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Introduction

Coordination polymers or metal-organic frameworks (MOFs)
are a class of crystalline materials, which have been syn-
thesized through the assembly between metals and various
organic ligands." The architectures and functions of these
materials can be tailored easily by choosing different metal
ions and organic linkers with various function, size and shape.
Because of these outstanding characteristics, such materials
have potential applications in gas sorption and separation,’
luminescence,® host-guest chemistry," photo-, electro-, and
magnetic materials.>”

The functionalization and modification of the ligands to
construct new metal-organic frameworks are fascinating. It is
possible to construct MOFs with immobilized functional
groups such as —NH,, —OH, —COOH, or halogen within the
organic linkers. The presence of such immobilized functional
groups on the porous surface, not only facilitates direct inter-
action with the gas substrate, fluorescence and other physical
properties, but also supplies additional coordinate sites.® In
both theoretical and experimental aspects, the functional
groups have effects on the pore nature and the host-guest
interactions.” The most used organic ligands on the synthesis
of MOFs are those carboxylate linkers, especially the aromatic
carboxylates. Numerous carboxylato-containing MOFs have
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based on R-HzBTB ligands (R = —NH, and —OH) have been synthesized and structurally characterized.
Compounds 1 and 2 show pillared-layer frameworks and display strong fluorescence emission ability.
Compound 3 features a 3D porous framework with trinuclear Cd units linked by the NH,-BTB ligand. The
activated framework of 3 has good gas storage and separation properties for CO, and hydrocarbons.

been reported in recent years. As is well known, 1,3,5-benzene-
tribenzoic acid (H;BTB) has been extensively used for the con-
struction of MOFs. It created the famous MOF-177,'° UMCM-1,
UMCM-2,"" and DUT-6."> For example, the combination of
H3BTB and Zn(u) generated MOF-177 with a BET surface area
of 4500 m* g~'. Thus, the functionalization of H;BTB is an
attractive target for modifying the properties of these highly
porous MOFs. Through the pre-synthetic modification strategy,
Cohen and co-workers successfully synthesized an -OMe func-
tionalized MOF-177 by using a H;BTB-[OMe]; ligand."® Such a
simple idea may be known by everybody, however, there are no
other reports about the modification of this ligand up to now.
In this work, we use the functional groups -NH, and -OH
to embellish the H;BTB ligand, aiming to prepare new func-
tional MOFs (Scheme 1). Three new Cd(u) compounds based
on R-H;BTB ligands (R = -NH, and -OH), namely [Cd,(NH,-
BTB),(bpy)] [NH,(CH;),],-DMF-5H,0 (1; NH,-H;BTB = 1,3,5-
(tri-benzoic acid)aniline; bpy = 4,4"-bipyridine; DMF =
N,N-dimethylformamide), [Cd,(HO-BTB),(bpy)|[NH,(CHj),],
DMF-6H,0 (2; HO-H3BTB = 1,3,5-(tri-benzoic acid) phenol)
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Scheme 1 Structures of the R-H3BTB(R = NH; or OH) ligands.
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and [Cd;(NH,-BTB),(H,0),]-3DMA-5H,0 (3; DMA = N,N-
dimethylacetamide) are successfully synthesized and struc-
turally characterized. Furthermore, compounds 1 and 2
display a strong fluorescence emission ability, and compound
3 adsorbs selectively CO,, H, or CH, over N,.

Experimental section
Materials and instrumentation

All reagents were purchased commercially and used without
further purification. All Powder X-ray diffraction (PXRD) ana-
lyses were recorded on a MiniFlex-II diffractometer with Cu Ko
radiation (1 = 1.54056 A) with a step size of 0.05°. The thermal
stability studies were carried out on a NETSCHZ STA-449C
thermoanalyzer with a heating rate of 10 °C min™" under an
air atmosphere. Gas adsorption measurement was performed
in the ASAP (Accelerated Surface Area and Porosimetry) 2020

System.
The synthesis of [Cd,(NH,-BTB),(bpy)|[NH,(CHs)]
DMF-5H,0 (1). A solution of NH,-H;BTB (0.020 g,

0.045 mmol), bpy (0.010 g, 0.60 mmol) and Cd(NOj;),-6H,0
(0.060 g, 0.20 mmol) in DMF-H,O (5:3, v/v; 8 mL), to which
was 3 drops of HBF, using a syringe, was sealed in a 23 mL
Teflon-lined autoclave, kept at 80 °C for 3 days and then cooled
to room temperature. The obtained crystals were washed with
DMF and H,O, then dried at room temperature in air (yield:
15.6 mg, 53% based on NH,-H;BTB). Elemental analysis (wt%)
for 1: caled C 49.3, N 6.31, H 4.24; found C 51.4, N 6.38, H 4.04.

The synthesis of [Cd,(HO-BTB),(bpy)][NH,(CH;),],-
DMF-6H,0 (2). The mixture of HO-H;BTB (0.020 g,
0.045 mmol), bpy (0.010 g, 0.60 mmol) and Cd(NO3),-6H,0
(0.060 g, 0.20 mmol) in DMF-ethanol-H,O (4:2:2, v/v/v;
8 mL), to which was added 4 drops of HBF; or 3 drops of
formic acid using a syringe, was sealed in a 23 mL Teflon-lined

Table 1 The crystal data and structure refinements for compounds 1-3
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autoclave, kept at 80 °C for 3 days, and then cooled to room
temperature. The obtained crystals were washed with DMF and
H,O, then dried at room temperature in air (yield: 13.5 mg,
45% based on HO-H;BTB). Elemental analysis (wt%) for 2:
caled C 54.58, N 4.94, H 4.61; found C 55.98, N 5.28, H 4.79.

The synthesis of [Cd;(NH,-BTB),(H,0),]:3DMA-5H,0
(3). The mixture of Cd(NO3),-6H,0 (0.060 g, 0.20 mmol), NH,-
H,BTB (0.045 g, 0.10 mmol) and DMA-H,O (2:2, v/v; 8 mL)
was sealed in a 23 mL Teflon-lined autoclave, heated to 120 °C
for 8 hours, and then cooled to room-temperature. Colorless
crystals of 3 were obtained (yield: 87.5 mg, 75% based on NH,-
H;BTB). Elemental analysis (wt%) for 3: caled C 48.65, N 4.65,
H 4.0; found C 51.05, N 5.08, H 4.33.

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 (Aye-xo = 0.71073 13)
at T = 293 K. The structures were solved 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 the dis-
ordered guest molecules to the reflection intensities. CCDC
numbers 966925-966927 (1-3) contain the supplementary
crystallographic data for this paper. The crystallographic data
for compounds 1-3 are listed in Table 1.

Results and discussion

The structures of 1-3 were characterized by single-crystal X-ray
diffraction. All compounds are stable in air and insoluble in

Compound reference 1 2 3
Chemical formula CeaH40Cd,N,4O4 CesH,3Cd,N,O44 Cs54H3,Cd;N,044
Formula mass 1281.80 1273.71 1270.05
Crystal system Monoclinic Monoclinic Triclinic
alA 17.1902(10) 17.0229(8) 9.3028(5)
b/A 29.7214(18) 29.8118(10) 14.9043(7)
c/A 16.0823(6) 16.1301(6) 15.2092(7)
al® 90.00 90.00 70.594(4)
pl° 98.722(5) 99.179(4) 83.472(4)
y/° 90.00 90.00 84.978(4)
Unit cell volume/A® 8121.7(7) 8080.9(6) 1973.29(17)
Temperature/K 293(2) 293(2) 293(2)
Space group P2,/c P24/c Pi

No. of formula units per unit cell, Z 4 4 1

No. of reflections measured 28028 31346 8068

No. of independent reflections 14303 14244 8068

Rine 0.0501 0.0393 0.0460
Final R, values (I > 26(I)) 0.0775 0.0680 0.0485
Final wR(F*) values (I > 20(1)) 0.2213 0.1879 0.1317
Final R, values (all data) 0.1077 0.0986 0.0515
Final wR(F”) values (all data) 0.2501 0.2046 0.1342
Goodness of fit on F* 1.051 1.064 1.063
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common solvents, such as methanol, ethanol, n-propanol, iso-
propanol, acetone, acetonitrile, dichloromethane (CH,Cl,) or
DMF. The results of the powder X-ray diffraction (PXRD)
measurements indicate that the peaks displayed in the
measured PXRD patterns closely match those in the simulated
patterns generated from single-crystal diffraction data, demon-
strating the phase purity of 1-3.

Single crystal X-ray analysis revealed that compounds 1-2
are isostructural and crystallize in the same space group P2,/c.
Here, only the structure of 1 is described in detail. Each inde-
pendent crystallographic unit of 1 contains two independent
Cd(n) centers, two NH,-BTB®~ linkers and one bpy ligand. As
illustrated in Fig. 1a, the coordination environments of Cd1
and Cd2 are similar to each other. the Cd1 atom is seven-co-
ordinated by six carboxylate oxygen atoms (01, 02, O3B, O4B,
O11A, O12A) from three NH,-BTB’~ and one nitrogen atom
from a p,-bpy ligand (Fig. 1a). the Cd-N distances (2.3492(1)-
2.3541(1) A) are close to those in the previously reported
MOFs."® Each NH,-BTB links three Cd(u) ions through its three
carboxyl groups, and each Cd(u) ion is bound by three NH,-
BTB ligands. Thus, the linkage between the Cd(u) ions and the
NH,-BTB ligands leads to the formation of a honeycomb-like
layer. The layers are further pillared by the bpy ligands to form
a 3D anionic framework with large inner spaces (Fig. 1b).
However, these free spaces are occupied by two other inter-
penetrating frameworks, so the whole framework of 1 is a
3-fold interpenetrating framework (Fig. 1c). After the interpe-
netration, there are still free spaces to locate the guest solvent
molecules and dimethylamine cations (Fig. 1d). The free
solvent-accessible volume is about 40.7%, estimated by using
the PLATON program.

Compound 3 features a 3D porous framework with tri-
nuclear Cd units linked by the NH,-BTB ligand. The asymme-
try unit of 3 contains one and a half Cd(u) ions, one NH,-BTB*~
anion and one coordinate H,O molecule. As shown in Fig. 2a,
the secondary building unit (SBU) is a trinuclear Cd unit with
central symmetry, Two Cd(2) are centrosymmetric around
Cd(1). The Cd(2) center adopts a distorted triangular prism
geometry, which is coordinated to five oxygen atoms from
three individual NH,-BTB ligands, and one N atom from the
NH,-BTB ligand. The Cd(1) center is coordinated to six oxygen
atoms from four individual NH,-BTB ligands and two H,O
molecules, forming an octahedral coordination geometry.
Without considering the Cd-N bonds, the NH,-BTB ligands
link the Cd centers into a double-layer through the Cd-O
coordination (Fig. 2b). Furthermore, the adjacent double-
layers are linked each other to form the final 3D framework
through the Cd-N bonds (Fig. 2¢). The resulting 3D architec-
ture is a non-interpenetrating framework with large channels
(Fig. 2d). The window size of each channel is 14.2 x 11.1 A?
(measured by the atom-atom distances). The coordinated H,O
molecules sit in the channels. The total solvent-accessible
volume for 3 was estimated to be 50% by the PIATON software.

The thermal behaviours of 1-3 were investigated on
polycrystalline samples by thermogravimetric analyses (TGA).
The TG trace for 1 reveals that the guest water solvents are

4670 | Dalton Trans., 2014, 43, 4668-4673
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Fig. 1 (a) The coordination environment in 1 with the hydrogen atoms
and lattice water molecules omitted for clarity. (b) The pillared-layer
framework in 1. (c) The topological structure of three-fold interpene-
trated frameworks. (d) The resulting 3D architecture with the rhombo-
hedral channels along the a axis. Color code for (a,b): Cd, green; C,
black; N, blue; O, red. Symmetry codes: (A)1 —x, 2 —y, —z; (B) 1 — x,
-05+y,15-2(C)2-x,-05+y,05-2z (D) x,15-y, 15+ z.

gradually removed in proceeding from 30 to 145 °C. The
weight loss of 18.82% from 145 to 340 °C corresponds to the
removal of the DMF molecules and dimethylamine cations

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) The coordination environment in 3; (b) the double-layer in 3;
(c) the double-layers connect to a 3D framework through the Cd-N
bonds. (d) the 3D structure of 3. Color for (a,b,c): Cd, green; C, black; N,
blue; O, red. Symmetry codes: (A) -1+ x,1+y,z; (B) -1+ x,y, 1 + z (C)
-1-x,1-y,2-z;(D)—x, -y, 2-z;(E)1-x,-y.2—-z (F)—x,1-y,1-z
(G —x,1-y,2—z (H -1+x,y, z

(cacld 17.79%). Above 350 °C, the weight loss is due to the
decomposition of the organic ligands, accompanying the col-
lapse of the whole framework. The TG curve of 2 reveals that
the main weight loss of about 21.38% occurs between room
temperature and 320 °C, which corresponds to the loss of free

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 The emission spectra of 1, 2 and the free ligands in the solid
state at room temperature.

water, DMF molecules and dimethylamine cations (caled
21.25%). For 3, the weight loss of about 25.23% below 200 °C
corresponds to the release of the free water, DMA molecules
and coordinated water (cacld 26.25%).

The solid-state emission spectra of compounds 1 and 2 as
well as the free ligands have been measured at room tempera-
ture (Fig. 3). Upon excitation at 350 nm, the NH,-H;BTB and
HO-H;BTB ligands exhibit main emission bands at 478 nm
and 447 nm, respectively. For 1 and 2, their corresponding
emission bands were observed at 450 and 448 nm. The free
bpy displayed a weak emission peak at 390 nm upon excitation
at 318 nm."” There are no peaks in the range of 350 to 400 nm
in above profiles, thus, the luminescent emission of bpy is
negligible. So the peaks for 1 and 2 should be attributed to the
charge transfer (n—»n* & n—=n*) of the internal ligands.
However, no enhancement in the fluorescence intensity is
realised. Compared with the emission of the free ligand, the
slight blue shift of the emission of 2 can be ascribed to the
weak n*-m transitions of the NH,-BTB ligands, admixing with
the influence of the coordination effect between the ligands
and metal ions.

For the gas sorption studies, the sample of 3 was exchanged
by acetone and further activated by heating at 200 °C for
10 hours under vacuum. The PXRD pattern of this activated
sample reveals that the framework of 3 is retained upon eva-
cuation (Fig. S4 in the ESIf). Unfortunately, the desolvated
framework of 3 did not show N, adsorption at 77 K. But CO,
and H, can be adsorbed under different conditions. The CO,
uptake value is 43.4 cm® g¢~! STP at 273 K and 1 atm (Fig. 4a).
Although the CO, adsorption capacity of 3 is lower than that of
some other reported MOFs,'® it shows an excellent ideal
CO,/N, adsorption selectivity of 75 at STP (calculated by
weight percentage), because N, was hardly adsorbed under the
same conditions (0.58 cm® g™') (Fig. 4a)."® The H, uptake
value is 78.5 cm® g~ (0.70 wt%) at 77 K and 1 atm, a value
equalling that of the most favorable zeolite ZSM-5 (0.7 wt%).

Dalton Trans., 2014, 43, 4668-4673 | 4671
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Fig. 4 The gas sorption isotherms of 3. (a) The CO, and N, sorption
isotherms at 273 K and H, sorption isotherms at 77 K; (b) the C;H,4,
C,Hg, C3Hg and CH,4 sorption isotherms at 273 K; (c) the C,H,4, CoHe,
CsHg and CH,4 sorption isotherms at 293 K.

In addition to the N,, H, and CO, uptakes, some hydro-
carbon (CH,4, C,H,4, C,Hg, and C3Hg) sorption measurements
of 3 have been performed at 273 K and 293 K, respectively
(Fig. 4b—c). The uptake amounts of CH,, C,H,4, C,Hs and C3Hg
are 20.2 cm® ¢7', 53.2 em® g7, 49.3 em® ¢! and 44.9 ecm® g7,
respectively. The results explain that a molecule sieving effect
does not exist. Noteworthy, the CH, uptake value of 3 is higher

4672 | Dalton Trans., 2014, 43, 4668-4673
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than those of CuBTC, PCN-16, NOTT-101/102 and MgMOF-74
at 273 K and 1 bar.*® To evaluate the gas separation ability of
compound 3, we calculated the C;Hg/CH,4, C,Hs/CH; and
C,H,/CH, adsorption selectivity by Henry’s law. The selec-
tivities for C3Hg, C,Hg and C,H, over CHy, calculated based on
the equation S; = KH(i)/KH(CH,), are 16.7, 32.7 and 23.2 at
273 K (82.6, 22.2 and 13.2 at 298 K), respectively. These results
indicate that the hierarchy of the adsorption capacity is com-
monly CH, < C,H, < C,Hg < C3Hg. >

Conclusions

In conclusion, we have successfully synthesis three new MOFs
with Cd(u) and the H;BTB ligand modified by an amino group
or a hydroxyl group. Compounds 1 and 2 display a strong fluo-
rescence emission ability. The desolvated 3 can selectively
adsorb CO, and H, over N,, as well as C;Hg and C,Hg over
CH,.
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