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ABSTRACT: Three cationic metal—organic frameworks
(MOFs), Ag(btr)-PF,-0.SCH,CN (1), Ag,(btr),(H,0)-
2CF;S0;-H,0 (2), and Ag,(btr),(NO;)-NO; (3), were
prepared from reaction of 4,4'-bis(1,2,4-triazole) (btr) with
silver salts containing different anions. Complex 1 is a three-
dimensional (3-D) framework constructed from tetrahedral-
shaped nanoscale coordination cages with PFs~ as counter-
anions. 2 and 3 are 3-D architectures containing 1-D channels,
in which charge-balancing CF;SO;~ and NO;™ are located in
their respective channels. Luminescent emission of 1—3 shows
an obvious red shift compared with the btr ligand. Anion
exchange studies show that 1 is able to selectively exchange
MnO, in aqueous solution with a modest capacity of 0.56 mol
mol™'; the luminescent emission of 1 is quickly quenched upon
MnO,~ exchange.

D+ 0 Ag
PF, NO;

3

B INTRODUCTION

The exploration of metal—organic frameworks (MOFs) has
received tremendous attention because of their fascinating
structures and widespread potential applications in gas
adsorption/storage, chemical separation, catalysis, optical
properties, and drug delivery." A large number of MOFs with
various structures and functions have been constructed by usin
metal ions/clusters as nodes and organic ligands as linkers.
Among various MOFs, cationic MOFs have distinct advantages
in comparison with neutral MOFs in the design of functional
materials. For example, cationic MOFs can serve as promising
anion exchange materials through selective exchange of charge-
balancing anions in the framework with other anions, leading to
tunable change in physical properties.® Besides, cationic MOFs
can serve as jonic hosts to accommodate different guest
molecules by electrostatic interaction, which can cooperatively
result in specific functions.* Hence, an increasing interest has
recently shifted to the design and synthesis of cationic
MOFs.”™*

As is well-known, the structures and performances of cationic
MOFs have been influenced by several factors, such as organic
ligands, metal ions, and charge-balancing anions.*” In the
construction of cationic MOFs, one of the most fruitful choices
is taking advantage of neutral nitrogen-containing ligands that
can bridge between transition-metal ions. Among a variety of
neutral ligands, 4,4’-bis(1,2,4-triazole) (btr) is an attractive
candidate. btr has four potential coordination nitrogen atoms,
two triazoly rings may freely rotate through the N—N bond,
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which allows btr to exhibit bi-, tri-, and tetradentate bridging
modes when coordinating with metal ions. Although a few btr-
based cationic MOFs have been reported,” '* the difficulty of
the exact prediction and control of final products is still one of
the major challenges. Understanding the assembly process and
bridging modes of btr is an important step to develop new
functional materials.

Ag" is a good candidate in the preparation of MOFs owing to
its strong coordination ability to nitrogen-donor atoms, and it
also possesses various labile coordination geometries, such as
linear, trigonal, tetrahedral, pentagonal, square-pyramidal, and
even octahedral fashions. The assembly of Ag* with multi-
dentate nitrogen-containing ligands produced various MOFs
with intriguing structures and luminescent properties."> Very
recently, we have reported a three-dimensional (3-D) cationic
MOF consisting of two kinds of nanoscale coordination cages
based on btr and Ag", which exhibits outstanding properties in
capture, separation, and probe of dichromate in aqueous
solution."* As a continuation of our efforts to explore cationic
MOFs, herein, we report the syntheses and crystal structures of
three unprecedented 3-D cationic MOFs, Ag(btr)-PF
0.5CH;CN (1), Ag,(btr),(H,0)-2CF;SO;-H,0 (2), and
Ag,(btr),(NO;)-NO; (3). Complex 1 not only is able to
selectively exchange MnO,~ in aqueous solution but also can
serve as a potential luminescent probe for MnO,™.
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Table 1. X-ray Crystallographic Data for 1-3

1
empirical formula CsH; sAgF¢Ng P
formula weight 409.47
crystal system tetragonal
space group Ia2d
a (&) 13.1338(4)
b (A) 13.1338(4)
¢ (A) 44.093(3)
a (deg) 90
P (deg) 90
v (deg) 90
vV (A%) 7605.9(5)
z 24
F(000) 2808
Paca (g cm™) 1279
temp (K) 293
u (mm™) 1.554
refln. collected 22819
independent refln. 4264
parameters 151
GOF on F* 1.098
final R indices (I = 26(I))¢ R, = 0.0666

wR, = 0.2056
R indices (all data)® R, = 0.0685
wR, = 0.2091

2 3
CioH12AgFeN 1,058, CsH3Ag,N1,06
822.18 612.02
monoclinic monoclinic
P2,/n P2,/n
12.866(7) 9.153(3)
12.776(7) 17.895(5)
16.802(9) 10.668(3)

90 90
105.303(10) 96.395(4)

90 90

2664(2) 1736.5(8)

4 4

1600 1184

2.050 2.341

293 293

1.728 2.323

19904 14626

5926 3956

371 271

1.011 1.118

R, = 0.0492 R, = 0.0480
wR, = 0.1231 wR, = 0.0984
R, = 0.0662 R, = 0.0534
wR, = 0.1377 wR, = 0.1019

“R, = YIF,| — IFll/YIFy. wR, = [Yw(F.2 — F2)?*/ Yw(F.2)?1"% w = 1/[6*(F.2) + (xP)* + yP], P = (F,2 + 2F2)/3, where x = 0.1600, y = 4.3344

for 1; x = 0.0691, y = 0.3314 for 2; x = 0.0294, y = 5.6040 for 3.

B EXPERIMENTAL SECTION

Materials and General Methods. btr was synthesized according
to the literature method;" other reagents were commercially available
and used without further purification. Elemental analyses of C, H, and
N were carried out with a Vario EL III elemental analyzer. Infrared
(IR) spectra were recorded on an Opus Vertex 70 FT-IR infrared
spectrophotometer in the range of 450—4000 cm™". Thermogravimat-
ric analyses (TGA) were performed in a dynamic nitrogen atmosphere
with a heating rate of 10 °C/min, using a NETZSCH STA449C
thermal analyzer. Powder X-ray diffraction (PXRD) patterns were
obtained using a Philips X'Pert-MPD diffractometer with Cu Ka
radiation (4 = 1.54056 A). Ultraviolet—visible (UV—vis) adsorption
spectra were collected on a PerkinElmer Lambda 35 spectropho-
tometer. Luminescent spectra were recorded on an Edinburgh
Instruments FLS920 spectrofluorimeter equipped with both continu-
ous-wave (450 W) and pulse xenon lamps.

Synthesis of Ag(btr)-PF4-0.5CH;CN (1). An acetonitrile solution
(10 mL) of AgPFs (0.40 mmol, 101 mg) was added to a stirring
aqueous solution (10 mL) of btr (0.20 mmol, 27 mg) at room
temperature. The resultant mixture was stirred for 30 min and then
filtered. The filtrate was left standing in air for slow evaporation;
colorless block crystals suitable for X-ray diffraction were obtained
after 3 days. Yield: 75 mg (90%, based on btr). Elemental analysis (%)
caled for C;H,NPF4Ag-0.5CH;CN: C 14.66, H 1.35, N 22.23; found:
C 1498, H 153, N 22.79. IR (KBr, ecm™): 3655(w), 3147(s),
2952(w), 2269(w), 1712(w), 1510(s), 1301(m), 1085(vs), 1009(s),
827(vs), 614(vs), 557(vs).

Syntheses of Ag,(btr),(H,0)-2CF;SO5:H,0 (2). 2 was prepared
based on the procedures similar to that of 1 except for the replacement
of AgPF¢ by AgCF;SO; (0.40 mmol, 103 mg). Yield: 25 mg (30%,
based on btr). Elemental analysis (%) caled for CgH;(N;,OAg,-
2CF,S0,-H,0: C 14.61, H 147, N 20.44, S 7.80; found: C 14.51, H
1.80, N 20.44, S 7.79. IR (KBr, cm™): 3447(m), 3147(s), 3098(s),
1636(w), 1450(s), 1263(vs), 1162(vs), 1075(s), 1036(vs), 982(m),
926(m), 862(m), 758(m), 646(vs), 611(vs), 575(w), 519(m).

Syntheses of Ag,(btr),(NO3)-NO; (3). 3 was prepared based on
the procedures similar to that of 1 except for the replacement of AgPFy
by AgNO; (0.40 mmol, 68 mg) in 20 mL of acetonitrile. Yield: 47 mg
(76%, based on btr). Elemental analysis (%) calcd for CHgN,;05Ag,-
NO;: C 15.70, H 1.32, N 32.04; found: C 15.78, H 1.26, N 32.11. IR
(KBr, cm™): 3447(m), 3146(s), 3101(s), 3017(m), 1763(w),
1698(m), 1379(vs), 1295(m), 1228(w), 1199(w), 1088(s), 1059(s),
1015(w), 982(m), 924(m), 885(m), 827(m), 612(vs).

Anion Exchange of MnO,~ in Complex 1. As-synthesized 1 (41
mg, 0.10 mmol) was immersed in an aqueous solution (20 mL) of
KMnO, (0.0050 mol-L™", 0.10 mmol MnO,~), and the mixture was
shaken at room temperature for 24 h. The anion exchange process was
monitored by liquid UV—vis spectroscopy based on typical absorption
of MnO,~ at 525 nm. A 0.1 mL aliquot of the aqueous KMnO,
solution was pipetted at different time intervals and was diluted using 2
mL of deionized water to measure the UV—vis adsorption intensity.
The anion exchange capacity of 1 was evaluated by measuring the
decolorization rate of the aqueous KMnO, solution, which was
calculated by the following formula

Cy— C Ay — A
—— X 100% = —— X 100%
Cy A,

D =

where D is adsorption capacity, and C; A, and C;, A, are the
concentration and absorbency of the aqueous KMnO, solution at the
peak of 525 nm before and after anion exchange, respectively.

Selective Anion Exchange in Complex 1. As-synthesized 1 (41
mg, 0.10 mmol) was immersed in an aqueous solution (20 mL) of
KMnO, (0.0050 mol-L™", 0.10 mmol MnO,~), KNO, (10 mg, 0.10
mmol), NaBF, (11 mg, 0.10 mmol), and NaClO,, (14 mg, 0.10 mmol).
After the mixture was shaken at room temperature for 2 h, the
resultant crystals were filtered, rinsed with deionized water, dried in air,
and used for XRD and IR analyses.

Selective Anion Exchange with Trace Amount of MnO,". As-
synthesized 1 (41 mg, 0.10 mmol) was immersed in an aqueous
solution (0.2 mL) of KMnO, (0.0050 mol-L™, 0.0010 mmol MnO,"),
KNO; (10 mg, 0.10 mmol), NaBF, (11 mg, 0.10 mmol), and NaClO,
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(14 mg, 0.10 mmol). After the mixture was shaken at room
temperature for 2 h, the resultant crystals were filtered, rinsed with
deionized water, dried in air, and used for XRD and IR analyses.

X-ray Crystallography. Single-crystal X-ray diffraction data for 1—
3 were collected on a Rigaku MMO007-CCD diffractometer with
graphite-monochromated Mo Ka (4 = 0.71073 A) at room
temperature. The program SADABS was used for the absorption
correction. The structure was solved by a direct method and refined on
F* by full-matrix least-squares methods using the SHELX-97 program
package.'® All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms of btr and water molecules were generated
geometrically. In 1, the charge-balancing anions and solvent molecules
cannot be mapped due to the high symmetry of the framework
structure, which are often observed in MOFs.'” The residual electron
density that could not sensibly be modeled as solvent or anions were
removed via application of the SQUEEZE function of PLATON. The
final formula of 1 was determined by combining the results of the
elemental analysis with thermogravimetric analysis. Crystallographic
data and structural refinement for 1—3 are summarized in Table 1.
CCDC: 982558—982560.

B RESULTS AND DISCUSSION

Synthesis. It is well-known that the type, size, shape and
geometry of anions play important roles in the construction of
cationic MOFs. The anions not only can coordinate to metal
centers in a monodentate or multidentate modes but also can
serve as templates in the assembly process of organic ligands
and metal ions, resulting in various MOFs with different
structures and functions. When tetrahedral-shaped CIO,~ was
used as a counteranion, the reaction of btr with Ag" afforded a
3-D cationic MOF consisting of two types of coordination
cages;'* its novel structure and promising application in capture
and recognition of dichromate encouraged us to further explore
the cationic frameworks based on btr and Ag" with other
anions. The replacement of ClO,” with octahedral-shaped PF,~
generated a quite different 3-D cationic MOF consisting of
tetrahedral cages. The use of antitrigonal prism-shaped and
large-sized CF3;SO;™ led to the formation of a unique 3-D
cationic MOF containing 1-D channels. It should be mentioned
that PF,~ in complex 1 and CF;SO;™ in complex 2 are not
involved in coordinating; they just serve as counteranions of
cationic MOFs to balance charge. However, when trigonal-
shaped NO;~ was used as a counteranion under the same
conditions, a completely different 3-D cationic MOF was
obtained. NO;™ in complex 3 not only balances charge in the
cationic framework but also takes part in coordinating with Ag".
These results show that anions have important effects on the
self-assembly process of btr and Ag", which results in different
bridging modes of btr and cationic MOFs with different
structures.

Structural Description of Ag(btr)-PFs,0.5CH;CN (1).
Single-crystal X-ray diffraction analysis has revealed that 1
crystallizes in the noncentrosymmetric tetragonal space group
I42d and exhibits a 3-D structure consisting of tetrahedral-
shaped coordination cages. As shown in Figure 1, two
crystallographically independent Ag" ions adopt a distorted
tetrahedral geometry and are coordinated by four nitrogen
atoms from different btr ligands. Two independent Ag* ions
(Agl and AgZ) are connected by four nitrogen atoms (NS, N6,
N8, and N9) to form a binuclear six-membered Ag,N,
metallacycle (Figure 1), in which the distance of Agl and
Ag2 is 3.545(5) A. Two crystallographically independent btr
ligands act as a p,-bridge (Scheme 1a), and the dihedral angels
between two triazolyl rings are 77.766(3)° and 80.018(2)°,
respectively. The most intriguing structural feature in 1 is the

Figure 1. View of coordination environments of Ag* ions in 1 with
thermal ellipsoids at 50% level. Symmetry codes: A: 1 — «x, —y, z; B:
—0.5+%,05—-%05—-2C:05—x,—05+y05—2 D:x05—y,
025 — z.

Scheme 1. Coordination Modes of btr in 1-3
Ag Ag\

. N N
- (Oh-—1S;
N N

a) b)

existence of distorted tetrahedral coordination cages. Every
tetrahedral cage is composed of four Ag* as nodes and six btr
ligands as linkers (Figure 2ab). The overall edge length is
about 1.3 nm, and the aperture of the trigonal windows is about
3.5 A. Worthy of mention is the further assembly of these
tetrahedral nanoscale cages. Each cage is connected to four
neighboring ones by sharing Ag,N, metallacycles (Figure 2c),
which is further linked by another four cages through four Ag*
(Figure 2d; Figure S1, Supporting Information). In other
words, each cage can be viewed as an eight-connected node and
is interconnected with eight neighboring cages (Figure 2e;
Figure S2, Supporting Information) to generate a 3-D cationic
framework (Figure 3). Although a large number of cationic
MOFs have been reported,18 cationic MOFs constructed from
nanoscale coordination cages are relatively rare.'”” The 3-D
framework possesses three kinds of channels along the a axis,
including a hexagonal channel (A) and irregular channels (B
and C). The diameters of these channels are about 5.4, 4.9, and
42 A for A, B, and C, respectively, which are large enough for
anion exchange. PLATON calculation shows that the total
empty volume of the cationic framework is 3820 A’
corresponding to 50.2% of the total crystal volume (7606
A3). The cavities and channels of 1 are filled with disordered
PF4™ and solvent molecules that cannot be mapped by sin%le-
crystal X-ray diffraction, which is often observed in MOFs. 7
Structural Description of Ag,(btr),(H,0)-2CF;S0;-H,0
(2). Complex 2 is a 3-D framework containing 1-D channels; its
asymmetric unit contains two Ag"® ions, two btr ligands, one
coordinated water, two CF;SO;™ anions, and one lattice water
molecule. As depicted in Figure 4, all Ag" ions are in a distorted
tetrahedral geometry, where Agl is coordinated by four
nitrogen atoms from different btr ligands, while Ag2 is
coordinated by three nitrogen atoms from different btr ligands
and one water molecule. The Ag—N bond distances range from
2.182(4) to 2.410(4) A, which are shorter than the Ag—O bond
length of 2.719(2) A. Different from 1, two crystallographically
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a)

Figure 2. (3, b) Ball-and-stick representation of tetrahedral cage in 1.
(c) View of the connection mode of one cage with four neighboring
ones by sharing Ag,N, metallacycles. (d) View of the connection
mode of one cage with another four neighboring ones through Ag*
ions. (e) View of final connection mode of one cage with eight
neighboring ones.
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Figure 3. View of the 3-D cationic framework in 1, showing three
kinds of channels along the a axis.

>

Figure 4. View of coordination environments of Ag+ ions in 2 with
thermal ellipsoids at 50% level. Symmetry codes: A: 0.5 — x, 0.5 + y,
—-25—-2z B: =05+, —05 -y —05+z C: =05 — x,0.5 +y, —1.5
-z

independent btr ligands show different bridging modes. One
acts as a j,-bridge connecting four Ag* ions (Scheme 1la),
which is similar to that in 1. The other serves as a y;-bridge
binding to three Ag" ions (Scheme 1b). In complex 2, the p,-
btr ligand connects Ag" ions to form a 2-D layer with 28-
membered macrocycles (Figure 5), which is further linked by

Figure S. View of the 2-D layer constructed from Ag* ions and fi,-btr
in 2.

Us-btr to give rise to an unusual 3-D cationic framework (Figure
6). The most intriguing structure point in 2 is that the
framework possesses a 1-D channel along the a axis with a
diameter of about 6.9 A, in which CF,SO,™ anions and lattice
water molecules are located. After removal of charge-balancing
anions and water molecules, the total potential accessible
volume in the cationic framework is 48.0% based on PLATON
calculation, which is slightly smaller than that in complex 1
Structural Description of Ag,(btr),(NO;)-NO; (3). X-ray
structure analysis reveals that 3 crystallizes in the monoclinic
space group P2;/n and presents a 3-D structure. In the
asymmetric unit of 3, there are two Ag" ions, two btr ligands,
and two NO;~ anions. As illustrated in Figure 7, Ag" ions have
a distorted tetrahedral geometry, where Agl is coordinated by
three nitrogen atoms from different btr ligands and one oxygen
atom of NO;~, while Ag2 is connected by four nitrogen atoms
from different btr ligands. The Ag—N bond distances fall in the
range from 2.196(4) to 2.619(4) A, which is shorter than the
Ag—0 bond length of 2.650(1) A. Similar to 2, there are two
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Figure 6. View of the 3-D framework along the a axis in 2. Green: F,
yellow: S.

Figure 7. View of coordination environments of Ag" ions in complex 3
with thermal ellipsoids at 50% level. Symmetry codes: A: 1 —x, 1 — y,
1-2;B:xy1+2C:05+x05—-505+2zD:1.5-x05+y LS
-z

kinds of btr ligands with ;- and p,-bridging modes,
respectively (Scheme 1). The dihedral angles between two
triazoyl rings in p5-btr and p,-btr are 59.528(2)° and 78.805°,
respectively. In complex 3, Ag* ions are connected by p,-btr to
form a 2-D layer (Figure 8), which is further linked by u5-btr to
generate a 3-D network with 1-D channels along the ¢ axis
(Figure 9). The uncoordinated NO;~ occupies the channels to
balance the charge. The total potential accessible volume of the

C C

Figure 8. View of the 2-D layer constructed from Ag* ions and fi,-btr
ligands in 3.

12131

Figure 9. View of the 3-D framework along the a axis in 3.

cationic framework is estimated by the PLATON program and
is about 11.7% of the total crystal volume after the removal of
uncoordinated NO;~, which is much lower than that of 1 and 2.

PXRD, IR, and TGA Characterization. In the PXRD
patterns of 1—3 (Figures S3—SS, Supporting Information), the
good accordance between the experimental patterns and the
simulated ones indicates good phase purities. The IR spectra of
1-3 are shown in Figures S6—S8 (Supporting Information).
Characteristic vibration bands of PF,~, CF;SO;~, and NO5~
were observed at 831, 1263, and 1385 cm™,*° respectively,
which are consistent with their single-crystal structural analysis.
TGA curves of 1-3 are shown in Figure S9 (Supporting
Information). For 1, a weight loss of 4.76% in the range of 30—
90 °C was observed, corresponding to the removal of
acetonitrile guest molecules (caled: 5.01%). There is no
obvious weight loss before the framework starts to decompose
at 270 °C. For 2, the weight loss from 30 to 150 °C is 2.39%,
which is assigned to the release of one lattice water molecule
(caled: 2.19%); no obvious weight loss occurs before 280 °C.
However, the cationic framework in 3 is stable up to 230 °C
and then begins to break down drastically due to high nitrogen
content and good oxygen balance, which is common in
energetic MOFs.”'

Luminescent Properties. The photoluminescence proper-
ties of the btr ligand and complexes 1—3 were investigated in
the solid state at room temperature. Upon excitation at 345 nm,
the free btr ligand displays a strong emission with a maximum
around 420 nm (Figure 10), which is assigned to 7 — 7*

—
— 2
—3

2 ——btr

[72]

c

8

£

[}

2

T

<

14

350 400 450 500 550 600 650

Wavelength (nm)

Figure 10. Room-temperature solid-state emission spectra of btr and
complexes 1-3.

dx.doi.org/10.1021/ic501978u | Inorg. Chem. 2014, 53, 12127-12134



Inorganic Chemistry

transitions. However, the strongest emissions occur at 478 nm
for 1, 461 nm for 2, and 445 nm for 3 upon excitation at 345
nm, respectively (Figure 10), showing a significant red shift
compared with the free btr ligand. The emissions of complexes
1-3 can be attributed to the ligand-to-metal charge transfer.”>
The different coordination behaviors of btr and different
counteranions in the framework are probably responsible for
the shift difference of the emission bands in 1-3.

Anion Exchange Property. Given the cationic framework
of complex 1 with three kinds of channels and PF¢™ located in
the void, the monovalent MnO,” was chosen as a model to
investigate the anion exchange property of 1. The exchange
process was monitored by UV—vis spectroscopy at intervals
based on the variation of the maximum adsorption peak of
MnO,” at 525 nm.*” As shown in Figure 11, when crystals of 1

0.6 o
1 ——0.5h
0.5 —; :
1 —3h
o 0.4
Q
c 4
[}
£ 0.3
o
2]
Q
< 0.2
0.1
0.0

T T T T T T T T
250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 11. UV—vis spectra of aqueous KMnO, solution during anion
exchange with equimolar 1.

were immersed in a 20 mL aqueous solution containing
equimolar KMnO,, the MnO,~ concentration in the solution
decreased by 14% and 24% after 1 and 2 h, respectively,
corresponding to the exchange capacities of 0.14 and 0.24 mol
mol™!, respectively. Subsequently, the MnO,” concentration
was slowly decreased. The overall exchange capacity of MnO,~
in 24 h is 0.56 mol mol™". Simultaneously, the color of the
crystals changed from colorless to deep purple (Figure 12b),
implying the existence of MnO,” in the solid. After anion
exchange, the sample of 1 was filtrated, rinsed with water, and

b)

Figure 12. Color of (a) as-synthesized 1; (b) 0.10 mmol of 1
immersed in a 20 mL aqueous solution containing equimolar KMnO,,
for 24 h; (c) 0.10 mmol of 1 immersed in a 20 mL aqueous solution
containing equimolar KMnO,, KNO;, NaBF, and NaClO, for 2 h; (d)
0.10 mmol of 1 immersed in a 20 mL of aqueous solution containing
equimolar KNOj3, NaBF,, NaClO, and 0.001 mmol of KMnO, for 2 h.

dried in air. In the IR spectra (Figure 13b), the emergence of
the characteristic adsorption band of MnO,~ at 888 cm™'****

nO %

PF_

[3

— 7T T 1 T T T T T Tt T T T T T
2500 2250 2000 1750 1500 1250 1000 750 500

-1
Wavenumber cm

Figure 13. IR spectra for (a) as-synthesized 1; (b) 0.10 mmol of 1
immersed in a 20 mL aqueous solution containing equimolar KMnO,,
for 24 h; (c) 0.10 mmol of 1 immersed in a 20 mL aqueous solution
containing equimolar KMnO,, KNO;, NaBF, and NaClO, for 2 h; (d)
0.10 mmol of 1 immersed in a 20 mL aqueous solution containing
equimolar KNO;, NaBF, and NaClO, and 0.001 mmol of KMnO, for
2 h.

and the concomitant decrement of the broad band of PF,~ at
831 cm™'*° indicate that MnO,” enters the cationic framework
of 1 by exchanging with PF,~. XRD measurements indicate that
the 3-D cationic framework remained intact during the anion
exchange (Figure 14), suggesting good stability of the cationic
framework.

5 10 15 20 25 30 35 40
Two theta (degree)

Figure 14. XRD patterns for (a) as-synthesized 1; (b) 0.10 mmol of 1
immersed in a 20 mL aqueous solution containing equimolar KMnO,
for 24 h; (c) 0.10 mmol of 1 immersed in a 20 mL aqueous solution
containing equimolar KMnO,, KNO;, NaBF, and NaClO, for 2 h; (d)
0.10 mmol of 1 immersed in a 20 mL aqueous solution containing
equimolar KNOj3, NaBF,, NaClO, and 0.001 mmol KMnO, for 2 h.

Anion selectivity was also examined. When crystals of 1 were
immersed in a 20 mL aqueous solution containing equimolar
KMnO,, KNO;, NaBF, and NaClO, for 2 h, the crystal color
turned to deep purple (Figure 12¢). In the IR spectra (Figure
13c), no obvious characteristic bands of NO,~, BF,”, and
ClO,~ were observed, and an obvious characteristic band of
MnO,” was found, indicating good selectivity of MnO,~ over
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NO;~, BE,", and ClO,". To further demonstrate selectivity of
the framework in exchanging MnO,~, a similar experiment was
also carried out under a low concentration of KMnO,.
Interestingly, when the amount of MnO, was decreased to
1/100 compared with NO;~, BF,” and ClO,”, 1 still can
selectively exchange MnO,~, as proved by the color change of
the crystals (Figure 12d) and the appearance of the
characteristic peak of MnO,” in IR spectra (Figure 13d).

The effects of anion exchange on luminescent properties
were also explored. As shown in Figure 15, the intensity of the

Relative intensity

b

T T T T T
350 400 450 500 550 600 650
Wavelength (nm)

Figure 15. Room-temperature solid-state emission spectra upon
excitation at 350 nm for (a) as-synthesized 1; (b) 0.10 mmol of 1
immersed in a 20 mL aqueous solution containing equimolar KMnO,
for 0.5 h.

luminescent emission in 1 dropped rapidly after the exchange
of PF¢~ by MnO,,". The rapid disappearance of the luminescent
emission after anion exchange for 0.5 h is probably attributed
that the electron-transfer transitions of MnO,~ decrease the
energy transfer from btr to Ag®*® As a result, 1 may be

considered as a potential luminescent probe for MnO,".

B CONCLUSIONS

Three 3-D cationic MOFs have been successfully prepared by
the reactions of 4,4’-bis(1,2,4-triazole) with Ag" ions containing
different counteranions. The type, size, and shape of anions
have important effects on bridging modes of btr and the
cationic frameworks of final products. btr in complex 1 serves as
a pi4-bridge, while btr in 2 and 3 exhibits y,- and p;-bridging
fashions despite that Ag" in 1—3 adopts a distorted tetrahedral
geometry. Luminescent emissions of 1—3 show different red
shifts compared with that of the free btr ligand. Anion exchange
investigations indicate that 1 can selectively exchange MnO,~
in aqueous solution, and the luminescent emission of 1 is
quickly quenched upon MnO,~ exchange. In summary, this
work not only enriches the structural diversity of cationic
MOFs but also may provide a feasible strategy for constructing
cationic MOFs with fascinating structures and desirable
properties.
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