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1,4-Bis-triazole-substituted arene (NAT) was designed and synthesized for the construction of metal
organic frameworks. Unlike the tri-phenyl analogs, which give a twisted conformation between three
benzene rings due to the A-1,3 repulsion, the NAT-ligand gave the energetically favored co-planar
conformation with the strong fluorescence emission. With this ligand, two new MOFs, NAT-MOF-Cd
(2,3,4-c) and NAT-MOF-Cu (4-c), were successfully obtained with the structure confirmed by X-ray.
With the six-coordinated Cd(in) cluster, an interesting metal-ligand coordination and H-bonding
hybridized porous polymeric structures were observed. In contrast, a typical Cu(i) paddle wheel
coordination was obtained with NAT and Cu, giving a new MOF structure with moderate stability in
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With large surface areas, diverse geometries, tunable pore sizes,
and accessible functional sites, metal organic frameworks
(MOFs) have shown exciting applications in various research
areas, including gas molecule storage and separation, chemical
catalysis, molecular sensing, luminescence, drug delivery,
optical/electronic devices, etc." From the design perspective, the
geometry of the ligand is crucial for the overall network
construction and its function.”> Over the past decade, our group
has been focusing on the investigations of 1,2,3-triazole deriv-
atives for applications in chemical synthesis and material
preparation.® These efforts have led to the discovery of inter-
esting new functions associated with certain triazole analogs.
One particularly interesting building block is the N-2-aryl-1,2,3-
triazole (NAT) moiety recently reported from our lab.* Unlike the
ubiquitous N-1 isomers, which were prepared from CuAAC
(click chemistry), the NATs have shown excellent co-planar
conformation between triazole and arene rings.” As a result,
NAT gives strong fluorescence while N-1 isomer shows almost
no emission.® Both the unique structure and interesting photo
activity makes NAT interesting molecular building blocks in
materials development.* Herein, we report two new NAT based
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fluorescence sensing and photocatalysis.

MOFs with moderate water (acid/base) stability and fluores-
cence emissions.

Our interest in NAT-MOF synthesis was initiated by the
realization of twisted conformation associated with the poly-
arene system. It is well-known that spacing linkers are impor-
tant in MOF design to alter pore size.” Considering the required
structure rigidity often required for stable MOF structure, poly-
arenes are one very popular linker motif.* However, as shown in
Scheme 1A, the typical bi-aryl molecule could not adopt co-
planar conformation due to the A-1,3 repulsion between the
ortho-protons on adjacent benzene rings.” As a result, two
conformations could be adopted: (A) twisted (all three rings
twisted) and (B) orthogonal (rings 1 and 3 are parallel and
twisted the same angle with ring 2).'° Overall, it is impossible to

(A) Tri-arene with free rotation: could not form flat conformation of all three rings
twisted

“orthogonal”

"free rotation" with A-1,3 repulsion all three rings twisted ring 1 & ring 3 paralle!

(B) NAT: preferred co-planar conformation with good photoactivity
NAT for MOF construction?
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Scheme 1 Tri-aryl linker in MOF construction: twisted conformation.

N2-aryl-triazole (NAT)
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have all three aryl rings lining up to form a planar conforma-
tion, which could be crucial to open the window for effective 7t
7 stacking. In contrast, with a coplanar conformation, NAT
could serve an interesting and ideal new ligand for the extended
poly-arene linker MOF construction. Besides the structure novelty,
two other important concerns for MOF construction are material
stability and practical ligand synthesis for potential applications.™
With low electron density, 1,2,3-triazole is very stable toward
oxidative conditions." Moreover, the N-2-substitution successfully
avoid potential triazole ring opening through N, extrusion.” We
then put in our efforts to develop a practical synthesis of the
triazole-arene ligands. After evaluating various protecting groups
and reaction sequences, a general route was developed as shown in
Fig. 1.

The synthesis starts from commercial available 4,5-dibromo-
triazole 1. Protecting triazole with PMB group followed by the
Suzuki coupling gave 4,5-diaryl triazole in excellent overall
yields. Deprotection of PMB group gave NH triazole 2, which
was applied to copper mediated Ullman coupling to afford the
tetra-esters. Saponification followed by recrystallization gave
the tetra-acid NAT ligand. Overall this route could afford the
desired NAT ligand in gram scale with five linear steps. The
resulting NAT tetra-acid is fluorescence active both in solution
and in a solid state as expected. Notably, this route could be
easily applied to the coordination with other linkers (besides
benzene) for the coordination of new functional groups into the
central arene, which is currently under investigation in our lab.
With tetra-acid NAT available, we explore the possibility of
applying them in MOF construction through coordination with
two typical cations, Cd*>* from group 12 and Cu** from group 11.
Fortunately, both complexes were successfully obtained under
typical MOF preparation conditions (see details in ESIt). The X-
ray crystal structures of both MOFs were successfully obtained.

As shown in Fig. 2, NAT-MOF-Cd was prepared through
solvothermal condensation with NAT ligand and Cd(NOj), in
the mixture of DMF, EtOH, water, and HNO; (5:1:1:1) at
85 °C. The needle-like transparent crystal was obtained. X-ray
crystal structure reveals the typical 7-coordinated Cd cluster
from three carboxylates and one DMF (Fig. 2A). Interestingly, as
a tetra-acid ligand in coordination with a six-coordinated Cd
cluster, the NAT ligand shows two different coordination
patterns. For NAT-1, both carboxylates on each end of the ligand
coordinated with Cd**, forming cycle I (9.5 A x 13.7 A) through
binding with neighboring NAT-1. On the other hand, only one
carboxylate on each side of NAT-2 ligand coordinates with Cd>*

gram scale synthesns

MeOOC HOOC COOH

i

MeOOC

HOOC COOH

Fig.1 Synthesis of NAT ligands: (a) PMBBr (1.1 equiv.), K,COs3 (4 equiv.),
MeCN, 60 °C, 96%; (b) p-B(OH),-CgHs—COOMe, 5% Pd(PPhs)a,
K,COs (4 equiv.), 1,4-dioxane : H,O(1 : 1), 100 °C, 97%; (c) TFA, 120 °C,
54%; (d) 1,4-phenylenediboronic acid (0.5 equiv.), Cu(OAC), (1.5
equiv.), pyridine (2 equiv.), THF, 1 atm O,, 70 °C, 50%; (e) KOH,
MeOH : THF (1: 1), 100 °C, 90%.
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Fig.2 (A) coordination environments of both ligand and Cd(i) ions; (B)
two coordination patterns of NAT-1and NAT-2; (C) 3D packing view of
NAT-MOF-Cd along b axes with fitted pores; (D) layer-by-layer H-
bonded framework of NAT-MOF-Cd.

(to satisfy the overall six-coordination Cd cluster). The NAT-2
binding with Cd-SBU not only links the cycle 1 but also
produces metallocycle 2 with a larger size (23.2 A x 33 A). As
expected, both NAT-1 and NAT-2 show good co-planar confor-
mation with the dihedral angle <30° in both cases, which
highlight the unique structural feature of NAT over poly-arenes.
While the cycle-1 and cycle-2 form large network extension, it is
overall a 2D layer structure (Fig. 2B). However, with the un-
coordinated free COOH in NAT-2, a layer-by-layer hydrogen
bonded metal organic framework was achieved. As a result, the
overall 3D packing framework is composed of layer-by-layer H-
bonding and vertical six-coordinated Cd(u) cluster MOF along
the b axis as shown in Fig. 2C. The H-bond between COOH of
each layer (doy...o = 2.623 nm) is confirmed and perfectly lining
up the open cavity, forming cylindrical pores in the vertical
direction (Fig. 2D).

The topology of this new NAT-MOF-Cd is calculated to be
2,3,4-c net with stoichiometry (2-c)(3-c)2(4-c) while the point
(Schlafli) symbol is {4-8°}2{4>-8>-10*}{8}. The PXRD of the
crystal structure was uniform with simulated data (Fig. S3af).
FT-IR of NAT-MOF-Cd (Fig. S5at) showed the disappearing of
2990 cm ™" adsorption associated with carboxylic acid and the
appearance of 1390 cm™ " and 1590 cm ™' signal associated with
the symmetric and asymmetric stretching of carboxylates.
Thermogravimetric analyses (TGA) revealed the good thermal
stability of NAT-MOF-Cd up to 351 °C (no decompositions) and
completely collapsed at around 456 °C (Fig. S6aft).

The successful synthesis of NAT-MOF-Cd confirmed our
hypothesis that fluorescence active NAT ligand could be used as
a novel co-planar linker to coordinate with secondary building
units (SBU) for porous MOF construction. The three-
dimensional H-bonded MOF structure is interesting molec-
ular architecture. However, it raised the concern whether it will
be stable in an aqueous solution where many applications are
taking place. Soaking NAT-MOF-Cd in water for only 30 minutes
caused a total collapse of MOF structures confirmed by PXRD

This journal is © The Royal Society of Chemistry 2020
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(Fig. S47). To achieve more rigid MOF structures with this NAT,
we put our attention to Cu®". It is well known that Cu(u) cations
could coordinate with four carboxylates to form a paddle wheel
SBU. The good match of tetra-acid and four-coordinated Cu
makes NAT ligand ideal for MOF construction via Cu-SBU. After
screening various conditions, we were pleased to identify the
combination of NAT with Cu(NOj3),-3H,0 (1 : 2) in a mixture of
DMF, EtOH, water, and AcOH (5:1:1:1) as the optimal
conditions for MOF synthesis. The FT-IR spectra (Fig. S5bt) of
resulting MOF revealed the disappearance of carboxylic acid
groups around 2983 cm™ ' and the symmetric and asymmetric
stretching of carboxylate groups at 1394 cm™ ' and 1581 cm ™.
The cubic-shape blue crystal was obtained with the structure
confirmed by X-ray.

As revealed by X-ray, the NAT-MOF-Cu is constructed with
a typical Cu(u) paddle wheel SBU (Fig. 3A). Each paddle wheel is
coordinated with carboxylates from four NAT with two DMF
bound on the ¢ direction (Fig. 3B). Similar to NAT-MOF-Cd, the
ligand in NAT-MOF-Cu shows good co-planar conformation
with the dihedral angle <30°. The overall packing structure with
pores along the ¢ axis of NAT-MOF-Cu is shown in Fig. 3C.
Meanwhile, the topology of NAT-MOF-Cu is calculated to be 4-c
net with the point (Schlafli) symbol of {4*-6°}. The PXRD pattern
was consistent with the simulated curve of the crystal structure
(Fig. S3b¥). Thermalgravimetric analyses confirmed the thermal
stability of NAT-MOF-Cu that it could behave intact as crystal
scaffold until 354 °C before completely decomposed at around
551 °C (Fig. S6bt).

The porosity of both NAT-MOFs was identified by CO,
adsorption at 195 K. The framework behaves reversible type-I
isotherm adsorption features, in which gas molecules present
sharp adsorption at relatively low pressure (P/P, < 0.1) and reach to
a plateau at 131 cm® g~ " with NAT-MOF-Cu (Fig. 3D). The Bru-
nauer-Emmett-Teller (BET) and Langmuir surface area were
calculated to be 309 m> g~" and 436 m> g~ for NAT-MOF-Cu

D)

)

Gas adsorption quantity (cm® g’
dVidw cm’ig-A

Pore Width (nm)
—9— NAT-MOF-Cu adsorption
—— NAT-MOF-Cu desorption

Pressure (P/P)
Fig. 3 (A) Paddle wheel SBU of NAT-MOF-Cu; (B) coordination
environments of NAT-MOF-Cu; (C) 3D packing view of NAT-MOF-Cu
along c axes; (D) CO, sorption and pore volumes of NAT-MOF-Cu at
195 K.
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Fig. 4 Solvent stability tests of NAT-MOF-Cu in (A) organic solution
and (B) aqueous solution.

because of large pore volumes from Horvath-Kawazoe calcula-
tion mode and regular stacking. Gas adsorptions of CO, and N, for
NAT-MOF-Cu at 273 K were also obtained (Fig. S7bt). The
maximum adsorption of CO, was 43 cm® g~ " and the value of CO,/
N, selectivity (Fig. S7dt) was obtained as 44.2 by ideal solution
adsorbed theory (IAST) with a good correlation factor (R* > 0.999).
Gas adsorption including BET surface area (37 m® g~ ') and CO,/N,
selectivity (8.5) at 273 K of NAT-MOF-Cd was also measured.
Detailed figures are provided in ESI (Fig. S7 and S8t).

The stability of both NAT-MOFs was evaluated. As demon-
strated previously, with the layer-by-layer H-bond, NAT-MOF-Cd
is not stable in protic solvents. In contrast, the NAT-MOF-Cu
showed excellent stability. First, immersing NAT-MOF-Cu in
various organic solvents, including MeOH, EtOH, THF, MeCN,
DCM, m-xylene, and 2-propanol, at room temperature for 24 h
showed no crystal decomposition based on crystal PXRD
(Fig. 4A). Furthermore, stability in aqueous solution under
different pH was also evaluated by soaking the MOF in the
aqueous solutions. NAT-MOF-Cu showed almost no decompo-
sition in aqueous media with pH from 1 to 11 (Fig. 4B). Further
increasing to pH = 13 or reducing to pH = 0 did give complex
decomposition over time. However, the ability to survive
aqueous solution over a large pH range showed the good
stability of this new NAT-MOF-Cu porous materials.

In general, the formation of carboxylate MOF complexes
could enhance ligand fluorescence intensity due to the locked
conformation that prevents undesired excitation state relaxa-
tion. NAT-MOF-Cd showed enhanced fluorescence (¢ = 26%)
compared with NAT ligand (¢ = 6.7%) in solid state (Fig. 5).
Interestingly, NAT-MOF-Cu gave significant fluorescence

Aem: 422 nm, ®=26%

< NAT-MOF-Cd
. C"(//)
Aem: 392 nm, ®=6.7% tohd -
FL
quenching
NAT-MOF-Cu Aem: 414 nm, ®<0.1%

Fig. 5 Solid state fluorescence emission of NAT and NAT-MOFs.
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quenching with the resulting MOF showed almost no emission
(9 < 0.1%). This result suggested plausible electron or charge
transfers in the excitation state with this new MOF material. The
exact mechanism is currently under investigation along with
the potential application of this new photoactive MOF as sensor
or photocatalysts. The results will be reported in due course.
Nevertheless, the intrinsic photoactivity along with the co-
planar conformation makes NAT a promising new ligand
system for future porous material construction.

In summary, we designed and synthesized 1,4-bis-triazole-
substituted arene (NAT) as a new ligand for the construction
of metal organic frameworks. Compared with poly-arenes
system, NAT adopts co-planar conformation with the dihedral
angle <30°. NAT-MOF-Cd (2,3,4-c) was formed by six-
coordinated Cd(u) clusters with interesting H-bonded MOF
framework while NAT-MOF-Cu (4-c) was obtained with Cu(u)
paddle wheel SBU. NAT-MOF-Cu showed reasonable stability in
wide pH range (1-11) and organic solvent for over 24 h. Pho-
toluminescence properties were observed upon the formation
of NAT-MOF, suggesting potential applications of this photo-
active porous material through the new ligand design.
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