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N-2-aryl-1,2,3-triazole derivatives were synthesized as a new ligand
system for the construction of photoluminescent active metal-or-
ganic frameworks (MOFs). Crystal structures revealed that the five-
membered triazoles give unsymmetrical conformation with the
two C4,C5-substituted benzenes adopted “twisted-plane” geome-
try. As the 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 (® up to
30%), suggesting potential applications of this photoactive porous
material through this new ligand design.

The past two decades have evidenced the fast growing of po-
rous material research.l With the large surface area, tunable
pore sizes, diverse geometries and accessible functional sites,
porous materials have shown superior applications in various
research fields, including gas molecule storage, chemical catal-
ysis and molecular sensing.2 As a very important area of porous
materials, metal-organic frameworks (MOFs) have gained in-
creasing attention in current chemical and material research.3
Although many well-developed molecular scaffolds with well-
defined geometry have been reported in the past two decades,
new building blocks with alternative binding patterns are always
welcome and desirable since they could offer new coordination
mode with potential interesting functionality.* Herein, we re-
port N-2-aryl-1,2,3-triazole derivatives as linkers for the con-
struction of metal-organic frameworks with significantly im-
proved water stability, enhanced luminescence emission and
selective CO; adsorption.

Over the past decade, our group has been working on the
development of 1,2,3-triazoles as building blocks for important
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chemical, material and biological applications.> With the suc-
cess in discovering several new synthetic methods for effective
preparation of 1,2,3-triazole derivatives, our group first re-
ported the strong fluorescence emission associated with N-2-
aryl-1,2,3-triazoles (NATs).6 Moreover, X-ray crystal structures
revealed co-planar conformation between triazole and N-2-aryl
rings, which could account for the observed strong photo emis-
sion.” With the continued interest in developing new chemical
platforms for material and biological research, we put our at-
tention into the potential applications of this new molecular
scaffold into porous material constructions. In this manuscript,
we report the first two MOF structures recently obtained from
ligands based on the NAT core, NAT-MOF-1 and NAT-MOF-2.

A) Influence of substitution patterns on ligand conformation and MOF construction
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B) This work: construction of MOFs based on N-2-aryl-triazole (NAT), a new ligand core

NAT based ligand
unsymmetric binding sites;

small TA-Ar
dihedral angle (<5°)

S
different aryl — 700 UN
replusion SN 1440

Scheme 1. NAT as the core structure for MOF construction

different aryl conformation (vs benzene);
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between TA and Ar;

potential fluorescence emission
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As shown in Scheme 1A, multi-carboxylate ligands have
been widely used for MOF construction through the COO- coor-
dination with various metal cations.8 For example, the 1,3,5-tri-
aryl-benzolic acid ligand has been used for the preparation of
MOF-177.2 Certainly, ligand conformation will greatly influence
the overall binding pattern and final MOF topology.1° For ben-
zene-based ligands, two general conformation concerns are A)

J. Name., 2013, 00, 1-3 | 1



Dalton Transactions

binding angle between coordination sites and B) dihedral angle
between the two adjacent aryl groups.1! For bis-benzene sys-
tem, 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 from ligands with 1,2-substituted benzene
structures are much less compared with the 1,3-substituted an-
alogues.13 This is likely due to the smaller coordination angle
(600 for 1,2-subs vs 1200 for 1,3-subs), which may cause the in-
creased steric hindrance toward metal cation coordination.4
Comparing with popular benzene-core ligands, the NAT lig-
and has very different conformation in both perspectives. First,
the two C4, C5-substituted groups give a bigger binding angle
(72°), which might lead to preferred aryl group conformation
with different overall repulsion. Meanwhile, the triazole ring
and N-2 aryl ring adopted co-planar conformation by avoiding
the A-1,3 repulsion. More importantly, while N-1-aryl triazole
gave almost no fluorescence emission, many N-2-aryl deriva-
tives are good fluorophore, giving strong emission in UV/blue
light region.15 All these unique structural features initiated our
interest to explore whether NAT can be used as ligands for MOF
preparation with interesting new functions. To the best of our
knowledge, there are few triazole based MOF structures re-
ported so far and no NAT based MOF has ever been reported.16
This is likely due to the challenges associated with synthesis of
ligands and challenging structural control.l” With the recent
success in triazole synthesis and functionalization, we prepared
two NAT based ligands, L1 and L2 (Figure 1A) and applied them
for MOF constructions under various metal binding conditions.

A) NAT ligand and NAT-MOF synthesis

HOOC HOOC
O - OCOOH Zn* NAT-MOF
O

L1 HooC

)

Figure 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 c axes; F) View of a fragment of NAT-MOF-1 along ¢
axes showing fitted pores.

Using  ligand L1, (4,4'-(2-phenyl-1,2,3-triazole-4,5-
diyl)dibenzoic acid (TADA), with no carboxylate on the N2-phe-
nyl group on triazole (Figure 1B), NAT-MOF-1 was obtained
through solvothermal conditions by dissolving Zn(NO3),:6H,0

This journal is © The Royal Society of Chemistry 20xx

and L1 (2:1) in solvents (1:1 DMF:MeOH) and heated at 85 °C
for 72 hours. The FT-IR spectra (Figure S2a) of resulting MOF re-
vealed the disappearance of carboxylic acid groups around 2998
cm® and the symmetric and asymmetric stretching of carbox-
ylate groups at 1414 cm-1and 1529 cm-L. Fortunately, a crystal
was successfully grown with structure revealed a di-nuclear
paddle-wheel secondary building unit (SBU) that two Zn atoms
are binding to four L1 in approximately 90° with two dimethyl
ether molecules coordinated on the top (Figure 1C). Packing of
unit cell along the c axes and a fragment of NAT-MOF-1 along ¢
axes showing fitted pores are also revealed in Figure 1E and Fig-
ure 1F respectively.

Treating NAT ligand L2, 4,4'4"-(2H-1,2,3-triazole-2,4,5-
triyl)tribenzoic acid (TATA), under similar solvothermal condi-
tions gave NAT-MOF-2. The FT-IR spectra showed the charac-
teristic band of coordinated carboxylate groups at 1377 and
1606 cm™! (Figure S2b). The broad band at 2991 cm for car-
boxylic acid stretching disappeared, indicating the binding with
metal cations. The crystal structure of NAT-MOF-2 was also suc-
cessfully obtained as shown in Figure 2.
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Figure 2. Crystal structure and structural components of NAT-MOF-2: A) tri-
azole based linker L2; B) Center coordination environments of Zns unit; C)
Overall coordination environments between ligand TATA and Zn(ll) ions; D)
View of NAT-MOF-2 along c and E) b axes respectively.

The crystal structure of NAT-MOF-2 demonstrated a highly
interpenetrated framework. Each repeating unit is composed of
seven Zn (ll) ions and four NAT ligands L2 (Figure 2B, 2C). Zinc
ions including Znl, Zn2, Zn3, Zn4 and Zn7 compose a Zns unit
while the vertices of the network are connected by Zn5 and Zn6
in the horizontal direction and Zn3 and Zn7 connect the inter-
layers with C5-substituted carboxylate group to give structure
extension along vertical directions, affording the interpene-
trated networks. Interestingly, with the highly unsymmetrical
NAT core, the overall NAT-MOF-2 structure resembles a “roof
tile” alignment. As shown in the crystal structure, this tile-like
interpenetrated network is formed with the penetration of both
horizontal and vertical directions. The stacking of tiles was as-
sembled through the formation of the Zns unit locating in the
middle of the tile. Meanwhile, due to highly unsymmetrical fac-
tor of the crystal structure and unsymmetrical Zns unit coordi-
nation environments along the vertical direction in the center,
there are four different conformations of L2 from the repeating
units. To be specific, dihedral angles between NAT and carbox-
ylate groups and the binding angles (107°-164°) of carboxylates
from N-2 and C-4 position resembled the basic layer of the tile
structure appear unique in general. Interestingly, the binding
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modes for these two NAT-MOFs are dramatically different,
which highlighted the importance of conformation control of
this newly developed unsymmetrical NAT ligands. Powder X-ray
diffraction (PXRD) spectra of both NAT-MOFs were collected.
The diffraction patterns of the tested samples and the calcu-
lated data from crystal structure were compared. (Figure S1)
With the structures of both NAT-MOFs confirmed by X-ray, we
set out to explore the influence of different topologies towards
the resulting MOF material functions.

Unlike typical di-aryl compounds, one unique property of
NAT ligand is the co-planar conformation between triazole and
N-2 aryl rings. Our group has previously demonstrated that N-
2-aryl triazoles could exhibit strong fluorescence while the N-1
isomer gives almost no emission. As a new class of small mole-
cule organic fluorophore, NAT has some unique advantages, in-
cluding luminescence efficiency, high thermal stability, good ac-
cessibility and easy modification.’® However, during our previ-
ous studies, the emission efficiency was significantly reduced
when introducing carboxylate group on N-2-aryl position. This
is likely due to the various relaxation pathways (i.e. vibrational
and rotational) typically associated with carboxylate groups,
which quenched the photo-excitation state. Considering that
carboxylate will hold more locked conformation in MOF com-
plexes over free ligand, one could rationalize that improved flu-
orescence emission might be achieved upon MOF formation. To
verify this hypothesis, the solid-state photoluminescence emis-
sion of both ligands and MOFs were measured. As expected,
dramatic increase of fluorescence intensity was obtained in
both NAT-MOFs over non-coordinated ligands (Figure 3).

N /NAT-MOF-Z ::u‘” s
Stage Aex Aem Stokes %) g
(nm) _ (nm) shift :
ligandL1 355 381 26 14 3
NAT-MOF-1 336 377 41 31§
Ligand L2 361 390 29 <1
NAT-MOF-2 363 382 19 17 _

Wavelength (nm)

Figure 3. Enhanced fluorescence emission upon formation of NAT-MOFs

First, comparing with non-substituted NAT compounds, the
carboxylate group caused the reduction of photoemission, es-
pecially on the N-2-aryl position. While N-2-phenyl ligand L1
(TADA) still gives luminescence emission in solid state with re-
duced quantum yield (®) as 13.8%, dramatic quenching effect
was observed with the N-2-benzoylic acid ligand L2 (TATA,
®=0.59%). This is consistent with our previous report that the
actual fluorophore in NAT is the N-2-aryl moiety. Upon for-
mation of MOF structures, a significantly increase of emission
intensity was obtained for both NAT-MOF-1 (®=30.8%) and
NAT-MOF-2 (®=17.5%). This emission enhancement could be
attributed to Zn-O coordination, which significantly reduced the
possibility of excitation state relaxation, along with plausible -
1 stacking between adjacent aromatic moieties. This result is
exciting since it suggested the strong potential of this new MOF
materials for photoactivation related applications.

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

Stability of MOFs in water plays a crucial role for potential

This journal is © The Royal Society of Chemistry 20xx
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application of porous materials in agueous environment.1® Gen-
erally, water stability depends on steric effects of the ligand and
strength of metal —ligand coordination.2° Therefore, solvent
and moisture stability were also tested with this new type NAT-
MOF by comparing the PXRD data of 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 relatively good stability in aqueous
solution. As shown in Figure 4, even after being immersed in
boiling water for 24 hours, NAT-MOF-1 maintained most of its
crystalline frameworks with several changes of diffraction angle
signals. In contrast, NAT-MOF-2 presented a complete destruc-
tive breakdown of porous frameworks as almost no signals ob-

served in the PXRD spectra.
(A) (B)

—— NAT-MOF-1
—— Water-treatment

—— NAT-MOF-2
—— Water-treatment
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Figure 4. NAT-MOF-1 and NAT-MOF-2 water stability evaluated by PXRD
patterns

As porous materials, the gas sorption capacity and selectiv-
ity are certainly important factors to be evaluated. The CO; ad-
sorption data were collected at 195 K to examine the porosity
of these NAT-MOFs (Figure 5A).

—0— NAT-MOF-1 adsorption

NAT-MOF-1 273 K CO,
o NAT-MOF-1 273 KN,

[—9— NAT-MOF-2 273 K CO,
-9 NAT-MOF-2 273 KN,

Gas adsorption quantity (cm’ g”)
Gas adsorption quantity (cm® g)

Pressure (PIP))

Figure 5. (A) CO:2 sorption of NAT-MOF-1 and NAT-MOF-2 at 195 K (B) CO2
and Nz sorption isotherm of NAT-MOF-1 and NAT-MOF-2 at 273 K

Pressure (P/P)

Both frameworks behave reversible type-l isotherm adsorp-
tion features, in which gas molecules present sharp adsorption
at relatively low pressure (P/Po < 0.1) and reach to plateau sub-
sequently. Desorption hysteresis loop happened on both frame-
works, which could be ascribed to the existence of mesopores
and inevitable interaction between N atoms from 1,2,3-triazole
backbones and oxygen from CO,; molecules. The Brunauer-Em-
mett-Teller (BET) and Langmuir surface area were calculated to
be 216 m2 g1 and 313 m2 g1 for NAT-MOF-1 and 69 m2 g1 and
96 m2 g1 for NAT-MOF-2. NAT-MOF-1 showed higher BET sur-
face areas over NAT-MOF-2 likely due to the size of micropores
caused by higher dV/dw and highly symmetric structures. As the
result, NAT-MOF-1 gave the maximum N; uptake of 9.5 cm3 g1,
which is higher than the N; uptake of 6.7 cm3g1 for NAT-MOF-
2 at 273 K (Figure 5B). The total pore volumes of 0.12 cm3g?
(NAT-MOF-2) and 0.52 cm3g?! (NAT-MOF-1) were estimated
from the Horvath-Kawazoe calculation (Figure S4).

Notably, carbon dioxide (CO;) capture and storage (CCS) is

J. Name., 2013, 00, 1-3 | 3
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of importance for the environmental concern with growing at-
mospheric CO, emissions caused by use of fossil fuels.21 To eval-
uate CO; uptake performances of these new MOFs, CO; adsorp-
tion isotherms were collected on the activated samples at 273
K, as shown in Figure 5(B). The results revealed 17 cm3 gtand
47 cm3 gl maximum adsorption of CO; at 273 K for NAT-MOF-1
and NAT-MOF-2 respectively. The value of CO,/N; selectivity
was obtained by Ideal solution adsorbed theory (IAST) with a
good correlation factor (R2> 0.999). In general, nitrogen atoms
in the organic linker and the m-stacking could increase the CO,
adsorption capacity.2?2 Although the CO; adsorption selectivity
was modest (4.8, Figure S5), the fact that CO; can be selected
adopted in this simple framework highlighted the polarized
pore nature associated with the unique 1,2,3-triazole building
blocks for CO, adsoprtion. In addition, the higher adsorption of
NAT-MOF-2 compared to NAT-MOF-1 is presumably due to the
extra carboxylate in L2 which result in more dipole-dipole inter-
actions despite of the interpenetrating framework_ It is ex-
pected that further modification of this simple and easy-access
structure could be done with improved adsorption ability and
selectivity.

In conclusion, we reported herein is the investigations of N-
2-aryl-1,2,3-triazole derivatives as ligands for the construction
of MOF materials. Comparing with widely applied benzene-
based linkers, the NAT offers several unique features, including
the excellent fluorescence emission, co-planar conformation
and larger binding angle at C4 and C5 position. Two new
metal-organic frameworks (NAT-MOFs) were successfully ob-
tained upon coordination with Zn and their structures have
been fully characterized by single crystal X-ray and PXRD. Some
interesting properties have been revealed with these NAT-
MOFs, including dramatically enhanced photo luminance emis-
sion and selective CO, adsorption. Overall, these studies not
only set up a solid foundation for the design principle for the
development of new porous materials using NAT core, but also
demonstrates the possibility to construct new functional NAT-
MOFs with good photoactivity. These studies are currently un-
dergoing in our lab and will be reported in due course.
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