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By using a symmetrical V-shaped rigid 5'-carboxyl-(1,1'-3,1”-terphenyl)-4,4” -dicarboxylic acid (HsL), three
Cd(i)-based metal-organic frameworks (MOFs), [Cdsz(L)2(H20)4]- DMF (1), [Cd2(L)(SO4),] - 3(Me),NH; (2) and
[CA(HL)(H,0)]-0.5H,0 (3), have been synthesized under solvothermal conditions. Due to the reactions in
different solvent systems, L37/HL?~ in 1-3 show different coordination modes with Cd(i) ions to form
various secondary building units (SBUs) in the final structures. The desolvated structure of 1 (1a) contains
two shapes of 1D channels with suitable pore sizes. 2 is a 3D dense packing pattern with a three nodal
(5,6,7)-connected new topological net, and 3 is a 2D layered (4,4)-connected sql network connected
with partly deprotonated HL?~ ligands. As a result, 1a possesses not only high CO, loading but also
excellent CO,/CH,4 selectivity. In addition, all complexes display solid-state luminescence stemming
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1 Introduction

Metal-organic frameworks (MOFs)' are porous materials
showing a wide variety of thrilling chemical and physical
properties, and, consequently, can be explored as functional
materials in very diverse fields.” Indeed, both the porosity of
MOFs and their fascinating host-guest chemistry lie at the
origin of most of these properties.® Similar to other porous
materials,* MOFs have proven their efficiency as vessels to
capture and host small molecules, and, eventually, to separate
mixtures of molecules according to their steric and stereo-
chemical features as well as reactivity properties (functional
substituent groups).> Anthropogenic carbon dioxide emissions
to the atmosphere are one of the most urgent climate issues of
our age, which makes the development of materials for
capturing the carbon dioxide produced by fossil fuels and
sequestering it away from the atmosphere one of the grand
challenges of the 21st century.® Owing to MOFs diversity and
performance, hierarchically porous structures have attracted
considerable attention as an important family of functional
materials in recent years.”

As the basic building blocks, the organic ligands are vital in
the assembly of structures and functions of MOFs. The rigid
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from ligand-to-metal charge transfer.

aromatic multicarboxylate ligands have been proved to be the
ideal candidates for building versatile MOFs with rigidity,
porosity, thermal and chemical stabilities,® such as 1,3,5-ben-
zenetricarboxylate, 1,2,4,5-benzenetetracarboxylate, and 4,4’
biphenyldicarboxylate.” With a more in-depth study, the V-
shaped rigid multicarboxylate ligands show plentiful advan-
tages due to their manifold coordination modes, and they are
liable to form cluster-based secondary building units (SBUs)
with various metal ions.' In many instances, a V-shaped steric
configuration is favourable to form versatile high-dimensional
and porous frameworks." Up to now, there are many porous
MOFs assembled by utilizing V-shaped rigid multi-
carboxylates,' such as 3,5-di(3,5-dicarboxylpheny)benzoic acid,
3,3',5,5'-benzene-1,3-biyl-tetra-benzoic acid, and so on, which
possess fascinating structures as well as intriguing properties.

In this work, a symmetrical V-shaped rigid ligand, 5'-
carboxyl-(1,1'-3/,1"-terphenyl)-4,4”-dicarboxylic ~ acid  (H;L)
(Scheme 1), is chosen to fabricate porous MOFs based on the
following advantages: (i) Hz;L with three carboxylic groups
possesses multiple coordination sites and various coordination
modes, which is beneficial to produce porous frameworks; (ii)

COOH

WesaoWl

Scheme 1 5'-Carboxyl-(1,1'-3',1"-terphenyl)-4,4” -dicarboxylic acid.
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the multicarboxylic groups in H;L has an inclination to form
various metal clusters, which can not only stabilize the struc-
ture, but also accelerate the interactions between the framework
and CO,.*”* Herein, the reaction of H;L with Cd(u) ions gave
three new luminescent MOFs, [Cd;(L),(H,0),]-DMF (1),
[Cd,(L)(SO4)2]-3(Me),NH, (2), [Cd(HL)(H,0)]-0.5H,0 (3).
L*7/HL?>" in 1-3 show different coordination modes and can
easily form various SBUs in the final structures. Complexes 1-3
reveal the luminescent properties, as well as selective adsorp-
tion for CO, over CH, for 1.

2 Experimental section
2.1 Materials and general methods

All the reagents and solvents were purchased from commercial
sources and wused directly without further purification.
Elemental analyses (C, H, and N) were performed on Perkin-
Elmer 2400C Elemental Analyzer. Infrared (IR) spectra were
acquired with KBr discs in the range of 4000 to 400 cm™ " on
Bruker EQUINOX-55 IR spectrometer. Thermogravimetric
analyses (TGA) were collected on NETZSCH STA 449C micro-
analyzer under N, stream at a heating rate of 5 °C min .
Powder X-ray diffraction patterns were collected on a Bruker D8
ADVANCE X-ray powder diffractometer (Cu Ka, 1.5418 A) at
room temperature. Gas sorption isotherms were measured by
ASAP 2020 M adsorption equipment. The solid state lumines-
cent spectra were collected on a Hitachi F-4500 fluorescence

spectrophotometer at room temperature.

2.2 Synthesis of [Cd;(L),(H,0),]- DMF (1)

A mixture of Cd(NOj3),-4H,0 (0.0308 g, 0.1 mmol), H;L (0.018 g,
0.05 mmol) and DMF/H,0 (15.0 mL, v/v = 1/1) (DMF = N,N-
dimethylformamide) was mixed in a Teflon-lined stainless steel
vessel (25 mL), and then heated at 150 °C for 72 h. After
a gradual cooling procedure to room temperature, colourless
block crystals were obtained in ~51.3% yield based on Cd. Anal.
caled for C45H;,Cd3NO,5: C, 45.0; H, 3.08; N, 1.17. Found: C,
45.52; H, 3.17; N, 1.72%. IR (cm ™ ): 3423 (w), 3235 (w), 2923 (m),
1652 (s), 1521 (s), 1313 (m), 1182 (w), 1103 (w), 862 (W), 767 (m),
609 (w).

2.3 Synthesis of [Cd,(L)(SO,),]-3(Me),NH, (2)

A mixture of Cd(NO3),-4H,0 (0.0308 g, 0.1 mmol), H;L (0.018 g,
0.05 mmol), DMF/ETOH (15.0 mL, v/v = 4/1) and H,SO, : H,O
(1 : 3) was mixed in a Teflon-lined stainless steel vessel (25 mL),
and then heated at 120 °C for 72 h. After a gradual cooling
procedure to room temperature, colourless block crystals were
obtained in ~49.0% yield based on Cd. Anal. caled for C,;H;5-
Cd,N;0,,S,: C, 35.45; H, 3.83; N, 4.6. Found: C, 34.53; H, 3.17;
N, 4.3%. IR (cm™'): 3438 (m), 3027 (s), 2794 (s), 2478 (s), 1594
(s), 1548 (s), 1394 (s), 1106 (s), 1031 (s), 960 (m), 856 (m), 767
(m), 609 (m).

2.4 Synthesis of [Cd(HL)(H,0)]-0.5H,0 (3)

A mixture of Cd(NO3),-4H,0 (0.0308 g, 0.1 mmol), H;L (0.018 g,
0.05 mmol) and H,O/CH;CN (14.0 mL, v/v = 2/5) was mixed in
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Table 1 Crystallographic data of 1-3
Complex 1 2 3
Formula C44H3,Cd,NO;,  Cy7Hj35CdN3044S, Cy3H 5CdO; 5
M, 1200 914.52 499
Crystal system  Monoclinic Monoclinic Triclinic
Space group C2/c C2/c P1
a (A) 36.916 17.442 7.079
b (A) 21.399 21.243 11.288
c(A) 7.2173 11.468 13.130
a (%) 90 90 65.420
8 (%) 98.129 129.716 83.016
v () 90 90 85.505
V(A% 5644.1 3269 946.6
VA 4 4 2
Deare (g ecm™) 1327 1.858 1.722
F(000) 2216 1832 488
Rine 0.0453 0.0715 0.0243
GOF on F* 1.008 1.244 1.339
R“[I>20(l)]  0.0580 0.0796 0.0744
wR,” (all data)  0.2294 0.3130 0.2995

“ Ry = Y|[Fo| — |Fel/S21Fo|. * wRy = [Sw(Fo” — FEP /S w(F)T.

a Teflon-lined stainless steel vessel (25 mL), and then heated at
105 °C for 72 h. After a gradual cooling procedure to room
temperature, colourless block crystals were obtained in ~49.7%
yield based on Cd. Anal. caled for C,3H;5CdO; 5: C, 64.97; H,
3.20. Found: C, 64.52; H, 3.6. IR (cm ™ '): 3436 (m), 2931 (s), 2794
(s), 1664 (m), 1608 (m), 1405 (s), 1265 (m), 1031 (s), 1110 (m),
935 (w), 858 (w), 769 (m).

2.5 Crystallographic data collection and refinement

Suitable single crystals were tested using a Bruker SMART
APEXII CCD diffractometer equipped with Mo-Ko radiation (A =
0.71073 A) at room temperature. The structures were solved
using direct methods and refined using a full-matrix least-
squares refinement on F> with SHELXL-2014 and olex2.'* Non-
hydrogen atoms were refined with anisotropic displacement
parameters. The solvent molecules in 1 and 3 were highly
disordered and were removed from the diffraction data by using
the SQUEEZE routine of PLATON.* The final formulae of 1 and
3 were determined by single-crystal structures, elemental anal-
ysis results and TGA. The relevant crystallographic data are
shown in Table 1. Selected bond lengths and angles are listed in
Table S1 (ESIT). CCDC numbers are 1561956-1561958 for 1-3,
respectively.

3 Results and discussion
3.1 Crystal structure of [Cd;3(L),(H,0),]- DMF (1)

Compound 1 crystallizes in the monoclinic space group C2/c. As
shown in the Fig. 1, the asymmetric unit consists of one and
a half Cd(u) ions, one fully deprotonated L*~ ligand, five coor-
dinated H,O molecules, and one free DMF molecules. Cd1 is
seven connected by O atoms from four L*~ ligand and one H,O
molecules. Different from that of Cd1, Cd2 is six connected by O
atoms from two axial L’~ ligand and two equatorial H,O

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Coordination environment around the Cd(i) ionsin 1. Symmetry
codes: #1:15—x,05+y,25—z #2:x,2—-y,05+z #3:15—x,1.5—
v,3—z #4:1—-x,y, —05 -z

molecules. The Cd-O distances vary from 2.241(12) to 2.62(3) A,
and the O-Cd-O angles are in the range from 53.37° to 167.28°.

In 1, Cd1 ions take coordination with carboxylates of L*~
ligands to form 1D rod-shaped SBUs (Fig. 2a). Then these 1D
SBUs are further extended by the Cd2 ions and L*~ linkers
together to give rise to a 3D porous framework (Fig. 2b). There
exist two types of 1D open channels with different shapes along ¢
axis with the effective aperture sizes of 18.1 x 16.2 A% and 10.2 x
8.4 A% respectively, where the free solvent DMF molecules are
located. After the hypothetical removal of the noncoordinated
and disordered solvent molecules, the potential solvent area
volume of 1a-{Cd;(L),(H,0),] is determined to be ~36.5% out of
the total volume by the PLATON program. Topologically, L*~ and
the Cd1 ions can be considered as five, four-connected nodes,
respectively. Thus, the framework of 1 can be view as a (4,5)-
connected tes net with the point symbol of (4*-6%)(4*- 6°) (Fig. 2c).

3.2 Crystal structure of [Cd,(L)(SO4),]-3(Me),NH, (2)

Compound 2 is a 3D framework crystallizing in the monoclinic
space group C2/c. The asymmetric unit contains two independent
Cd(u) ions, one L*~ ligand, two coordinated sulphate anions, and
three dimethylammonium cations. The Cd1 and Cd2 display the
distorted hexahedral pyramidal coordination geometries (Fig. 3).
Cd1 is six-coordinate and anchored by four carboxylate groups
from four different L>~ and two coordinated sulfate anions. Cd2
is also six-coordinated, and anchored by four carboxylate groups

View Article Online
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Fig. 3 Coordination environment around the Cd(1) ions in 2.
Symmetry codes: #1:2 —x,y, 15—z, #2:2 —x,1—-y,2 — z, #3: 1.5 — x,
05—y, 2—2z #4:05+x,05—-y,05+z #5:1—x,y, 15—z #6: -05
+x,-05+y,z #7:15—-x, -05+y, 15—z

from four different ligands and two coordinated sulfate anions.
The Cd-O distances vary from 2.446(6) to 2.194(8) A, and the O-
Cd-O angles are in the range from 53.5(3)° to 180.0°.

Similar to that of 1, an infinite 1D rod-shaped SBU chain is
formed by the carboxylate of L>~ and sulfate with Cd(u) ions in 2
(Fig. 4a). These 1D SBUs based on Cd1l and Cd2 are further
extended by the organic linker to a 3D porous network, where
the dimethylammonium cations and sulfate are included
(Fig. 4b). Topologically, the linkers can be viewed as seven-
connected nodes, and the centre metal ions (Cd1l and Cd2)
can act as 5,6-connected nodes, respectively. Thus, the structure
of 2 can be simplified as a 3-nodal (5,6,7)-connected new
topological net with a point symbol of
(3*-47-5%-6)(3*-4%-5"-6'°)(3"-4*-5*- 6”) (Fig. 4c).

3.3 Crystal structure of [Cd(HL)(H,0)]-0.5H,0 (3)

Compound 3 crystallizes in the triclinic space group P1. The
asymmetric building unit of 3 contains one Cd(u) center, one
partly deprotonated HL*>~ ligand, one coordination water mole-
cule, and a half free water molecule. Each centre Cd(u) is sur-
rounded by six oxygen atoms from four different carboxylate
groups of four HL*>~ ligands and one water molecule (Fig. 5). The
lengths of Cd-O bonds are in the range of 2.375(7)-2.194(8) A.

Fig. 2

(@) The 1D rod-shaped SBU in 1. (b) The 3D microporous
framework of 1. (c) The (4,5)-connected topology network.

This journal is © The Royal Society of Chemistry 2017

Fig.4 (a) The 1D chain SBU in 2. (b) The 3D framework of 2. (c) (5,6,7)-
connected topological network.
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Due to the existence of deprotonated HL>~ ligand in 3,
a dimeric SBU is only formed by the carboxylate of HL>~ ligands
and Cd(u) ions (Fig. S1a, ESIT). The dimeric units are bridged by
the linkers to yield a 2D layer (Fig. 6a). Both the linkers and the
centre Cd(u) can be viewed as four-coordinated nodes, and the
framework forms an uninodal (4,4)-connected sql topology with
the point symbol of (4*-6) (Fig. 6b). Further, these 2D layers
further are stacked together via hydrogen bonding O7-H7B---
02 and O7-H7A:--03 to construct a 3D supramolecular frame-
work (Fig. S1b, ESIt).

3.4 Coordination modes of H;L ligand in complexes 1-3

The comparative structural studies of 1-3 reveal that the coor-
dination mode of H;L is significantly influenced by the central
metals and the solvent environment in the formation of
frameworks. The H;L in 1 and 2 is fully deprotonated, and
connect six metal ions. In contrast, the H;L in 3 is partly
deprotonated, and connect four metal ions. As shown in
Scheme 2, the three carboxylates of L~ coordination fashions
to connect with the centre Cd(u) ions. In 1, the three carboxyl-
ates of L*~ exhibit two different coordination modes: chelating
bidentate (n’u;%®) and bridging tridentate (n’u,y>®). In 2, the
three carboxylates of L’~ present two different coordination
modes: bridging bidentate (n’u,*) and bridging tetradentate
(M*usx*) modes. In 3, the three carboxylates of HL>~ exhibit
three different coordination modes: monodentate (nlulxl)
chelating monodentate (n’u;*) and bridging bidentate
(M*u2%?). The structures of 1-3 suggest that not only H;L coor-
dinate with the different number of metal ions, the different
coordination modes of carboxylates play an important role in
determining the distinction of final structural topologies. In
addition, the coordinated solvents also significantly influence
the structures of the frameworks, that is, there is one coordi-
nated SO, anion in 2 and four H,O molecules in 1. The
difference of the coordination solvents affects the coordination
environment of the central metals and coordination modes of
ligands, leading to different structures.

3.5 PXRD and thermal analyses

The PXRD patterns show that the peak positions of the obtained
crystalline samples of 1-3 match well with the simulated from

02#1
O5#3

O3i#2

04#2

06 | / \ NG y)

é S,

05

Fig.5 Coordination environment of Cd(i) ions in 4. Symmetry codes:
#1—x, =y, —z, #2:. -1 —Xx, -y, 1 —z #3: -1+ x, -1+y, z
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Fig. 6

(a) The 2D layer of 3. (b) The (4,4)-connected network.

the single-crystal data, manifesting the phase purity of the
synthesized samples (Fig. S2, ESIt). TGA on 1-3 were performed
in a N, atmosphere from 30 to 700 °C (Fig. S3, ESIT). Complex 1
indicates a weight loss of 12.6% in the range of 30-130 °C,
which consists of the release of one DMF and four coordinated
H,0 molecule per formula unit (caled 12.1%). 2 released two
coordinated SO,>~ anion and three H,N(Me), cations between
30 and 375 °C with a weight loss of 36.6% (calcd 36.2%). For 3, it
lost one coordinated water and half lattice water molecule from
30 to 110 °C with a weight loss of 5.1% (caled 5.5%), and the
major framework is stable up to 365 °C and then begins to
collapse.

3.6 Gas adsorption and discussion

To obtain the guest-free phase of 1a, 1 was soaked in CH,Cl, for
7 days and subsequent heating at 150 °C under vacuum for 6 h,
which is evidenced by the TGA curve of 1a (Fig. S3a, ESIt). The
IR of 1a (Fig. S4, ESIT) shows that the lack of characteristic C=0
vibration of DMF reveals that the disordered solvent has been
removed from the nanotubes. The structure integrity of 1a has
also been verified by the PXRD experiment (Fig. S2a, ESIT).

To verify the porosity of 1a, the sorption isotherms of N,,
CO,, and CH, were measured at different temperatures. As
shown in Fig. S6 (ESIT), the lower N, uptake (28.69 cm?® g™ ') of
la at 77 K and 1 bar may be due to the strong interactions of
incoming guest molecules with the pore windows at 77 K, which
prevents the next incoming guest molecules from entering into
the pore. On the basis of the N, adsorption isotherm, the
Brunauer-Emmett-Teller (BET) and Langmuir surface areas are
17.06 m> g~ " and 26.22 m* g~ ', respectively. At 195 K, 1a exhibits
the stepwise gas adsorption toward CO, gas, and the second
uptake occurs around P/Torr = 300 mmHg, showing an uptake of
81.8 cm® g~ ! (16.67 wt%) which is more than that of the CH,

— .

Sol 2 Pl e

—°
Y

! 7 3 1

(a) (b) (c)

Scheme 2 The different coordination modes of 1 (a), 2 (b) and 3 (c).

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) The adsorption isotherms of 1a (CO, and CHy,) at 195 K. (b)

The adsorption isotherms of CO, and CH4 at 273 and 298 K. (c) IAST
adsorption selectivity of 1a for equimolar mixtures of CO, and CH,4 at
298 K. (d) Isosteric heat of CO, adsorption for 1a by the virial equation
from the adsorption isotherms at 273 and 298 K.

uptake (11.39 cm® g, 0.8 wt%). Such dynamic behaviors of
layers are responsible for adsorption-induced gate-opening
effects in MOF materials, which is associated with the flexibility
of the frameworks. Thus, the activated sample of 1a appears to be
the semi-closed form, and then undergoes the structural trans-
formation to the open or as-synthesized form once the material
obtains sufficient energy from gas adsorbate molecules to over-
come energy barrier.””** Meanwhile, there is a marked broad
hysteresis, confirming that the adsorbed CO, is not immediately
released on reducing the external pressure and is thus trapped

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Luminescent emission spectra of the free ligand HsL (black), 1
(blue), 2 (red), and 3 (green) in the solid state at room temperature.

within the framework at very low pressures. The possible reason
for the stepwise and hysteretic sorption isotherms of the material
is related to the framework of 1a with the shrunken pores, and
the host structure may expand above the gate opening pressure,
which should be another typical example of the breathing
MOFs.* Such adsorption selectivity is also more evident at high
temperatures. The CO, uptake are 22.12 cm® g~ (4.31 wt%) at
273 K and 11.14 em® g~ " (2.21 wt%) at 298 K and 1 bar. Mean-
while, the CH,, uptakes are 6.0 cm® g~ " (0.41 wt%) at 273 K and
2.37 (0.17 wt%) at 298 K and 1 bar (Fig. 7b).

Most interestingly, the examination of CO, and CH, sorption
reveals that there is indeed existence of selectivity for respective
sorbate molecules at different temperature. 1a shows high
adsorption selectivity for CO,/CH, at 298 K, as shown in Fig. 7c.
The adsorption selectivities are calculated via the ideal
adsorption solution theory (IAST)**?* (Fig. S7, ESIt). For an
equimolar mixture, the CO,/CH, selectivity is estimated as 5.6
at 298 K. The isosteric heat (Qs) of CO, adsorption was calcu-
lated by the virial equation from the sorption isotherms at
298 K. At initial coverage, Qs start at 30.0 k] mol~*, however, as
the CO, uptakes rise up to 11.16 mmol g~ ', the Q reaches to
24.1 k] mol ™" (Fig. 7d). This value is superior to those MOFs
decorated by typical active site such as Lewis basic sites (LBSs)
and OMSs, for example Cu(bcppm) (29 kJ mol™'),* PCN-88
(27 kJ mol"),* PCN-16 (22.5 kJ mol ') and Zn-MOF-74
(30 k] mol "),*® but much lower than those of some high
polarity  functionalized MOFs, such as CuBTTri-en
(80 k] mol™")* MIL-100 (60 k] mol '), and MIL-101
(45 k] mol™").?” The high enthalpies of CO, enthalpies is
mainly due to that the frameworks owns highly polar and
specific interactions with CO, because of its large quadrupole
moment. Overall, this study provided theoretical prediction in
CO, capture and the fact that 1a has high selectivity of CO,,
indicating that this material may be a promising adsorbent in
the biogas treatment and natural gas clean up.

3.7 Luminescence properties

MOFs including d'° ions have been become the potential fluo-
rescent materials in the optical field.*® Thus, the solid-state
luminescence properties of the three MOFs and H;L ligand
were studied at room temperature (Fig. 8). The maximum

RSC Adv., 2017, 7, 46125-46131 | 46129
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emission peaks of the free H;L ligand and 1-3 are observed at
~416 nm for H;L ligand (Aex = 356 nm), ~410 nm for 1 (Aex =
350 nm), ~375 nm for 2 (A, = 338 nm) and ~390 nm for 3 (Aex =
337 nm), respectively. The maximum emissions of 2 and 3 are
obviously blue shifted compared to those of H;L ligand, which
may arise from ligand-to-metal charge transfer (LMCT).
Furthermore, the luminescence of 1 is similar to that of the free
ligand, which is probably attributed to the intraligand transi-
tions modified by metal coordination.*

4 Conclusion

In summary, three new luminescent MOFs including Cd(u) ions
have been successfully assembled via a symmetrical tricarbox-
ylate H;L ligand. Because of the reactions in different solvent
systems, L> /HL®> in 1-3 show the different coordination
modes to form various SBUs in the final structures. Interest-
ingly, complex 1 possesses two 1D open channels with different
shapes. More importantly, the desolvated framework 1a
displays permanent porosity with suitable pore size, which
affords CO, loading and selective capture for CO, over CH, at
273 K. Herein, this work indicates that the unique structures
and gas selectivity for CO, may draw attention to the fabrication
of functional MOF materials.
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