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A water stable microporous metal-organic
framework based on rod SBUs: synthesis,
structure and adsorption propertiesy

Jiagi Yuan,? Li Mu,® Jiantang Li,? Lirong Zhang,? Guanghua Li,
Qisheng Huo? and Yunling Liu @ *2

A novel water stable porous metal-organic framework (MOF), [Cuz(OH),(IBA),(CH3COO),|-DMA (1) (HIBA =
4-(imidazol-1-yl)-benzoic acid, DMA = N,N-dimethylacetamide), has been solvothermally synthesized and
structurally characterized. The framework of compound 1 is constructed from rod SBUs with a new (5,8)-
connected topology. Compound 1 exhibits exceptional chemical stability under various conditions (organic
solvents, water, boiling water or pH = 1-8 acidic and basic aqueous solutions). Meanwhile, it exhibits good
selectivity for CO, over CH,4 (6.6 for CO,/CH,4 = 0.5/0.5 and 5.8 for CO,/CH,4 = 0.05/0.95 under 1 bar at
298 K). The excellent stability of compound 1 is of extreme importance for its practical industrial

rsc.li/crystengcomm applications.

Introduction

In the past two decades, porous metal-organic frameworks
(MOFs), as an arising class of functional materials, which are
made up of inorganic metal ions or clusters connected by or-
ganic linkers through coordination bonds, have gained con-
siderable attention from both academia and industry." Owing
to their tunable pore size, modifiable pore surface and milder
synthesis conditions, they have exhibited a wide range of po-
tential applications (gas adsorption and separation,” cataly-
sis,® drug delivery," luminescence sensing,” magnetism,® etc.).
As one of the primary greenhouse gases, carbon dioxide
has attracted the attention of scientists all over the world not
only for its possibility to cause global warming, but also be-
cause of the troubles it can cause when using natural gas
since it can lower the energy conversion rate.” Therefore, ef-
fective and selective adsorption of CO, is significant for natu-
ral gas purification.® MOFs, as a new class of sorbent mate-
rials, are quite qualified for such an application demand.
However, most of the earlier reported MOFs, and even
some of the milestone MOFs, such as MOF-5,° are sensitive
to water conditions due to the instability of ligand-metal
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bonds." The structures of MOFs are vulnerable to the attack
of water molecules, which might lead to phase changes, li-
gand displacement and structure decomposition.'’ Com-
pared with porous carbon materials, zeolites and metal ox-
ides, the limited thermal and chemical stability (especially
water stability) of MOFs hampers their popularity in indus-
trial applications, as water or moisture commonly exists in
most industrial processes.'”> Consequently, water stable
MOFs, such as UiO-66,"* NU-1000,'* DUT-51,"" and MIL-
127,'® have been in great demand when considering these
materials for adsorption applications. Although thousands of
different MOFs have been reported in the literature, only a
few of them have high chemical stability, especially water
stability.

Generally, water stable MOFs can be classified into three
categories: (1) metal azolate frameworks with N-donor li-
gands, such as zeolite-like imidazole frameworks (ZIFs);'” (2)
metal carboxylate frameworks consisting of multivalent metal
ions, such as MIL-101 and UiO-66;"*"® and (3) MOFs without
open metal sites or decorated by a hydrophobic pore
surface.''® However, only N-donor ligands, such as imidazole,
can easily form mononuclear metal nodes, just like ZIFs
which are normally constructed from mononuclear Zn(u),
Co(n) and Cd(n). In addition, multivalent metal ions, such as
Cr’* and Zr**, are usually costly and need complex synthesis.
Thus, in order to obtain highly stable and at the same time
structurally diverse MOFs, we choose a linear ligand: HIBA
(HIBA = 4-(imidazol-1-yl)-benzoic acid), which contains both
carboxylate and imidazole groups in consideration of the fol-
lowing points: (1) the multiple coordination mode of the car-
boxylate groups is able to form a variety of multinuclear
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metal nodes; (2) the N-coordination point from the imidazole
group can effectively prevent the formation of open metal
sites and commendably enhance the chemical and thermal
stability of the framework. As a consequence, a novel water
stable porous rod SBU-based metal-organic framework:
[Cu;(OH),(IBA),(CH3CO0),]-DMA (1), has been successfully
synthesized."® Adjacent rod SBUs are connected with each
other via the ligand to form a three-dimensional framework.
Because of the introduction of the imidazole group and the
stable rod SBUs, compound 1 has an exceptional chemical
stability, especially water stability. The outstanding stability
of compound 1 is necessary when considering it for practical
adsorption applications.*” In addition, the adsorption behav-
iour of activated compound 1 for some small gases (CO,,
CH, and C,H) has been analysed. Ideal adsorbed solution
theory (IAST) calculations have also been performed to inves-
tigate the gas selectivity.

Experimental
Materials and methods

All chemicals were obtained from commercial sources and
used without further purification. Powder X-ray diffraction
(PXRD) data were collected using a Rigaku D/max-2550 dif-
fractometer with Cu-K, radiation (1 = 1.5418 A). Elemental
analyses (C, H, and N) were performed by using a vario
MICRO (Elementar, Germany). Thermal gravimetric analyses
(TGA) were performed on a TGA Q500 thermogravimetric an-
alyzer used in air with a heating rate of 10 °C min™".

Synthesis of compound 1

A mixture of Cu(NO;),-3H,O (0.010 g, 0.041 mmol), HIBA
(0.004 g, 0.021 mmol), DMA (1.5 mL), H,O (0.5 mL), and
HNO; (300 pL, 2.2 mL HNO; in 10 mL DMF) was added into
a 20 mL glass vial. The glass vial was sonicated for 10 mi-
nutes until a clear and transparent solution was obtained.
The sealed vial was heated at 105 °C for 36 hours. Green stick
crystals were obtained, and then collected, washed with
DMA, and dried in air. Elemental analysis (%) calc. for
CoH3,CusNgO,: C 40.98; H 3.86; N 8.92, found: C 41.73; H
4.22; N 10.43. The experimental powder X-ray diffraction
(XRD) pattern of compound 1 agrees well with the simulated
one based on the single-crystal X-ray data, indicating that
compound 1 is a pure phase (Fig. S17).

X-ray crystallography

Crystallographic data for compound 1 was collected using a
Bruker Apex II CCD diffractometer with graphite-
monochromated Mo-K, (2 = 0.71073 A) radiation at room
temperature. The structure was solved by direct methods and
refined by full-matrix least-squares on F> using SHELXTL-NT
version 5.1.2° All metal atoms were located first, and then the
oxygen and carbon atoms of the compound were subse-
quently found in difference Fourier maps. The hydrogen
atoms of the ligand were placed geometrically. All non-
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hydrogen atoms were refined anisotropically. The final for-
mula was derived from the crystallographic data combined
with the elemental and thermogravimetric analysis data. The
detailed crystallographic data and selected bond lengths and
angles for compound 1 are listed in Tables S1 and S2, re-
spectively. Topology information for compound 1 was calcu-
lated using TOPOS 4.0."

Gas adsorption measurements

N,, CO,, CH, and C,Hs gas adsorption measurements were
performed on Micromeritics ASAP 2420, Micromeritics ASAP
2010 and Micromeritics 3-Flex instruments. Before gas ad-
sorption measurements, the microcrystalline samples of com-
pound 1 were exchanged with fresh ethanol 8 times for 3
days to completely remove the nonvolatile solvent molecules,
which can be proved by TGA (Fig. S5f). The samples were ac-
tivated by drying under dynamic vacuum at 80 °C for 30 mi-
nutes. Before gas adsorption measurements, the samples
were dried again by using the ‘outgas’ function of the surface
area analyzer for 10 hours at 120 °C.

Results and discussion
Crystal structure descriptions

Single-crystal X-ray diffraction analysis shows that compound
1 crystallizes in the monoclinic crystal system with the space
group C2/c. Structural analysis reveals that there exist novel
1D infinite rod-shaped metal chain SBUs in the crystal struc-
ture. As shown in Fig. 1a, there are two types of Cu(u) atoms
in the rod SBU. One is five-coordinated by two p;-OH, two
carboxylate groups and one nitrogen atom. The other is six-
coordinated by two p;-OH and four carboxylate groups. Satu-
rated coordinated Cu(n) atoms are combined to form a rod-
shaped metal chain, which can be simplified as a series of
edge-sharing octahedra.'®” It is worth noting that the satu-
rated metal ions can effectively improve the stability of the
structure. The angular ligand HIBA links the metal chains to-
gether to form a 3D framework. As shown in Fig. 1b and c,
along the [001] direction, there exists a one-dimensional
channel with a diameter of 6.2 A x 5.3 A considering the van
der Waals radius. The position of four carboxylate carbon
atoms and two nitrogen atoms can be considered to be lo-
cated at the vertices of a distorted octahedron as shown in
Fig. S10.f These edge-sharing octahedra consist of infinite
rod SBUs, which are connected with each other through the
linear ligand HIBA to form a 3D framework. The position of
the N atom can be treated as a 5-c node and the C atom as
an 8-c node. Thus, the whole structure can be described as a
(5,8)-connected binodal network, which belongs to a new to-
pology with a Schlifli symbol of (3*4°.5%6) (3%-4°.5%6°). The
topological characteristics exhibited by the tiles are illus-
trated in Fig. 1d. The total solvent-accessible volume has
been calculated using PLATON. The volume is equal to
3241.3 A® per unit cell, which takes up approximately 24.7%
of the cell volume, exhibiting porosity and offering possibili-
ties for gas adsorption.

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8ce00064f

Published on 16 March 2018. Downloaded on 9/25/2024 1:25:16 AM.

CrysttngComm

a)

(38.42.62.82)  (39) A\ > P [
| 4 >

Fig. 1 Single-crystal structure of compound 1: (a) topology
simplification of the metal chain and the ligand; (b) ball and stick
model of the 3D framework of compound 1 viewed along the [001]
direction; (c) space-filling view of the structure of compound 1 along
the [001] direction; (d) topological features of compound 1 displayed
by tiles and face symbols for yellow and green are (3%.4.2.6%.8%) and
(3.

Thermogravimetric and stability analysis

Thermogravimetric analysis (TGA) measurement indicated
that compound 1 exhibits a three-step weight loss (Fig. S5t).
The first slight weight loss of 6.8% was observed prior to 200
°C, which can be attributed to the removal of guest molecules
(DMA) (caled 6.2%).>> The weight loss of 58.7% between 250
and 400 °C can be associated with the removal of organic li-
gands and structure collapse (caled 59.2%). The last
remaining weight loss at 500 °C of 29.7% is attributed to the
formation of CuO (caled 29.8%).

In order to explore the chemical stability of compound 1,
first, the as-synthesized samples of compound 1 were soaked
in water at room temperature and 105 °C for 3 days, respec-
tively. The corresponding experimental PXRD patterns indi-
cate that the samples still retain their high crystallinity and
agree well with those simulated from the single-crystal struc-
ture data (Fig. 2a), demonstrating the extraordinary water sta-
bility of compound 1. Furthermore, the stability of com-
pound 1 in acidic and basic aqueous solutions was
investigated. As shown in Fig. 2b, the framework of com-
pound 1 can be retained for at least 24 hours in pH 1.0 HCI
and pH 8.0 NaOH solutions, and only a part collapsed after
being soaked for over 48 hours. Also, compound 1 shows
high stability in common organic solvents, including EtOH,
CH;CN, CH3;COCH; and CH,Cl, (Fig. 2c¢). Finally, in order to

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 PXRD patterns of compound 1: after treatment in water at
room temperature and 105 °C (a); after treatment under acidic and
basic conditions (b); after being soaked in different organic solvents for
one week (c); the temperature-dependent PXRD pattern (d).

confirm the thermal stability of compound 1, temperature-
dependent PXRD was conducted. As Fig. 2d shows, the sam-
ples of compound 1 can remain crystalline up to 200 °C.
When it was heated to 250 °C, the framework of compound 1
partly collapsed. Combined with the above research, com-
pound 1 has an excellent chemical and thermal stability.
Compared with many well-known Cu-based MOFs, such as
HKUST-1,>* MOF-14,>* etc., compound 1 performs better in
terms of chemical (especially water) stability. The notable
chemical stability of compound 1 towards water, acidic and
basic conditions indicates that it is a promising material for
practical industrial applications.>®

Gas adsorption and separation behaviors

To verify the porosity of compound 1, N, adsorption mea-
surement was carried out at 77 K. Fig. S21 shows a near type-
I sorption isotherm for N, at 77 K, with an adsorption
amount of 70 cm® g™* at 1 bar. The Brunauer-Emmett-Teller
(BET) surface area was calculated to be 197 m> g ™', while the
Langmuir surface area was 274 m”> g . The micropore vol-
ume is 0.11 cm® g ™', which is close to the theoretical value of
0.17 ecm® g™, In order to prove the stability of compound 1,
N, adsorption measurement of the water-treated samples was
also carried out (Fig. S11}). The N, isotherm type is similar
to the untreated one. The adsorption amount of N, is 45.5
cm?® g™* at 77 K under 1 bar, which is relatively less than the
amount of untreated samples. As shown in Fig. 2a, there are
some little differences in the PXRD patterns between com-
pound 1 and the water-treated samples, indicating that the
framework of compound 1 has been only partly collapsed.
The CO, adsorption performance was explored and the ad-
sorption isotherms are shown in Fig. 3a. The amount of CO,
uptake for compound 1 is 35 and 26 cm® g™* at 273 and 298
K under 1 bar, respectively. To investigate the affinity of the
framework of compound 1 to CO,, the isosteric CO,

CrystEngComm, 2018, 20, 2169-2174 | 2171
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Fig. 3 CO, (a), CH; (c), and C,Hg (d) adsorption isotherms for
compound 1 at 273 K and 298 K under 1 bar; Qg of CO, for

compound 1 (b).
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Fig. 4 CO,, CH4 and C,Hg adsorption isotherms at 298 K along with
the dual-site Langmuir-Freundlich (DSLF) fits (a and c); gas mixture ad-
sorption selectivity is predicted using IAST at 298 K and 100 kPa for
compound 1 (b and d).

adsorption enthalpy (Qs) on compound 1 was calculated
using the virial model (Fig. 3b). Compound 1 shows a near-
zero coverage with a Qg value of 29.6 k] mol ™. This phenom-
enon indicates the strong van der Waals interactions between
the framework and the gas molecules at low pressure.

Due to its good stability, compound 1 has potential stor-
age and selective separation applications for CO, and small
hydrocarbons (CH,, C,Hs, etc.), which are the main compo-
nents of natural gas. The adsorption isotherms of CH, and
C,H, are evaluated at 273 and 298 K under 1 bar. The maxi-
mum adsorption capacities for CH, are 13 and 6 cm® g™ and
for C,H, are 28 and 25 cm® g™, respectively (Fig. 3c and d).
The adsorption capacity for C,Hg is higher than that for CH,.
This adsorption capacity trend of C,Hs > CH, is consistent
with those reported in some previous studies.>® As estimated
from the sorption isotherms at 273 and 298 K, the Qy values
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at zero coverage are 30 and 31 kJ mol ! for CH, and C,H, ad-
sorption, respectively (Fig. S6 and S7+).

In order to evaluate the practical separation ability of com-
pound 1 for CO,, the gas selectivity for CO,/CH, (5% and
95%, 50% and 50%) and C,H¢/CH, was calculated via IAST,
which is a common method used to calculate binary mixture
gas adsorption based on experimental single-component iso-
therms.”” By using the dual-site Langmuir-Freundlich equa-
tion to fit the data (Fig. 4a and c), we successfully made the
models fit the isotherms at 298 K very well (R> > 0.9999).%*
Then, the fitting parameters are used to calculate the multi-
component adsorption with IAST (Table S31). As shown in
Fig. 4b, the selectivity of compound 1 for CO, over CH,
according to the experimental data is 6.6 and 5.8 at 298 K
and 1 bar, which surpass the values for MOF-5, JLU-Liu37
(3.8),> ZJU-60 (5-5.5),>° SNNU-22 (4.5) and many reported
cartbon  materials under the same
conditions.’” Also, the potential separation application of
typical small hydrocarbons is investigated for compound 1
using IAST. As shown in Fig. 4d, the selectivity for C,Hg over
CH, for equimolar mixture is 19 at 298 K and 1 bar.

measurement

Conclusions

In summary, we have successfully solvothermally synthesized
a water stable microporous MOF material with a (5,8)-
connected rod-packing network topology. Compound 1 ex-
hibits satisfactory chemical stability, especially water stabil-
ity, as well as certain adsorption performance for small gases
and good selectivity for CO,/CH,. The excellent stability of
compound 1 is essential for its practical industrial applica-
tions in the field of gas separation in the near future.
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