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ABSTRACT: By employing a tris(4-(1H-imidazol-1-yl)-
phenyl)amine (Tipa) ligand, three new metal—organic frame-
works, [Zn,(Tipa)(4,4"-bpdc), s(H,0)(NO,)]-2(DMF)-H,0
(1; 44'-bpdc = 4,4'-biphenyldicarboxylate, DMF = N,N-
dimenthylformamide), [Cd(Tipa)Cl,]-2(DMF)-H,O (2), and
[Co(Tipa)CL,(H,0)]-DMF-H,O (3), have been synthesized
solvothermally. Compound 1 features a three-dimensional
(3D) pillared-layer structure with low band gap and interesting
photocatalytic properties. Compound 2 is a 2-fold inter-
penetrating (3,6)-connected porous framework, and it shows
highly selective adsorption of C,H,, CO,, and C,H, over CH,.
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Compound 3 with honeycomb-like layers exhibits unusual 2D + 2D— 3D polycatenation (2D = two-dimensional). The
luminescent properties for these compounds were also investigated.

B INTRODUCTION

Functional metal—organic frameworks (MOFs) are of great
interest in recent years because of their aesthetic structures and
potential applications on gas storage, separation, catalysis, and
so on." Practically, a variety of examples have demonstrated that
the physical and chemical properties of the linkers play a
decisive role in the structures and functions of novel MOFs.>
Many rigid or flexible tripodal ligands, such as 2,4,6-tris(4-
pyridyl)—1,3,5—triazine,3 2,4,6-tris[4-(1H-imidazole-1-yl)-
phenyl]—1,3,5—triazine,4 1,3,5—tris(1—imidazolyl)benzene,5 and
BH(mim);Na (mim = 2—methylimidazolate),6 have been
employed to synthesize new MOF structures with notable
functions. Among them, the rigid ligands are in favor of
constructing highly porous and robust frameworks for gas
storage and separation, while the flexible ligands can adopt
various conformations and make changeable frameworks.”
Recently, considering the high surface areas and good
stability of some MOFs, they may be good photocatalytic
materials for green degradation of organic dyes.® The
advantages of MOFs as photocatalysts over other traditional
metal oxide semiconductors lie in their special structural
features, because the existence of inorganic and organic
moieties leads to unusual metal—ligand charge transfer. It has
been demonstrated that a triphenylamine group with good
hole-transporting ability is expected to modify the electrical
conductivity of the material effectively.” Triphenylamine can
not only act as a strong electron donor in its initial state but can
also stabilize the charge-transferred state. Meanwhile, the pore
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surface of MOF can be systematically functionalized by —OH,
—NH,, or —Cl groups to optimize its interaction with different
gas molecules.”” The adsorption and separation of small
hydrocarbons by using MOFs are of great interest in recent
years.'" Here, a new tris(4-(1H-imidazol-1-yl)phenyl)amine
(Tipa) ligand was synthesized from tris(4-bromophenyl)amine
and imidazole by using the Ullmann condensation method.
This Tipa ligand can have not only the cooperative organo-
catalytic center, but also the integration of flexible and long
rigid characters. MOFs based on this Tipa ligand are rarely
known to date.

In this work, three new MOFs, [Zn,(Tipa)(4,4'-
bpdc), s(H,0)(NO;)]-2(DMEF)-H,0 (1; 44-bpdc = 4,4"-
biphenyldicarboxylate, DMF = N,N-dimenthylformamide),
[Cd(Tipa)Cl,]-2(DMF)-H,0 (2), and [Co(Tipa)CL,(H,0)]-
DMF-H,0 (3), were synthesized under solvothermal con-
ditions. Compound 1 displays the excellent photocatalytic
degradation efficiency for organic dye. Remarkably, compound
2 shows highly selective adsorption of C,H, and C,H, over
CH,. Besides these findings, the luminescent properties for
these compounds were also investigated.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All reagents were purchased
commercially and used without further purification. The purity of all
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Table 1. Crystal Data and Structure Refinements for Compounds 1-3

frameworks 1
formula Cs4Hy5013N¢Zn,
formula weight 1157.63
crystal system triclinic
space group PT
a (A) 8.4804(3)

b (A) 14.1017(6)

¢ (A) 20.7617(9)

a (deg) 83.472(4)

B (deg) 81.241(4)

7 (deg) 82.823(3)

V4 2

v (A% 2423.30(17)

u (Mo/Cu Ka) (mm™) 0.710 73
F(000) 976
temperature (K) 293

Omin, max (deg) 2.4398, 29.1212
T, and T, 0.811, 0.811
R(int) 0.0512

Niep Npor 8545, 6266
R,wR [I > 26(I)]¢ 0.0613, 0.1912
S 1.151

R,;, wR, (all data)
“R, = Z||E,| = IF||/IZIF,l. wR, ={Z[w(F >

0.0820, 0.2061

2 3
C33H;50;N;CL,Cd Cs0H3,05N,CLCo
77425 667.34
orthorhombic monoclinic
Pnna C,

25.6632(5) 26.150(10)
15.0315(3) 15.464(5)
17.7572(3) 9.002(3)
90.00 90.00

90.00 103.994(6)
90.00 90.00

8 4

6850.0(2) 3532(2)
1.54178 0.71073
1.54178 1212

293 293

3.4047, 74.4189 2.3317, 27.6139
0.342, 0.364 0.819, 0.876
0.0326 0.0298

7027, 5938 8148, 6091
0.0543, 0.1489 0.0608, 0.1778
1.080 1.040

0.0588, 0.1523 0.0674, 0.1835

— F2?2)/Z[w(F.2)*]}%; where w = 1/[6*(E,?) + (aP)? + bP] and P = (F,2 + 2F2)/3.
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Figure 1. (a) The coordination environment in 1; (b, c) the four-member ring and the 4,4’-bpdc linker; (d) the layer in 1; (e) the 3D structure of 1;

(f) the 2-fold interpenetrating (3,6)-connected topology.

gases is 99.999%. The tris(4-(1H-imidazol-1-yl)phenyl)amine ligand
was synthesized according to the reported procedures.'> The powder
X-ray diffraction (PXRD) analyses were carried out on a MiniFlex-II
diffractometer with Cu Ka radiation (1 = 1.540 56 A) with a step size
of 1.0° (Supporting Information, Figures S1—3). Thermal stability
studies were carried out on a NETSCHZ STA-449C thermoanalyzer
with a heating rate of 10 °C/min under an air atmosphere (Supporting
Information, Figures S4—6). Gas adsorption measurement was
performed in the ASAP (Accelerated Surface Area and Porosimetry)
2020 System. Fluorescence spectra were measured with a HORIBA
Jobin-Yvon FluoroMax-4 spectrometer.

Synthesis of [Zn,(Tipa)(4,4'-bpdc), 5(H,0)(NO;)]-2(DMF)-H,O0
(1). A mixture of Tipa (0.0225 g, 0.05 mmol), 4,4'-H,bpdc (0.0225 g,
0.08 mmol), Zn(NO;),-6H,0 (0.0560 g, 0.2 mmol), one drop of
mineralization triethylamine, and DMF/MeOH/H,0/DMSO (vivavev
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4:1:1:2, 8 mL) was heated in a 20 mL scintillation vial at 120 °C for 24
h and then cooled to room temperature. Colorless block crystals of 1
were obtained and dried in air (38.4 mg, 64% yield, based on Tipa
ligand). Elemental analysis for Cs,H,s0,3NyZn,, Calcd. (%): C, 23.90;
H, 1.66; N, 4.65. Found: C, 24.12; H, 1.64; N, 4.71.

Synthesis of [Cd(Tipa)Cl,]-2(DMF)-H,0 (2). A mixture of Tipa
(0.0225g, 0.0 mmol), L-proline (0.0115 g, 0.10 mmol), CdCL,-4H,0
(0.0340 g, 0.2 mmol), and DMF/H,0 (v:v 2:0.5, 2.5 mL) was heated
in a 20 mL scintillation vial at 100 °C for 24 h and then cooled to
room temperature. Colorless block crystals of 2 were obtained and
dried in air (29.2 mg, 73% yield, based on Tipa ligand). Elemental
analysis for Cy3H;0;NgCLCd, Caled. (%): C, 51.16; H, 4.52; N,
14.47. Found: C, 50.85; H, 4.63; N, 14.22.

Synthesis of [Co(Tipa)Cl,(H,0)I-DMF-H,0 (3). A mixture of
Tipa (0.0225g, 0.05 mmol), L-proline (0.0115 g, 0.10 mmol), CoCl,-

dx.doi.org/10.1021/ic5003226 | Inorg. Chem. 2014, 53, 42094214
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Figure 2. (a) Coordination environment of the Cd(II) ions in 2; (b) the Cd-Tipa framework in 2; (c) a simple framework containing two Cd-Tipa
frameworks linked by the y1,-Cl™ ions; (d) the 2-fold interpenetrating (3,6)-connected net of 2.

6H,0 (0.0340 g, 0.2 mmol), and DMF/H,0 (v:v 2:1, 3 mL) was
heated in a 20 mL scintillation vial at 80 °C for 16 h and then cooled
to room temperature. Claret-colored block crystals of 3 were obtained
and dried in air (27.3 mg, 79% yield, based on Tipa ligand). Elemental
analysis for C;0H;O;N,CL,Co, Caled. (%): C, 53.97; H, 4.65; N,
14.69. Found: C, 53.85; H, 4.71; N, 14.34.

X-ray Diffraction Analysis. Suitable single crystals of 1—3 were
carefully selected under an optical microscope and glued to thin glass
fibers, whereafter single-crystal X-ray diffraction analyses were
performed on a computer-controlled XCalibur E CCD diffractometer
with graphite monochromated Mo Ka radiation (A, x = 0.71073 A)
at T = 293 K. The structures were solved by using the direct method
and refined by full-matrix least-squares methods on F* by using the
SHELX-97 program package."”> Non-hydrogen atoms were refined
anisotropically. The SQUEEZE option of PLATON'* was used to
eliminate the contribution of disordered guest molecules to the
reflection intensities. Crystallographic data for compounds 1-3 were
listed in Table 1.

B RESULTS AND DISCUSSION

Description of Crystal Structures. [Zn,(Tipa)(4,4’-
bpdc), ;(H,0)(NO3)]-2(DMF)-H,O (1). In the structure of
compound 1, the Znl atom is coordinated by three oxygen
atoms from two 4,4’-bpdc ligands and two nitrogen atoms from
two different Tipa ligands (Figure la), making the Znl atom a
4-connecting node. The Zn2 atom is coordinated by three
oxygen atoms from two 4,4"-bpdc ligands, one water molecule,
and one Tipa nitrogen atom. Each Tipa ligand links three Zn
atoms. As shown in Figure ¢, two zinc ions are bridged by two
tipa ligands to form a four-member ring, and then these four-
member rings are connected by the 4,4"-bpdc ligands into a
layer (Figure 1d). Furthermore, the resulting layers are joined
into a three-dimensional (3D) framework with the 4,4’-bpdc
ligands as the pillars (Figure 1e). The resulting architechure is a
2-fold interpenetrating framework. From the viewpoint of
topology, each dinuclear zinc unit and the Tipa ligand can be
regarded as 6- and 3-connected nodes, respectively. Thus the
framework of 1 can be simplified as a (3,6)-connected net with
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vertex symbol of (4.4.6;) (4.4.4.4.6.6.63.65.65.65.6,.6,.8,,)
(Figure 1f).

[Cd(Tipa)Cl,]-2(DMF)-H,0 (2). In the structure of compound
2, the Cd atom with distorted octahedral geometry is
coordinated by three N atoms from three different Tipa
ligands, two p,-Cl™ ions, and a terminal CI~ ion (Figure 2a).
Each Tipa ligand links three Cd atoms, acting as a 3-connected
node. The Cd—Cl and Cd—N lengths are in the normal
range."® Without the bridge of all 4#,-Cl™ ions, the Cd(II) ions
are linked by the Tipa ligands into a 3-connected 3D
framework with large open channels (Figure 2b). Two resulting
frameworks are further joined together by the u,-Cl™ ions,
forming an interlacing architecture with large rectangular
channels (Figure 2c). Because of the large voids in a simple
framework, a final 2-fold interpenetrating structure of 2 is
generated. According to a calculation using PLATON program,
the interpenetrated framework still contains a solvent-accessible
void space of 33.0% of the total crystal volume. In the structure
of 2, the dinuclear Cd,Cl, unit can be regarded as a 6-
connected node, and the Tipa ligand is considered as a 3-
connected node. Thus the whole structure of 2 can be
simplified as a (3,6)-connected net (Figure 2d).

[Co(Tipa)Cl,(H,0)]-DMF-H,0O (3). In the structure of 3, each
Co atom has a slightly distorted octahedral coordination
environment with three imidazole N atoms from three different
tipa ligands, one O atom from the coordinated water molecule,
and two terminal Cl ions in the opposite direction (Figure 3a).
Each Tipa ligand acts as a tridentate ligand and connects three
Co centers. The Co centers are linked by the Tipa ligands to
form a honeycomb-like (6,3) layer (Figure 3b). As shown in
Figure 3c, inclined interpenetration was observed between the
layers. There are two sets of layers oriented toward different
directions. These two sets of layers catenate to each other in a
parallel—parallel arrangement to form a 2D + 2D — 3D (2D =
two-dimensional) inclined polycatenation structure (Figure
3d). The dihedral angle of two interpenetrated 2D layers is
55.66 A. There is no direct covalent interaction between

dx.doi.org/10.1021/ic5003226 | Inorg. Chem. 2014, 53, 42094214
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a)

Figure 3. (a) Coordination environment in 3; (b) the honeycomb-like
layer in 3; (c) the inclined polycatenation structure of 3; (d) the
interpenetrating details in the structure of 3.

interpenetrated layers, and structural stability is kept by weak
intermolecular interactions.

Photocatalytic Properties of 1. The band gap of
compound 1 was measured by a solid state ultraviolet—visible
(UV—vis) diffuse reflection measurement method at room
temperature. According to the equation ahv* = K(hv — E,)"?
(where hv is the discrete photo energy, « is the absorption
coeflicient, Eg is the band gap energy, and K is a constant), the
extrapolated values (the straight lines to the x axis) of hv at a =
0 give absorption edge energy corresponding to E; = 2.55 eV
for compound 1. To study the photocatalytic activity of
compound 1, we select methylene blue (MB) as a model of dye
contaminant to evaluate the photocatalytic effectiveness. The
experiments were performed in typical processes. A suspension
containing 1 (40 mg) and 80 mL of MB (4.0 X 10> mol L")
solution was stirred in the dark for about 30 min. Then, the
mixture was stirred continuously under UV irradiation from a
350 W xenon lamp. A sample solution (2 ml) was taken every
30 min or 1 h and separated through centrifuge to remove
suspended catalyst particles, while the starting point did not
contain the first 30 min to rule out the effect of its absorption
on the material surfaces. After filtration, the samples were
analyzed by the UV—vis spectrophotometry. By contrast, the
simple photolysis experiment was also completed under the
same conditions without any catalyst. The organic dye
concentrations were estimated by the absorbance at 665 nm
(MB). Interestingly, approximately 58% of MB was decom-
posed during the first hour. After 4 h, the MB in the solution
almost disappeared (Figure 4). The results indicate that
compound 1 has a high photocatalytic activity for the
degradation of MB. Additionaly, the powders were obtained
by filtration after photocatalytic reaction, and the PXRD
patterns of each powder were basically identical to those of the
parent compounds, indicating that these complexes are stable
during photocatalysis (Supporting Information, Figure S1).

Luminescent Properties. The photoluminescent proper-
ties of compounds 1 and 2 were investigated in the solid state
at room temperature. The emission peaks of the compounds
are shown in Figure 5. Compound 1 exhibits an intense
emission between 430 and 575 nm (., = 487 nm upon
excitation at 349 nm). The maximum emission peaks at about
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Figure 4. (a) Photograph of photocatalytic degradation of MB on 1;
(b) photocatalytic decomposition of MB solution with the changes in
C/C, plot of compound 1 (black line), and the control experiment
without any catalyst (blue line).

Compound 1
Compound 2
——Tipa

T T T T 1
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Figure S. The emission spectra of compounds 1, 2, and free Tipa
ligand in the solid state at room temperature.

421 nm (4., = 338 nm) were observed for compound 2. The
Amax of free Tipa is 405 nm, while free 4,4"-bpdc ligand fluoresce
in the solid state with their emission peaks at 396 nm.'®
However, we did not observe obvious peak in the range of
350—450 nm for 1, indicating that there are no #*—n
transitions between Tipa ligands and the deprotonated acids.
So the emission peaks for 1 and 2 can be attributed to the
charge transfer (7—7* and n—z*) of internal Tipa ligands,
and the red-shifted emission of 1 is attributed to the metal-to-
ligand charge transfer (MLCT) transitions.

Gas Sorption Properties of Compound 2. To investigate
the permanent porosity of compound 2, gas sorption
experiments evaluating N,, H,, and CO, uptakes were
performed. The freshly prepared samples of compound 2
were first activated through solvent exchange with acetone 10

dx.doi.org/10.1021/ic5003226 | Inorg. Chem. 2014, 53, 42094214
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times in 3 d, followed by the thermal/vacuum activation at 303
K to generate activated materials. As shown in Figure 6a, the N,
sorption isotherm at 77 K shows that 2 displays typical Type I
sorption behavior, with Langmuir and BET surface areas of
484.8 and 348.8 m’ g, respectively. Meanwhile, it has a

371 STP, 0.89 wt %) at 77
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Figure 6. The gas sorption isotherms of 2: (a) H, and N, sorption
isotherms at 77 K; (b) C,H,, C,H,, CH,, and CO, sorption isotherms
at 297 K; (c) C,H,, C,H,, CH,, and CO, sorption isotherms at 273 K.
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K and 1 atm. The CO, uptakes around 1 atm are 48.17 and
33.49 cm® ¢! at 273 and 297 K, respectively (Figure 6b,c).

The small hydrocarbons, CH,, C,H,, and C,H,, are also
selected as probe molecules to assess the gas adsorption
properties of compound 2 (Figure 6b,c). As expected,
compound 2 adsorbs much more C, hydrocarbons than C,;
methane. At 297 K and 1 atm, compound 2 can take up a
moderate amount of C,H, (64.13 cm® g™') and C,H, (40.52
cm® g7!), but basically a much smaller amount of CH, (12.04
cm® g7'), indicating that compound 2 is a promising material
for selective separation of C, hydrocarbons from CH, at room
temperature. To evaluate the affinity of gas molecules to
compound 2, we calculated the isosteric enthalpies of
adsorption (Qy) of CH,, C,H,, and C,H, from the adsorption
data using the virial method at zero coverage. The Q, value of
CH, for 2 is 22.72 kJ/mol, while the Q, values of C,H, and
C,H, for 2 are 41.05 and 34.69 kJ/mol, respectively. It is
worthy to mention that these Q,;, values of C,H, and C,H, are
much higher than those observed with other MOFs, such as
M’'MOE-4a"7 (36.0, 28.0 kJ/mol), M'MOE-2a"® (30.0, 22.5 kJ/
mol), and Zn-MOF-74" (32, 23 kJ/mol). These results
indicate that the surface of 2 has strong affinity with the light
hydrocarbons.

To evaluate the gas separation ability of 2, the adsorption
selectivities of C,H,/CH,, C,H,/CH,, and CO,/CH, were
calculated by Henry’s law based on the equation S; = KH(i)/
KH(CH,). The calculated selectivities for C,H,, C,H,, and
CO, over CH, are 67.9, 23.7, and 4.3 at 273 K 39.1, 13.5, and
3.1 at 297 K, respectively, which are higher and comparable to
the previously reported porous adsorbents, such as UTSA-
34b*° (18—24), UTSA-35a*" (15—25), and mesoPOF** (25—
40). The C,H,/CH, selectivity in compound 2 is one of the
few highest values ever reported among the porous metal—
organic materials.””** The highly selective sorption of 2 for
C,H, and CO, makes it a good candidate for practical C,H,/
CH,, C,H,/CH,, and CO,/CH, separation application in the
near future.

B CONCLUSIONS

In summary, three new MOFs based on the Tipa ligand were
successfully synthesized. Compound 1 exhibits photocatalytic
activity for the degradation of MB dye. Compound 2 is a
promising microporous MOF for the selective adsorption of
C,H, and CO, over CH,. Compound 3 shows interesting
inclined polycatenation structure. The results reveal that these
functional framework materials have potential applications in
separation of gases and photocatalysis.

B ASSOCIATED CONTENT
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Additional figures, TGA, powder X-ray diffraction patterns,
luminescence photos, and CIF file. This material is available
free of charge via the Internet at http://pubs.acs.org.
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