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ABSTRACT: By employment of a tripodal phosphoric carboxylate ligand, tris(4-
carboxylphenyl)phosphine oxide (H3TPO), two novel porous metal−organic
frameworks, namely, [Zn4(μ3-OH)2(TPO)2(H2O)2] (1) and [Zn6(μ6-O)(TPO)2]-
(NO3)4·3H2O (2), have been synthesized by solvothermal methods. Complexes 1
and 2 exhibit three-dimensional microporous frameworks with flu and pyr
topologies and possess rare butterfly-shaped Zn4(μ3-OH)2(CO2)6 and octahedral
Zn6(μ6-O)(CO2)6 secondary building units, respectively. Large cavities and one-
dimensional channels are observed in these two frameworks. Gas-sorption
measurements indicate that complex 2 has a good H2 uptake capacity of 171.9
cm3 g−1 (1.53 wt %) at 77 K and 1.08 bar, and its ideal adsorbed solution theory
calculation predicts highly selective adsorption of CO2 over N2 and CH4.
Furthermore, complexes 1 and 2 exhibit excellent blue emission at room
temperature.

■ INTRODUCTION

Microporous metal−organic frameworks (MOFs) with control-
lable pores and high surface areas have been receiving intensive
research interest because of their intriguing topologies and
potential application as functional materials.1−10 Over the past
few years, porous MOF materials have been intensively studied
for their promising applications in catalysis, luminescence,
chemical sensors, drug delivery, gas storage, and separa-
tion.11−24 Most of metal−organic porous materials are
produced by utilizing multifunctional organic ligands as linkers
to coordinate to metals or metal clusters as nodes or molecular
building blocks.25−27 Previous research has shown that the gas-
sorption capacity of a MOF is mainly controlled by its surface
area and pore volume.28 For a given framework topology, an
effective method to increase its surface area is extending the
organic linkers employed. Although, in principle, the resulting
structures with long ligands would provide for large pores, in
practice they are often found to be highly interpenetrated and
to have low porosity.29 To solve the problem, Yaghi and co-
workers developed a most efficient strategy for the construction
of highly porous frameworks with the use of secondary building
units (SBUs).30−32 In this strategy, the SBUs replace single
metal ions in the MOFs to connect rigid organic ligands, giving
the resultant structures with high stability and without a
tendency to interpenetrate. To date, many robust MOFs have
been synthesized based on zinc carboxylate SBUs and usually
comprise two, three, four, or more zinc centers. For example,

Yaghi et al. have reported that a nia-type MOF can be
generated by connecting a trigonal-prismatic six-node ligand
with an octahedral Zn4O(CO2)6 SBU.

33 Zhu et al. described a
novel noninterpenetrated microporous MOF constructed from
a heptametallic Zn7O4(CO2)10 SBU.34 Recently, we have
prepared a polyhedral MOF (FJI-2) based on the 1,3,5-tris(4-
carboxyphenyl)benzene (H3BTB) ligand and a rare hexanuclear
Zn6O2(CO2)8 SBU.35 With the expansion of such zinc
carboxylate SBUs, it is believed that more porous MOFs with
interesting topologies can be expected.
In order to produce porous MOFs with novel structures and

properties, a large number of versatile carboxylate ligands have
been exploited. Among them, trigonal carboxylate ligands
bearing C3 symmetry are intensively investigated, such as 1,3,5-
benzenetricarboxylate (H3BTC), 4,4′,4″-benzene-1,3,5-triyltri-
benzoate (H3BTB), 4,4′,4″-[benzene-1,3,5-triyltris(ethyne-2,1-
diyl)]tribenzoate (H3BTE), triphenylene-2,6,10-tricarboxylic
ac id (H3TTCA), and tr i s(4-carboxybenzyl)amine
(H3tcba).

36−41 In recent years, a variety of porous MOFs
with intriguing topologies and excellent gas-adsorption proper-
ties have been constructed by using these trigonal ligands.
Inspired by these research results, we proposed to exploit
another ligand, tris(4-carboxylphenyl)phosphineoxide
(H3TPO), which can be regarded as a derivative of these
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ligands (Scheme 1). In contrast to the trigonal ligands
mentioned above, H3TPO has one more coordinated site

contributed from the PO moiety, which would have a
nonignorable influence on the final structures of MOFs. Until
now, a limited amount of porous MOFs based on H3TPO have
been reported in the literature, which reveals that the research
of this ligand is still in its infancy. The results suggest an
excellent coordinated capacity for H3TPO with both transition-
metal and lanthanide ions.42−47 In this research, we have
successfully synthesized two novel zinc MOFs based on
H3TPO ligands, namely, [Zn4(μ3-OH)2(TPO)2(H2O)2] (1)
and [Zn6(μ6-O)(TPO)2](NO3)4·3H2O (2). Interestingly,
complexes 1 and 2 exhibit three-dimensional (3D) micro-
porous frameworks based on rare butterfly-shaped Zn4(μ3-
OH)2(CO2)6 and octahedral Zn6(μ6-O)(CO2)6 SBUs, respec-
tively. Herein, we report the syntheses, crystal structures, gas-
sorpton properties, and luminescent properties of the
synthesized complexes.

■ EXPERIMENTAL SECTION
Materials and General Methods. All chemicals were obtained

from commercial vendors and, unless otherwise noted, were used
without further purification. The ligand H3TPO was prepared
according to the procedures outlined in the literature.48 Elemental
analyses of carbon, hydrogen, and nitrogen were conducted on an
Elementar Vario EL III analyzer. IR spectra were recorded with KBr
pellets on a Perkin-Elmer Spectrum One FT-IR spectrometer in the
range 400−4000 cm−1. Powder X-ray diffraction (PXRD) patterns
were collected using a diffractometer (Rigaku DMAX2500) with Cu
Kα radiation (λ = 1.5406 Å), and the recording speed was 5° min−1

over the 2θ range of 5−50° at room temperature. Thermogravimetric
analyses (TGA) were carried out on a Netzsch STA 449C unit at a
heating rate of 10 °C min−1 under a flowing nitrogen atmosphere.
Single gas-adsorption measurements were performed in an Accelerated
Surface Area and Porosimetry 2020 (ASAP 2020) system. The
fluorescence spectra were recorded on an Edinburgh Instruments
FLS920 spectrofluorimeter equipped with a 450 W xenon lamp as an
excitation source.
Synthesis of Complex 1. A total of 0.20 mmol of Zn(NO3)2·

6H2O (60 mg) and 0.10 mmol of H3TPO (41 mg) were dissolved in a
mixed solvent of DEF/EtOH/H2O (8 mL, v/v/v = 1:2:1) and then
sealed in a Teflon-lined autoclave (30 mL). The autoclave was heated
at 120 °C for 72 h and cooled to room temperature at a rate of 0.1 °C
min−1. Colorless prism crystals of complex 1 were isolated by filtration,
washed with EtOH, and dried in air at ambient temperature. Yield:
68% (based on H3TPO). Elem anal. Calcd for C42H30O18P2Zn4: C,
44.01; H, 2.64; O, 25.12. Found: C, 44.32; H, 2.76; O, 25.34. IR data
(KBr cm−1): 3400(w), 2973(w), 1612(s), 1553(m), 1409(s),
1113(m), 1018(w), 774(w), 738(s), 698(w), 586(w), 500(w), 444(w).
Synthesis of Complex 2. A total of 0.30 mmol of Zn(NO3)2·

6H2O (90 mg) and 0.10 mmol of H3TPO (41 mg) were dissolved in a
mixed solvent of DEF/MeOH (7 mL, v/v = 2:5) and then sealed in a
Teflon-lined autoclave (30 mL). The autoclave was heated at 120 °C

for 72 h and cooled to room temperature at a rate of 0.1 °C min−1.
Colorless block crystals of complex 2 were isolated by filtration,
washed with MeOH, and dried in air at ambient temperature.Yield:
76% (based on H3TPO). Elem anal. Calcd for C42H30N4O30P2Zn6: C,
33.08; H, 1.98; N, 3.67. Found: C, 33.12; H, 2.16; N, 3.42. IR data
(KBr cm−1): 3422(w), 2977(w), 1619(s), 1554(m), 1405(s), 1185(w),
1113(m), 1018(w), 738(s), 585(w), 501(w), 443(w).

X-ray Structure Determination and Structure Refinement.
Single-crystal X-ray diffraction data of complexes 1 and 2 in the
present work were collected at 100(2) K on a Supernova
diffractometer equipped with graphite-monochromated Mo and Cu
Kα radiation with radiation wavelengths of 0.71073 and 1.54184 Å,
respectively. Absorption corrections were applied with the CrystalClear
software package.49 The crystal structures were solved by direct
methods and refined by full-matrix least squares on F2 by using the
SHELXL-97 package.50,51 All hydrogen atoms were geometrically
placed and refined in riding model approximation. In the two
structures, solvent molecules or anions are highly disordered, and
attempts to locate and refine the solvent molecule and anion peaks
were unsuccessful. Therefore, the SQUEEZE routine of PLATON is
utilized to remove the diffused electron densities resulting from these
solvent molecules or anions.52 The final formulation of complex 2 was
calculated from the SQUEEZE results combined with elemental
analysis and TGA data. Crystal data are summarized in Table 1. The

crystal structures of the two complexes have been deposited for
CCDC numbers of 963537 and 963538, corresponding to 1 and 2,
respectively. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/-
data_request/cif and are given in the Supporting Information (SI).

■ RESULTS AND DISCUSSION
Crystal Structure. Crystals of complex 1 were synthesized

by the reaction of Zn(NO3)2·6H2O and H3TPO in a metal-to-
ligand ratio of 2:1 at 120 °C for 72 h. The result of the
crystallographic analysis reveals that complex 1 crystallizes in
the monoclinic space group P21/c exhibiting a 3D microporous
framework with butterfly-shaped [Zn4(μ3-OH)2]

6+ clusters. As

Scheme 1. Ligand H3TPO

Table 1. Crystallographic Data for Complexes 1 and 2

1 2

formula C42H30O18P2Zn4 C84H48O30P4Zn6
fw 1146.08 2053.32
temperature (K) 100(2) 100(2)
wavelength (Å) 0.71073 1.54184
cryst syst monoclinic cubic
space group P21/c Ia3̅
a (Å) 13.710(3) 22.9082(3)
b (Å) 14.753(3) 22.9082(3)
c (Å) 20.027(4) 22.9082(3)
α (deg) 90 90
β (deg) 107.969(3) 90
γ (deg) 90 90
volume (Å3) 3853.1(14) 12021(3)
Z 2 4
Dc (Mg m−3) 0.988 1.126
μ (mm−1) 1.32 2.236
data collected 32031 21597
unique data (Rint) 7117 2014
no. of param 307 113
GOF on F2 1.003 1.005
R1a [I > 2σ(I)] 0.0470 0.0846
wR2b 0.1646 0.1963

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = {∑[w(Fo

2 − Fc
2)2]/

∑[w(Fo
2)2]}1/2.
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shown in Figure 1a, the asymmetric unit of 1 contains two
crystallographically independent zinc(II) atoms, one TPO3−

ligand, one μ3-hydroxyl oxygen atom, and one terminal aqua
ligand. There are two different coordination environments for
the two independent zinc centers. Each Zn1 center lies in a
distorted octahedral coordination sphere, being coordinated by
three carboxylate oxygen atoms [Zn1−O 1.984(2)−2.170(2)
Å] from three different TPO3− ligands, one oxygen atom
[Zn1−O3 2.099(2) Å] from the phosphine oxide moiety, a μ3-
group hydroxyl oxygen atom [Zn1−O1 2.013(2) Å], and one
aqua ligand [Zn1−O2 2.335(5) Å], while the Zn2 center is
defined by three different carboxylate oxygen atoms [Zn2−O
1.963(2)−2.132(2) Å] and two μ3-group hydroxyl oxygen
atoms [Zn2−O 1.998(2) and 2.131(2) Å] to give a distorted
trigonal-bipyramidal coordination geometry. The four zinc(II)
atoms in each zinc cluster are connected by two μ3-OH
moieties with two nonbonding Zn···Zn distances of 3.144(7)
and 3.504(3) Å. The TPO3− ligand binds to four separate
zinc(II) centers with not only its three carboxylate groups but
also its phosphine oxide group, acting as a 4-connected node.
The four adjacent zinc(II) centers are connected by two TPO3−

ligands and two μ3-group hydroxyl oxygen atoms, giving rise to
a rare butterfly-shaped Zn4(μ3-OH)2(CO2)6 SBU. The
Zn4(OH)2 SBUs are further connected by the bridging ligands
to generate a highly porous structure with large cagelike cavities
(Figure 1b,c). It is noteworthy that in complex 1 there are one-
dimensional (1D) rhombic channels with dimensions of
approximately 6 Å × 8 Å along the a axis (Figure S7 in the
Supporting Information). The effective free volume of complex
1 is 53.7% calculated by PLATON analysis. From the viewpoint
of topology, we can simplify the Zn4(OH)2(CO2)6 SBUs as 8-
connected nodes and the TPO3− ligands as 4-connected nodes.
As a result, complex 1 adopts a 2-nodal 4,8-connected net with
a topological point symbol of {412.612.84}{46}2, which is the flu
form of CaF2 (Figure 1d).
Single-crystal X-ray crystallography reveals that complex 2

crystallizes in the cubic space group Ia3 ̅. The asymmetric unit

of complex 2 contains one independent zinc(II) ion, one-third
of a TPO3− ligand, and one-sixth of a μ6-O

2− atom (Figure 2a).

For Zn1 center, it is four-coordinated by three carboxylate
oxygen atoms from three different TPO3− ligands and a μ6-O

2−

atom with the observed Zn−O bond lengths in the range of
1.923(8)−2.194(7) Å to give a distorted tetrahedral coordina-
tion geometry. The core of the Zn6 cluster consists of a single
μ6-O atom bonded to six zinc atoms, forming a distorted
[Zn6(μ6-O)] octahedron (Figure 2b). The distances of Zn−O
and Zn−Zn in the octahedron are 1.9591(15) and 2.362(2) Å,
respectively. The Zn6(μ6-O) cluster is wrapped by six
carboxylate groups, acting as a six-connected SBU. Each
TPO3− ligand coordinates with three Zn6O clusters by its
three carboxylate groups, in which the O2 atom adopts
monodentate bridging mode, while the O3 atom adopts a
chelating bridging mode with Zn1 atoms. It is worth
mentioning that four adjacent Zn6(μ6-O) clusters are
connected by bridging TPO3− ligands to give a double-walled
square cavity (Figure S9 in the SI). It is notable that in complex
2 there are 1D square channels with dimensions of
approximately 6.5 Å × 6.5 Å along the b axis (Figure 2c).
The desolvated volume of complex 2 is 43.3% calculated by
PLATON analysis. From the topology viewpoints, taking the
Zn6O(CO2)6 SBUs as 6-connected nodes and the TPO3−

ligands as 3-connected nodes, complex 2 can be considered
to be a 2-nodal 3,6-connected net with a topological point
symbol of {612.83}{63}2. The total topology type is the pyr form
of FeS2 (Figure 2d). It is well-known that there are many subtle
factors, such as the temperature, solvent, pH value, and ratio
between metal salts and ligands, have a nonignorable influence
on the final structures of MOFs.53 In this work, the solvent and
ratio between metal salts and ligands may be two crucial factors
leading to the different structures of complexes 1 and 2.

Sorption Properties. The thermal stabilities of complexes
1 and 2 have been studied using TGA and PXRD (Figures S2−
S4 in the SI). As shown in Figure S2 in the SI, after activation
the sample of complex 1 becomes almost amorphous, as
verified by PXRD. This loss of crystallinity may be attributed to
the structural disintegration when the terminal coordinated
H2O molecules in the Zn4(μ3-OH)2 SBUs are removed. In

Figure 1. (a) Coordination environment for zinc(II) atoms in complex
1. Symmetry code: A, 1 − x, −0.5 + y, 0.5 − z; B, 2 − x, 2 − y, 1 − z;
C, x, 1.5 − y, 0.5 + z; D, 1 − x, 2 − y, 1 − z. (b) Cagelike cavity
supported by Zn4 clusters and TPO3− ligands. (c) Packing structure of
1 showing cagelike cavities. (d) flu net topology of 1.

Figure 2. (a) Asymmetric unit of complex 2 (hydrogen atoms have
been omitted for clarity). (b) [Zn6(μ6-O)(CO2)6] SBU in complex 2.
(c) 3D packing structure of complex 2 demonstrating the open
micropores along the b axis. (d) pyr net topology of 2.
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contrast, the crystallinity of the samples of complex 2 is
retained after activation, as indicated by PXRD (Figure S3 in
the SI). The permanent porosity and crystal stability of
complex 2 encourage us to explore its gas-sorption properties.
The calculated free volume of complex 2 with removal of

gust solvent molecules is 43.3% calculated by PLATON (1.8 Å
probe radius), and the real pore volume is 0.42 cm3 g−1 (close
to the calculated one of 0.38 cm3 g−1). To confirm the
permanent porosity of the activated complex 2, the N2-sorption
measurements are performed at 77 K. The fresh crystalline
samples of complex 2 are degassed under dynamic vacuum at
100 °C for 10 h after solvent exchange with acetone for 7 days.
The N2 adsorption of complex 2 exhibits a reversible type I
isotherm (Figure 3), thus indicating the microporous nature of

the samples. Derived from N2 adsorption, the Langmuir surface
area of 2 is 1175 m2 g−1, corresponding to a Brunauer−
Emmett−Teller surface area of 1042 m2 g−1. Pore-size
distribution (PSD) analysis by the Horvath−Kawazoe method
utilizing N2-adsorption data at 77 K indicates a narrow
distribution of micropores at around 5.8 Å (Figure 3), which
is consistent with the diameter of the channels considering the
van der Waals radii of the framework atoms.
We also investigated the H2-adsorption performances of

complex 2 at 77 and 87 K. The H2-sorption isotherm of
complex 2 reveals a reversible sorption behavior under low
pressure (Figure 4a). The excess H2 uptake capacity of complex
2 reaches 171.9 cm3 g−1 (1.53 wt %, 7.67 mmol g−1) at 77 K
and 1.08 bar. This value is comparable with those of currently
reported highly porous MOF materials at the same measure-
ment conditions.54,55 To evaluate the heats of adsorption (Qst)
for H2 in complex 2, H2-adsorption isotherms are also
measured at 87 K (Figure 4a). The adsorption heat of H2 is
calculated by the Clausius−Clapeyron equation, and its value at
zero coverage for complex 2 is estimated to be 6.3 kJ mol−1 and
decreases slowly with increasing H2 loading (Figure 4b). It is
worth noting that the Qst value of complex 2 is similar to those
of some classical porous materials, such as MOF-5 (5.2 kJ
mol−1), NOTT-122 (6.0 kJ mol−1), and HKUST-1 (6.6 kJ
mol−1).56−58 To our knowledge, low-pressure H2 adsorption of
MOFs is mainly influenced by open metal sites, pore size,
catenation, and ligand functionalization.59 The considerable
amount of H2 adsorption for complex 2 may be attributed to its

micropore structure and the strong binding strength of H2 to
the metal centers.
The novel square cavities and open channels in complex 2

encourage us to further explore the potential properties toward
CO2/CH4 and CO2/N2 gas separation for carbon capture and
sequestration application. Currently, MOF-based porous
materials have been proven to be good candidates for CO2
storage, and the physisorption mechanism makes their recycling
less expensive, unlike the traditional amine-based wet scrubbing
systems, which require extensive energy and resource
consumption.60−62

In this work, single-component low-pressure gas-sorption
isotherms for complex 2 toward CO2, CH4, and N2 at 273 and
295 K are measured by ultilizing the volumetric measurement
method and presented in Figures 5 and S16−S20 in the SI. As
shown in Figure 5a, complex 2 presents a typical type I
reversible curve for CO2 sorption. At 273 K, complex 2 can take
up 90.8 cm3 g−1 (4.05 mmol g−1, 178.3 mg g−1) of CO2, and at
295 K the CO2 uptake by complex 2 is 63.8 cm3 g−1 (2.85
mmol g−1, 125.2 mg g−1). Correspondingly, complex 2 can only
adsorb 31.9 cm3 g−1 (1.43 mmol g−1, 21.4 mg g−1) of CH4 at
273 K and 22.4 cm3 g−1 (1.0 mmol g−1, 15.0 mg g−1) at 295 K,
which are also shown in Figure S17 in the SI. Furthermore, the
adsorption capacity for N2 is just 9.21 cm

3 g−1 (0.41 mmol g−1,
11.5 mg g−1) at 273 K and 5.93 cm3 g−1 (0.26 mmol g−1, 7.4 mg
g−1) at 295 K (Figure S18 in the SI). The much lower
adsorption of CH4 and N2 compared to CO2 at the same
measurement conditions urges us to investigate the corre-

Figure 3. Experimental N2-sorption isotherm at 77 K for complex 2:
(●) adsorption; (○) desorption. Inset: PSD calculated by the
Horvath−Kawazoe method.

Figure 4. (a) H2 uptake for complex 2 measured at 77 and 87 K. (b)
Adsorption heat (Qst) of H2 for complex 2.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402481b | Inorg. Chem. 2014, 53, 1032−10381035



sponding selectivity. We adopt the ideal adsorbed solution
theory (IAST)63 based upon the experiment single gas-
adsorption measurements, which is commonly used to predict
binary mixture adsorption selectivity. Using the pure-
component isotherm fits, the adsorption selectivity is defined
by Sads = (q1/q2)/(p1/p2), where qi is the amount of i adsorbed
and pi is the partial pressure of i in the mixture. It is worth
noting that complex 2 shows a high Sads(CO2/N2) of 20.2 in a
15:85 molar ratio of CO2 and N2 mixtures at 273 K and 1.08
bar (Figure 5b), indicating that this material may be a
promising candidate for postcombustion CO2 capture
application. Moreover, at 1.08 bar, the predicted CO2/CH4
selectivity is 5.0 at 273 K and 4.2 at 295 K. The selectivity of
CO2 could be mainly attributed to the good affinity from
electrostatic interactions between CO2 molecules and the
porous surface.64−66

Photoluminescent Properties. Luminescent properties of
complexes with d10 metal centers have attracted long-standing
interest, owing to the extensive utilization of these observations
for molecular recognition, chemosensing, photochemistry,
optoelectronic applications, and so on.67−71 Hence, in this
work, the photoluminescent properties of complexes 1 and 2
together with the free ligand have been explored at room
temperature in the solid state. Their emission spectra are shown
in Figure 6. The free ligand H3TPO displays a weak blue
emission centered at 458 nm (excitation at 350 nm) under UV

light, which may be attributed to the π*−n or π*−π
transition.72−75 For complex 1, intense blue emission is
observed with a maximum at 465 nm upon excitation at 370
nm, which is near to that of the free ligand. Hence, the emission
of complex 1 can probably be attributed to the intraligand or
ligand-to-ligand charge transfer.76−78 In contrast, complex 2
displays the emisson maximum at 500 nm (λex = 380 nm) with
a blue shift of 42 nm compared to that of the free ligand.
Therefore, the blue emission of complex 2 may be assigned to
the metal-to-ligand charge transfer (MLCT).79 It is worth
noting that the intensity for complexes 1 and 2 is stronger than
that of the ligand, which may be attributed to the suppression
of nonemissive energy-loss mechanism. The coordination
imparts better rigidity to the ligand and thus reduces the loss
of energy through a radiationless pathway.80−82 These
photoluminescent properties suggest that complexes 1 and 2
might have potential applications in luminescent materials and
chemical sensors.

■ CONCLUSION
In conclusion, we have successfully synthesized and charac-
ter ized two novel microporous MOFs, [Zn4(μ3-
OH)2(TPO)2(H2O)2] (1) and [Zn6(μ6-O)(TPO)2](NO3)4·
3H2O (2), based on a tripodal carboxylate ligand, tris(4-
carboxylphenyl)phosphine oxide (H3TPO). Complex 1 exhibits
a 3D microporous MOF with flu topology based on bridging
H3TPO ligands and butterfly-shaped Zn4(μ3-OH)2(CO2)6
SBUs. Interestingly, complex 1 contains large cagelike cavities
and 1D open rhombic channels. Similarly, complex 2 presents a
porous MOF with pyr topology, which possesses octahedral
Zn6(μ6-O)(CO2)6 SBUs and 1D square channels. Moreover,
complex 2 displays high thermal stability and permanent
porosity. Gas-sorption measurements for complex 2 reveal that
the material has a large surface area (Langmuir 1175 m2 g−1)
and a good H2 storage capacity (1.53 wt % at 77 K and 1.08
bar). Besides, IAST calculation predicts that the material shows
high selective sorption capabilities for CO2 over N2 or CH4.
Furthermore, complexes 1 and 2 exhibit excellent blue
emission, which suggests that they could be used as photoactive
materials. Currently, further efforts on the synthesis of new
phosphoric carboxylate ligands for the construction of novel
porous frameworks are underway.

Figure 5. (a) CO2-, CH4-, and N2-sorption isotherm curves of
complex 2 in the range of 0−110 kPa at 273 K. (b) Adsorption
selectivity of CO2 over N2 or CH4.

Figure 6. Photoluminescent spectra of complexes 1 and 2 at room
temperature in the solid state.
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Yaghi, O. M. Chem. Soc. Rev. 2009, 38, 1257−1283.
(31) Yaghi, O. M.; O’Keeffe, M.; Ockwig, N. W.; Chae, H. K.;
Eddaoudi, M.; Kim, J. Nature 2003, 423, 705−714.
(32) Kim, J.; Chen, B. L.; Reineke, T. M.; Li, H.; Eddaoudi, M.;
Moler, D. B.; O’Keeffe, M.; Yaghi, O. M. J. Am. Chem. Soc. 2001, 123,
8239−8247.
(33) Chae, H. K.; Eddaoudi, M.; Kim, J.; Hauck, S. I.; Hartwing, J. F.;
O’Keeffe, M.; Yaghi, O. M. J. Am. Chem. Soc. 2001, 123, 11482−11483.
(34) Fang, Q.-R.; Zhu, G.-S.; Xue, M.; Zhang, Q.-L.; Sun, J.-Y.; Guo,
X.-D.; Qiu, S.-L.; Xu, S.-T.; Wang, P.; Wang, D.-J.; Wei, Y. Chem.
Eur. J. 2006, 12, 3754−3758.
(35) Qian, J.; Jiang, F.; Su, K.; Pan, J.; Zhang, L.; Li, X.; Yuan, D.;
Hong, M. J. Mater. Chem. A 2013, 1, 10631−10634.
(36) Zheng, S.-T.; Zhao, X.; Lau, S.; Fuhr, A.; Feng, P.; Bu, X. J. Am.
Chem. Soc. 2013, 135, 10270−10273.
(37) Zheng, S.-T.; Wu, T.; Chou, C.; Fuhr, A.; Feng, P.; Bu, X. J. Am.
Chem. Soc. 2012, 134, 4517−4520.
(38) Li, S.-L.; Xu, Q. Energy Environ. Sci. 2013, 6, 1656−1683.
(39) Gong, Y.-N.; Meng, M.; Zhong, D.-C.; Huang, Y.-L.; Jiang, L.;
Lu, T.-B. Chem. Commun. 2012, 48, 12002−12004.
(40) Gong, Y.-N.; Lu, T.-B. Chem. Commun. 2013, 49, 7711−7713.
(41) Jiang, L.; Ju, P.; Meng, X.-R.; Kuang, X.-J.; Lu, T.-B. Sci. Rep.
2012, 2, 668−672.
(42) Humphrey, S. M.; Oungoulian, S. E.; Yoon, J. W.; Hwang, Y. K.;
Wise, E. R.; Chang, J.-S. Chem. Commun. 2008, 2891−2893.
(43) Lee, W. R.; Ryu, D. W.; Lee, J. W.; Yoon, J. H.; Koh, E. K.;
Hong, C. S. Inorg. Chem. 2010, 49, 4723−4725.
(44) Bohnsack, A. M.; Ibarra, I. A.; Hatfield, P. W.; Yoon, J. W.;
Hwang, Y. K.; Chang, J.-S.; Humphrey, S. M. Chem. Commun. 2011,
47, 4899−4901.
(45) Lin, Z.-J.; Yang, Z.; Liu, T.-F.; Huang, Y.-B.; Cao, R. Inorg.
Chem. 2012, 51, 1813−1820.
(46) Lee, W. R.; Ryu, D. W.; Phang, W. J.; Park, J. H.; Hong, C. S.
Chem. Commun. 2012, 48, 10847−10849.
(47) Ibarra, I. A.; Yoon, J. W.; Chang, J.-S.; Lee, S. K.; Lynch, V. M.;
Humphrey, S. M. Inorg. Chem. 2012, 51, 12242−12247.
(48) Chou, W.-N.; Pomerantz, M. J. Org. Chem. 1991, 56, 2762−
2769.
(49) Rigaku Corp. CrystalClear 1.3.6, Software User’s Guide for the
Rigaku R-AXIS and Mercury and Jupiter CCD Automated X-ray Imaging
System; Molecular Structure Corp.: Tokyo, Japan, 2000.
(50) Sheldrick, G. M. SHELX-97, Program for the Refinement of
Crystal Structures; University of Göttingen: Göttingen, Germany, 1997.
(51) Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, 64, 112−122.
(52) Single-crystal structure validation with the program PLATON:
Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7−13.
(53) Zhang, S.-Q.; Jiang, F.-L.; Wu, M.-Y.; Ma, J.; Bu, Y.; Hong, M.-
C. Cryst. Growth Des. 2012, 12, 1452−1463.
(54) Rowsell, J. L. C.; Yaghi, O. M. J. Am. Chem. Soc. 2006, 128,
1304−1315.
(55) Humphrey, S. M.; Chang, J.-S.; Jhung, S. H.; Yoon, J. W.; Wood,
P. T. Angew. Chem., Int. Ed. 2007, 46, 272−275.
(56) Rowsell, J. L. C.; Millward, A. R.; Park, K. S.; Yaghi, O. M. J. Am.
Chem. Soc. 2004, 126, 5666−5667.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402481b | Inorg. Chem. 2014, 53, 1032−10381037

http://pubs.acs.org
mailto:mchong@fjirsm.ac.cn


(57) Kaye, S. S.; Long, J. R. J. Am. Chem. Soc. 2005, 127, 6506−6507.
(58) Ma, S.; Zhou, H.-C. J. Am. Chem. Soc. 2006, 128, 11734−11735.
(59) Suh, M. P.; Park, H. J.; Prasad, T. K.; Lim, D.-W. Chem. Rev.
2012, 112, 782−835.
(60) Vaidhyanathan, R.; Iremonger, S. S.; Shimizu, G. K. H.; Boyd, P.
G.; Alavi, S.; Woo, T. K. Science 2010, 330, 650−653.
(61) An, J.; Rosi, N. L. J. Am. Chem. Soc. 2010, 132, 5578−5579.
(62) Millward, A. R.; Yaghi, O. M. J. Am. Chem. Soc. 2005, 127,
17998−17999.
(63) Myers, A. L.; Prausnitz, J. M. AIChE J. 1965, 11, 121−127.
(64) Lin, Z.-J.; Huang, Y.-B.; Liu, T.-F.; Li, X.-Y.; Cao, R. Inorg. Chem.
2013, 52, 3127−3132.
(65) Xu, Q.; Liu, D. H.; Yang, Q. Y.; Zhong, C. L.; Mi, J. G. J. Mater.
Chem. 2010, 20, 706−714.
(66) Liu, D.; Zhong, C. J. Mater. Chem. 2010, 20, 10308−10318.
(67) McGarrah, J. E.; Kim, Y. J.; Hissler, M.; Eisenberg, R. Inorg.
Chem. 2001, 40, 4510−4511.
(68) Goshe, A. J.; Steele, I. M.; Bosnich, B. J. Am. Chem. Soc. 2003,
125, 444−451.
(69) Wu, Q.; Esteghamatian, M.; Hu, N. X.; Popovic, Z.; Enright, G.;
Tao, Y.; D’Iorio, M.; Wang, S. Chem. Mater. 2000, 12, 79−83.
(70) Santis, G. D.; Fabbrizzi, L.; Licchelli, M.; Poggi, A.; Taglietti, A.
Angew. Chem., Int. Ed. 1996, 35, 202−204.
(71) Allendorf, M. D.; Bauer, C. A.; Bhaktaa, R. K.; Houka, R. J. T.
Chem. Soc. Rev. 2009, 38, 1330−1352.
(72) Ding, C.; Li, X.; Ding, Y.; Li, X.; Ng, S. W.; Xie, Y. Cryst. Growth
Des. 2012, 12, 3465−3473.
(73) Zhang, X. J.; Jin, L. P.; Gao, S. Inorg. Chem. 2004, 43, 1600−
1602.
(74) Yang, J.; Yue, Q.; Li, G. D.; Cao, J. J.; Li, G. H.; Chen, J. S. Inorg.
Chem. 2006, 45, 2857−2865.
(75) Zhang, L. P.; Ma, J. F.; Yang, J.; Pang, Y. Y.; Ma, J. C. Inorg.
Chem. 2010, 49, 1535−1550.
(76) Lin, J.-G.; Zang, S.-Q.; Tian, Z.-F.; Li, Y.-Z.; Xu, Y.-Y.; Zhu, H.-
Z.; Meng, Q.-J. CrystEngComm 2007, 9, 915−921.
(77) Wen, L.-L.; Li, Y.-Z.; Lu, Z.-D.; Lin, J.-G.; Duan, C.-Y.; Meng,
Q.-J. Cryst. Growth Des. 2006, 6, 530−537.
(78) Wen, L.-L.; Lu, Z.-D.; Lin, J.-G.; Tian, Z.-F.; Zhu, H.-Z.; Meng,
Q.-J. Cryst. Growth Des. 2007, 7, 93−99.
(79) Kent, C. A.; Liu, D.; Ito, A.; Zhang, T.; Brennaman, M. K.;
Meyer, T. J.; Lin, W. J. Mater. Chem. A 2013, 1, 14982−14989.
(80) He, Y.-H.; Feng, Y.-L.; Lan, Y.-Z.; Wen, Y.-H. Cryst. Growth Des.
2008, 8, 3586−3594.
(81) Zheng, S.-L.; Tong, M.-L.; Tan, S.-D.; Wang, Y.; Shi, J.-X.;
Tong, Y.-X.; Lee, H.-K.; Chen, X.-M. Organometallics 2001, 20, 5319−
5325.
(82) Zheng, S.-L.; Yang, J.-H.; Yu, X.-L.; Chen, X.-M.; Wong, W.-T.
Inorg. Chem. 2004, 43, 830−838.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402481b | Inorg. Chem. 2014, 53, 1032−10381038


