capacity and selectivity
are certainly important factors to be evaluated. The CO2

adsorption data were collected at 195 K to examine the porosity
of these NAT-MOFs (Fig. 5A).

Fig. 4 Water stability of NAT-MOF-1 (A) and NAT-MOF-2 (B) evaluated
using PXRD patterns.

Fig. 3 Enhanced fluorescence emission upon the formation of
NAT-MOFs.
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Both frameworks exhibit reversible type-I isotherm adsorp-
tion features, in which the gas molecules present a sharp
adsorption at relatively low pressure (P/P0 < 0.1) which reaches
a plateau subsequently. Desorption hysteresis loops were
observed for both frameworks, which could be ascribed to the
existence of mesopores and inevitable interactions between N
atoms from 1,2,3-triazole backbones and oxygen from CO2

molecules. The Brunauer–Emmett–Teller (BET) and Langmuir
surface area were calculated to be 216 m2 g−1 and 313 m2 g−1

for NAT-MOF-1 and 69 m2 g−1 and 96 m2 g−1 for NAT-MOF-2.
NAT-MOF-1 showed higher BET surface areas over NAT-MOF-2
likely due to the size of micropores caused by higher dV/dw
and highly symmetric structures. As a result, NAT-MOF-1
showed a maximum N2 uptake of 9.5 cm3 g−1, which is higher
than a N2 uptake of 6.7 cm3 g−1 for NAT-MOF-2 at 273 K
(Fig. 5B). The total pore volumes of 0.12 cm3 g−1 (NAT-MOF-2)
and 0.52 cm3 g−1 (NAT-MOF-1) were estimated from the
Horvath–Kawazoe calculation (Fig. S4†).

Notably, carbon dioxide (CO2) capture and storage (CCS) is
of importance due to environmental concerns associated with
growing atmospheric CO2 emissions caused by use of fossil
fuels.21 To evaluate the CO2 uptake performances of these new
MOFs, CO2 adsorption isotherms were collected for the acti-
vated samples at 273 K, as shown in Fig. 5(B). The results
revealed a maximum adsorption of CO2 of 17 cm3 g−1 and
47 cm3 g−1 at 273 K for NAT-MOF-1 and NAT-MOF-2, respect-
ively. The value of CO2/N2 selectivity was obtained using Ideal
solution adsorbed theory (IAST) with a good correlation factor
(R2 > 0.999). In general, nitrogen atoms in the organic linker
and π-stacking could increase the CO2 adsorption capacity.22

Although the CO2 adsorption selectivity was modest (4.8,
Fig. S5†), the fact that CO2 can be adopted in this simple
framework highlighted the polarized porous nature associated
with the unique 1,2,3-triazole building blocks for CO2 adsorp-
tion. In addition, the higher adsorption of NAT-MOF-2 com-
pared to NAT-MOF-1 is presumably due to the extra carboxylate
in L2 which results in more dipole–dipole interactions despite
the interpenetrating framework. It is expected that further
modification of this simple and easy-access structure could be
done with improved adsorption ability and selectivity.

In conclusion, we reported herein the investigation of N-2-
aryl-1,2,3-triazole derivatives as ligands for the construction of
MOF materials. Compared with widely applied benzene-based

linkers, NATs offer several unique features, including excellent
fluorescence emission, co-planar conformation and larger
binding angles at C4 and C5 positions. Two new metal–
organic frameworks (NAT-MOFs) were successfully obtained
upon coordination with Zn and their structures have been
fully characterized by single crystal X-ray and PXRD. Some
interesting properties have been revealed for these NAT-MOFs,
including dramatically enhanced photoluminescence emission
and selective CO2 adsorption. Overall, these studies not only
set up a solid foundation for the design principle for the devel-
opment of new porous materials using the NAT core, but also
demonstrate the possibility of constructing new functional
NAT-MOFs with good photoactivity. These studies are currently
ongoing in our lab and will be reported in due course.
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