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ABSTRACT: We report a rare example of a sulfonate-based metal-organic framework (MOF) possessing a prototypical primitive-
cubic topology, constructed with Jahn-Teller distorted Cu(II) centers and a mixed-linker (organosulfonate and N-donor) system.  
The inherent high-polar, permanent porosity contributes to the highest reported CO2 sorption properties to date among organosul-
fonate-based MOFs, outperforming the benchmark carboxylate MOF counterpart.  Importantly, density functional theory calcula-
tions confirm that the CO2-sulfonate interaction plays an important role in CO2 capture.  Indeed, the hydrothermal product demon-
strates high robustness over a wide range of pH as well as aqueous boiling conditions, overcoming the moisture sensitivity of con-
ventional Cu2 paddlewheel-based MOFs.  In addition, bulk synthesis of this material has been successfully achieved on the gram-
scale (>1 g) in a single batch with high yield.  Combining the high CO2 affinity and robustness nature, this sulfonate porous materi-
al is also an efficient, recyclable heterogeneous catalyst for CO2 fixation to form cyclic carbonates under ambient conditions. 

INTRODUCTION 

MOFs provide a versatile platform for tuning the 
chemical functionality of pore surfaces, thus garnering 
increasing attention for applications in gas storage,1,2 
molecular separation,3,4 sensing,5,6 and catalysis.7,8  Overall, 
the architecture of the numerous carboxylate-based MOFs is 
well-defined with reticular chemistry, partly due to their prom-
inent metal-carboxylate secondary building units (SBUs).9  As 
a result, the chelation of the carboxyl organic linkers to metal 
ions gives non-polar porosity that is much more typically 
observed in MOFs (Figure 1, left).  Though some 
functionalizations may be achieved via presynthetic or 
postsynthetic modification under mild conditions, they usually 
require sophisticated multiple-step synthesis as well as 
significant sacrifice in porosity.10-12 

In contrast to carboxylate-based MOFs, sulfonate-based 
MOFs have been significantly less investigated and exhibit a 
lower degree of structural predictability, attributable to the 
versatile coordination modes of the sulfonate monoanions 
(RSO3

−) to the metal.13  However, permanently porous MOFs 
constructed with organosulfonates (i.e. alkylsulfonates or 
aromatic sulfonates) as organic linkers may offer a functional 
platform to highly polar pore surfaces (Figure 1, right), 

including potential applications in chemical 
recognition/separation as well as ionic conductivity.14  
Nevertheless, the vast majority of sulfonate frameworks hold a 
densely packed structure and/or a low-dimensional topology.15  
Among the rather confined examples of 3-D sulfonate-based 
open frameworks, permanent porosity has rarely been 
confirmed via complete guest-free activation, Brunner-
Emmet-Teller (BET) measurements, or gas adsorption; thus, 
they are not widely recognized within the realm of MOFs.16,17  
In addition, no systematic investigation has been made to 
study the molecular selectivity of a sulfonate-based 
prototypical MOF in comparison with its carboxylate 
counterpart. 

Carbon dioxide (CO2), the anthropogenic-emitted gas, 
has been recognized as the primary contributor to global 
warming.18  The development of CO2 capture and 
sequestration (CCS) technologies is imperative to selectively 
capture CO2 from existing emission sources.19  In addition, the 
well-designed chemical transformation of captured CO2 into 
commercially relevant chemicals is of vital importance to 
utilize CO2 as a renewable C1 feedstock.20,21  Owing to the 
high energy-cost, corrosion and toxicity of conventional 
amine-based wet-scrubbing systems for CO2 capture, 
extensive efforts have been made to discover new solid-state 

Page 1 of 7

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

materials for advanced CCS technologies.22  MOFs are 
potentially the ideal candidates for the next-generation CO2 
capture and conversion materials due to their exceptionally 
high surface area, gas sorption capacity and chemical 
tunability.23,24  Decorating the pore surfaces with strongly 
polarizing groups is favorable to enhance CO2 capture 
capabilities of MOFs.1  Meanwhile, employing MOFs as 
bifunctional materials to catalytically convert the captured 
CO2 to high-value chemicals is rather limited at present, 
especially under very mild reaction conditions.25-30 

 

 
 

Figure 1. Left: typical binding mode of metal-carboxyl 
units of carboxylate-based MOFs. Right: binding mode of 
metal-sulfonate units of the sulfonate-based MOF in this study. 

 

Herein, we employ a mixed-linker strategy to synthesize 
a rare sulfonate-based 3-D Cu(II)-MOF possessing 
interconnected square channels. Using Cheetham et al.’s 
proposed nomenclature,31 the sulfonate MOF possesses an 
“I0O3” connectivity, giving a prototypical primitive-cubic 
topology with 2-fold interpenetration. Importantly, the 
permanent porosity of this material can be successfully 
activated and reveals significantly enhanced CO2 affinity with 
respect to its carboxylate-based MOF counterparts.  Utilizing 
dispersion-corrected density functional theory (DFT) 
calculations and molecular dynamics simulation,32-34 we 
further determine the CO2 adsorption sites and the calculated 
CO2 adsorption free energy, which is highly consistent with 
the experimental results.  Moreover, this hydrothermally 
synthesized material exhibits a high thermal and chemical 
stability, unlike conventional carboxylate MOFs built with Cu2 
paddlewheel SBUs.  Taking advantage of the highly robust 
nature and strong CO2 affinity of the material, the embedded 
Lewis acidic sites achieve efficient and reusable 
heterogeneous catalysis to convert captured CO2 into cyclic 
carbonates under ambient conditions. 

 

RESULTS AND DISCUSSION 

Hydrothermal reaction of Cu(NO3)2, 4,4’-bipyridine 
(bpy), and disodium 1,2-ethanedisulfonate (EDSNa2) afforded 
blue cubic crystals of [Cu(bpy)2(EDS)]n, which we denote as 
TMOF-1 (TMOF=Tongji-MOF).  Employing a flexible 
sulfonate-based organic linker (instead of rigid terephthalate-
type linkers in carboxylic MOFs) is necessary, likely due to 
the tilted coordination direction of linear organosulfonate 
linkers towards the metal centers (Figure 1).  The high yield 
and phase purity of TMOF-1 was evidenced by experimental 
powder X-ray diffraction (PXRD), which matches well with 
the theoretical pattern simulated from single-crystal data 
(Figure 2).  In addition, refluxing the reaction solution without 

applied pressure was used to synthesize TMOF-1 with high 
crystallinity. Importantly, bulk refluxing synthesis of TMOF-1 
at the gram-scale (> 1 g) was successfully achieved in a single 
batch with a comparable yield (see details in experimental 
section, ESI). 

 

 
Figure 2. PXRD patterns of TMOF-1. 

 

X-ray crystallography reveals TMOF-1 is a covalently-
bonded 3-D framework and crystallized in the monoclinic 
space group C2.  The overall structure consists of doubly 
interpenetrated nets, where each independent primitive-cubic 
net can be viewed as cationic two-dimensional (4,4)-connected 
brick-like layers [Cu(bpy)]2+ pillared by EDS linkers (Figure 
3).  Each single framework is staggered with respect to one 
another (Figure 4), affording a void space of 21.4% 
(calculated by PLATON35, Figure 4).  Both of the two 
crystallographically independent Cu centers residing in 
TMOF-1 have an octahedral coordination environment.  Four 
ending nitrogens of four separate bpy linkers define a square-
plane around the Cu atoms, while two oxygens of two 
independent EDS ligands bond to Cu in the axial positions to 
complete the octahedral geometry.  To note, only one oxygen 
of each sulfonate coordinates to the Cu centers, and the axial 
Cu-O bonds are significantly elongated with atomic distances 
of 2.309(3)~2.414(3) Å owing to its d9 Jahn-Teller distortion. 

Successful activation of the permanent porosity within 
TMOF-1 was carried out under vacuum at 105 °C, as 
evidenced by the agreement of the PXRD patterns of the 
activated sample and simulated data from X-ray 
crystallography (Figure S1).  TMOF-1 exhibited an overall 
BET surface area of 256±5 m2/g with a reversible type I 
sorption isotherm using Ar at 87 K or N2 at 77 K, 
demonstrating its microporous nature (Figures 5a and S2).  
Since the high-density and strong polarity of the sulfonate 
groups in TMOF-1 would significantly promote the affinity of 
CO2 to have a quadrupole moment, we systematically 
investigated the affinity of TMOF-1 towards CO2.  Based on 
low-pressure CO2 sorption isotherms (Figure 5b), TMOF-1 
showed CO2 uptake of 104.2 cm3/g (297.4 mg/g) at 200K, 
47.1 cm3/g (98.6 mg/g) at 273 K, 32.4 cm3/g (62.0 mg/g) at 
298 K and 27.7 cm3/g (51.5 mg/g) at 308 K under 1 bar, 
respectively.  To the best of our knowledge, these numbers are 
the highest among organosulfonate-based MOFs.  Meanwhile, 
they are not comparable to the highest values in the realm of 
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carboxylate-based MOFs largely due to the relatively limited 
void space of TMOF-1.23,24  Nevertheless, the CO2 uptake of 
TMOF-1 at 298 K and 1 bar is higher than reported 
carboxylate MOFs with comparable surface areas (e.g. MOF-
236) as well as some highly porous benchmark carboxylate 
MOFs (e.g. IRMOF-3,36 UMCM-1,37 and MIL-10138).  

 
Figure 3. Crystallographic view of a single net of 

TMOF-1 (hydrogens are omitted for clarity; Cu, cyan; C, gray; 
S, yellow; O, red; N, blue): a) one single primitive-cubic net; b) 
a single primitive extended framework viewed along the a axis.  

The variable-temperature CO2 adsorption isotherms re-
veal the zero-coverage isosteric heat of adsorption (Qst) of 
TMOF-1 to be 30.9 kJ/mol, computed using the Clausius-
Clapeyron equation39 (Figure 5b).  Compared to literature val-
ues, the Qst of TMOF-1 is higher than most of the 
unfunctionalized carboxylate-based MOFs without exposed 
metal sites or amine functionality, confirming the high affinity 
of TMOF-1 towards CO2.

23,24  In addition, after soaking 
TMOF-1 in 1 bar CO2 for 1 h at room temperature, the materi-
al exhibited a characteristic CO2 absorption band at 2335 cm-1 
in the infrared spectrum, confirming the strong interaction 
between CO2 and TMOF-1 even under ambient conditions 
(Figure S3).40  Besides CO2 sorption, the H2 sorption isotherms 
of TMOF-1 exhibits steep increase at low pressure with a Qst 
of 9.0 kJ/mol, resulting in H2 uptake capacities of 0.9 wt.% (77 
K, 1 bar) and 0.75 wt.% (87 K, 1 bar) (Figure 5d).  The high 
Qst value is likely related to the increased H2-host interaction, 
due to the narrow pore size from the 2-fold interpenetration.2 

 
Figure 4. Crystallographic view of the 2-fold interpenetrated 
TMOF-1: a) a single primitive-cubic net staggered with 
another cubic net; the nets are presented in yellow and orange; 
d) representation of the doubly interpenetrated extended 
frameworks; the networks are presented in green and brown. 

In order to examine in detail the interaction between CO2 
and embedded sulfonate moieties in TMOF-1, we employed 
both control experiments and DFT calculations. First, we 
synthesized a doubly-interpenetrated carboxylate-based Cu(II) 
MOF, [Cu2(bpy)(bdc)2]n [MOF-508b(Cu)], which possesses 
the same N-donor ligand and a prototypical primitive-cubic 
topology as well.41  Despite the fact that its BET surface area 
is slightly higher than that of TMOF-1 (364 m2/g vs. 256 m2/g, 
respectively, Figure S4), its CO2 uptake value at 298 K and 1 
bar is less than 40% compared to TMOF-1 (Figure 5c).  More 

importantly, the zero-coverage Qst of this carboxylate MOF is 
as low as 19.2 kJ/mol, measured using variable-temperature 
CO2 sorption under identical conditions.  This value agrees 
well with the literature value (15~19 kJ/mol) of the 
isostructural MOF-508b(Zn).42,43

 

 

 
Figure 5. Gas sorption of TMOF-1: a) Ar sorption 

isotherm at 87K; b) CO2 sorption isotherms at 200K (green), 
273K (yellow), and 298K (red); the inset is the Qst of CO2 
adsorption; c) CO2 sorption isotherms of TMOF-1 at 298K 
(black) and 308K (gray), as well as [Cu2(bdc)2(bpy)]n [MOF-
508b(Cu)] at 298K (magenta) and 308K (light magenta); d) H2 
adsorption isotherms at 77K (black) and 87K (gray); the inset 
is the Qst of H2 adsorption. 

 

In addition to control experiments of CO2 capture, we 
performed first-principle calculations based on dispersion-
corrected DFT to investigate the CO2 binding sites residing in 
TMOF-1 (see ESI for calculation details).  By adding CO2 
molecules into the cavity of TMOF-1, we discovered that the 
adsorbed CO2 inside TMOF-1 reaches up to 4 molecules per 
unit cell at 298K and 1 bar CO2, which is equivalent to a CO2 
uptake of ~78 mg/g.  The most energetically stable adsorption 
site (two such sites per unit cell) is shown in Figure 6, where 
each CO2 is surrounded by four sulfonate groups from the two 
adjacent EDS linkers, confirming the strong binding between 
CO2 and organosulfonate functionalities.  The calculated free 
energy of adsorption after the correction of vibrational entropy 
and the zero-point energy is 29.2 kJ/mol, which agrees well 
with the experimentally measured Qst (30.9 kJ/mol).  
Importantly, our first principle molecular dynamics simulation 
confirms that these captured CO2 molecules together with 
TMOF-1 are energetically stable at room temperature (Figure 
S5). Adding CO2 above ~39 mg/g capacity, the new additional 
CO2 would reside in the spare porosity adjacent to the 
adsorbed CO2, which are distal (≥ 5.9 Å) to the sulfonate 
groups within the TMOF-1 framework.  These CO2 molecules 
are rather weakly adsorbed, with an adsorption free energy 
value at -3.3 kJ/mol.  The proposed CO2 diffusion channels 
were analyzed as well, based on the MD trajectories (Figure 
S6).  According to computational results, the CO2 molecules 
can easily diffuse through the 3D-interconnected porosity of 
the TMOF-1 with a low free energy barrier (only ~0.3 eV).  
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Overall, the CO2-sulfonate interaction obviously plays an 
important role in the CO2 capture of TMOF-1. 

The thermal stability of TMOF-1 was investigated in 
detail by thermogravimetric ananlysis (TGA) and ex-situ 
PXRD (Figures 2 and S7). A ~10.0% weight loss occurs after 
heating beyond 100 °C, ascribed to the removal of solvent 
H2O molecules in the pores.  The anhydrous phase is stable up 
to ca. 300 °C until the decomposition of bpy and EDS.  Ex-situ 
PXRD of heating TMOF-1 to 260 °C in air confirms the 
retention of the as-synthesized 3-D porous topology (Figure 2). 
The chemical stability of TMOF-1 was examined in polar and 
non-polar boiling solvents (water, methanol, and n-hexane), 
HCl solution (pH=3), and NaOH solution (pH=10).  After 
incubation in these solutions for 24 h, the high crystallinity of 
the primitive cubic topology is well retained, as evidenced by 
PXRD patterns (Figure 2).  Besides PXRD, <10 wt. % 
decrease in mass was observed after the thermal and chemical 
treatment, which is likely due to the solvent loss after 
activation (Table S1).  In order to further confirm the high 
water-stable nature of TMOF-1, in-situ optical microscopy 
was employed to monitor the crystallinity throughout the 
immersion of MOF in acid/base solution (Figure S8).  The size 
and morphology did not change in an observable manner.  
Importantly, the porosity of the material was largely retained 
after refluxing in water, evidenced by BET measurements 
(238 m2/g) using Ar at 87 K (Figure S9).  To note, only a 
limited number of carboxylate-MOFs with permanent porosity 
demonstrate excellent stability in boiling water, or in aqueous 
solutions over a wide-range of pH.12  Indeed, divalent metal 
carboxylate MOFs (e.g. Cu2 or Zn2 paddlewheel) are subject to 
hydrolysis and usually quite soluble in aqueous solution.44 It is 
likely that the typical Jahn-Teller distorted octahedral 
coordination geometry of Cu(II) in our TMOF-1 was less 
susceptible to hydrolysis than the conventional 5-coordinate 
Cu centers in Cu2-paddlewheel SBUs.  

 
Figure 6. The DFT-optimized most stable CO2 binding 

configuration in TMOF-1 (Cu, cyan; C, gray; S, yellow; O, red; 
N, blue). 

 

Given its strong inherent CO2-affinity and highly robust 
nature of TMOF-1, we sought to investigate the embedded 
Cu(II) Lewis acidic sites for CO2-related heterogeneous 
catalytic reactions.  As a benchmark reaction, cycloaddition of 
CO2 and epoxides to form cyclic carbonates is of great 
interests in chemical industry, due to the wide application of 
carbonates in pharmaceuticals.45  High pressure and/or 
temperature are necessary for this CO2 fixation by common 

catalysts, such as metal-salen complexes, metal oxides, and 
zeolites.46,47  A few recent studies employed MOFs as 
promising and efficient catalytic materials to convert captured 
CO2 to cyclic carbonates.25-29  In conjunction with tetra-n-tert-
butylammonium bromide (TBAB) as a co-catalyst under 
ambient conditions (i.e. room temperature, 1 bar), TMOF-1 
exhibited nearly quantitative yield of converting 2-
methyloxirane to the corresponding cyclic carbonate (Table 1, 
entry 1).  The high efficiency of this catalytic activity was 
successfully extended to functionalized (e.g. –CH3, -Cl, or -Br) 
2-methyloxirane substrates (Table 1, entries 2-5).  By 
comparison, these catalytic activities are significantly higher 
than the benchmark Cu(II)-carboxylate MOF, HKUST-1, 
which showed a moderate yield in the range of 50~60%.26,30  
Meanwhile, a control reaction without any catalyst gave 
negligible conversion.  However, for bulky epoxide substrates 
such as styrene oxide, TMOF-1 only gave a yield of 39(3)% 
(Table 1, entry 6).  This lower yield is probably due to the 
steric hindrance on the β-carbon of the substrates, hampering 
nucleophilic attack from TBAB (see mechanism in Figure S10, 
ESI).48  In order to confirm the heterogeneous and reusable 
nature of the catalysis, TMOF-1 demonstrated excellent 
recyclability of converting 2-(chloromethyl)oxirane without a 
significant decrease in yields (86~92%, Figure S11).  Between 
each run, the catalyst was recovered by filtration, rinsed with 
methanol, dried in air, and reused on subsequent reactions 
without further treatment. Importantly, the crystallinity of 
TMOF-1 was maintained after each cycle, as indicated by 
PXRD (Figure S12).  In addition, the filtrate of catalysis 
reactions contained <0.1 ppm Cu, as evidenced by inductively 
coupled plasma-atomic emission spectroscopy (ICP-AES).  
All these results conclude the heterogeneity of the MOF 
catalyst.  Overall, the high efficiency and reusability presented 
here prove that TMOF-1 can catalytically achieve successful 
cycloaddition of captured CO2 to form cyclic carbonates. 

Table 1. TMOF-1 Catalyzed Cycloaddition of CO2 and 
Epoxides to Form Cyclic Carbonatesa 

 
Entry Substrate Product Yield (%)b 

1 
 

 
> 99 

2 
 

 
> 99 

3 
 

 
92(2) 

4 
 

 
95(2) 

5 
 

 
77(3) 

6 
  

39(3) 
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aConditions: 20 mmol epoxide, 1 mol% (based on Cu) TMOF-
1, 10 mol% TBAB, CO2 (1 atm), solvent free, at room 
temperature. 
bYields determined by 1H-NMR, an average value of three 
runs (error in parentheses). 

 

CONCLUSIONS 

In conclusion, a rare example of an organosulfonate-
based 3-D MOF possessing a primitive-cubic topology has 
been realized using a mixed-linker strategy. The resulting 
material can be easily synthesized at the gram-scale with high 
yield.  Importantly, TMOF-1 exhibits permanent and strongly 
polar porosity, thus significantly enhancing CO2 capture 
capability with respect to its carboxylate MOF counterpart. 
Indeed, the sulfonate material also overcomes the moisture 
sensitivity of conventional Cu2 paddlewheel MOFs.  The 
inherent high-polarity pore surface along with the “inert” 
feature of the material allow for excellent catalytic efficiency 
of converting CO2 to cyclic carbonate. Since the MOF 
chemistry is far from mature with many potential applications 
yet to be discovered, the advancement of sulfonate-type 
porous MOFs will likely play an important role in MOF field 
with respect to conventional carboxylate MOFs.  We are 
further extending this synthetic strategy to other multitopic 
organosulfonates, opening up an opportunity for the discovery 
of a new class of sulfonate-functionalized porous materials. 

 

ASSOCIATED CONTENT 

Supporting Information 

Experimental details, and additional characterization. This materi-
al is available free of charge via the Internet at http://pubs.acs.org.  

 

AUTHOR INFORMATION 

Corresponding Author 

HonghanFei: fei@tongji.edu.cn 
Scott R. J. Oliver: soliver@ucsc.edu 
 

Author Contributions 

§These authors contributed equally to this paper. 
 
Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT 

This work was supported by grants from the National Natural 
Science Foundation of China (20501136), the Recruitment of 
Global Youth Experts by China, the Fundamental Research Funds 
for the Central Universities, Science & Technology Commission 
of Shanghai Municipality (14DZ2261100), Shanghai Sailing Pro-
gram (16YF1412300) and Program for Young Excellent Talents 
in Tongji University (2015KJ002). 
 

REFERENCES 

(1) Sumida, K.; Rogow, D. L.; Mason, J.; McDonald, T. 
M.; Bloch, E. D.; Herm, Z. R.; Bae, T.-H.; Long, J. R. Carbon 
Dioxide Capture in Metal–Organic Frameworks. Chem. Rev. 
2012, 112, 724–781. 
(2) Suh, M. P.; Park, H. J.; Prasad, T. K.; Lim, D.-W. Hy-
drogen Storage in Metal–Organic Frameworks. Chem. Rev. 2012, 
112, 782–835. 
(3) Li, J.-R.; Sculley, J.; Zhou, H.-C. Metal–Organic 
Frameworks for Separations. Chem. Rev. 2012, 112, 869–932. 
(4) Qiu, S.; Xue, M.; Zhu, G. Metal–Organic Framework 
Membranes: From Synthesis to Separation Application. Chem. 
Soc. Rev. 2014, 43, 6116–6140. 
(5) Kreno, L. E.; Leong, K.; Farha, O. K.; Allendorf, M.; 
Van Duyne, R. P.; Hupp, J. T. Metal–Organic Framework Materi-
als as Chemical Sensors. Chem. Rev. 2012, 112, 1105–1125. 
(6) Hu, Z.; Deibert, B. J.; Li, J. Luminescent Metal–
Organic Frameworks for Chemical Sensing and Explosive Detec-
tion. Chem. Soc. Rev. 2014, 43, 5815–5840. 
(7) Yoon, M.; Srirambalaji, R.; Kim, K. Homochiral Metal–
Organic Frameworks for Asymmetric Heterogeneous Catalysis. 
Chem. Rev. 2012, 112, 1196–1231. 
(8) Zhang, T.; Lin, W. Metal–Organic Frameworks for 
Artificial Photosynthesis and Photocatalysis. Chem. Soc. Rev. 
2014, 43, 5982–5993. 
(9) O'Keeffe, M.; Yaghi, O. M. Deconstructing the Crystal 
Structures of Metal–Organic Frameworks and Related Materials 
into Their Underlying Nets. Chem. Rev. 2012, 112, 675–702. 
(10) Cohen, S. M. Postsynthetic Methods for the Functional-
ization of Metal–Organic Frameworks. Chem. Rev. 2012, 112, 
970–1000. 
(11) Deria, P.; Mondloch, J. E.; Karagiaridi, O.; Bury, W.; 
Hupp, J. T.; Farha, O. K. Beyond Post-Synthesis Modification: 
Evolution of Metal–Organic Frameworks via Building Block 
Replacement. Chem. Soc. Rev. 2014, 43, 5896–5912. 
(12) Lu, W.; Wei, Z.; Gu, Z.-Y.; Liu, T.-F.; Park, J.; Park, J.; 
Tian, J.; Zhang, M.; Zhang, Q.; Gentle III, T.; Bosch, M.; Zhou, 
H.-C. Tuning the Structure and Function of Metal–Organic 
Frameworks via Linker Design. Chem. Soc. Rev. 2014, 43, 5561–
5593. 
(13) Shimizu, G. K. H.; Vaidhyanathan, R.; Taylor, J. M. 
Phosphonate and Sulfonate Metal Organic Frameworks. Chem. 
Soc. Rev. 2009, 38, 1430–1449. 
(14) Horike, S.; Matsuda, R.; Tanaka, D.; Mizuno, M.; Endo, 
K.; Kitagawa, S. Immobilization of Sodium Ions on the Pore Sur-
face of a Porous Coordination Polymer. J. Am. Chem. Soc. 2006, 
128, 4222–4223. 
(15) Cote, A. P.; Shimizu, G. K. H. The Supramolecular 
Chemistry of the Sulfonate Group in Extended Solids. Coord. 
Chem. Rev. 2003, 245, 49–64. 
(16) Cote, A. P.; Shimizu, G. K. H. The First Example of a 
Functional Pillared Metal Sulfonate Network. Chem. Commun. 
2001, 251–252. 
(17) Dalrymple, S. A.; Shimizu, G. K. H. Anion Exchange in 
the Channels of a Robust Alkaline Earth Sulfonate Coordination 
Network. Chem. Eur. J. 2002, 8, 3010–3015. 
(18) Allen, M. R.; Frame, D. J.; Huntingford, C.; Jones, C. 
D.; Lowe, J. A.; Meinshausen, M.; Meinshausen, N. Warming 
Caused by Cumulative Carbon Emissions towards the Trillionth 
Tonne. Nature 2009, 458, 1163–1166. 
(19) Chu, S. Carbon Capture and Sequestration. Science 
2009, 325, 1599. 
(20) Toshiyasu, S.; Choi, J.-C.; Hiroyuki, Y. Transformation 
of Carbon Dioxide. Chem. Rev. 2007, 107, 2365–2387. 

Page 5 of 7

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

(21) Lu, X.-B.; Darensbourg, D. J. Cobalt Catalysts for the 
Coupling of CO2 and Epoxides to Provide Polycarbonates and 
Cyclic Carbonates. Chem. Soc. Rev. 2012, 41, 1462–1484. 
(22) Rochelle, G. T. Amine Scrubbing for CO2 Capture. 
Science 2009, 325, 1652–1654. 
(23) Nugent, P.; Belmabkhout, Y.; Burd, S. D.; Cairns, A. J.; 
Luebke, R.; Forrest, K.; Pham, T.; Ma, S.; Space, B.; Wojtas, L.; 
Eddaoudi, M.; Zaworotko, M. J. Porous Materials with Optimal 
Adsorption Thermodynamics and Kinetics for CO2 Separation. 
Nature 2013, 495, 80–84. 
(24) McDonald, T. M.; Mason, J. A.; Xiong, X.; Bloch, E. 
D.; Gygi, D.; Dani, A.; Crocella, V.; Giordanino, F.; Odoh, S. O.; 
Drisdell, W. S.; Vlaisavljevich, B.; Dzubak, A. L.; Poloni, R.; 
Schnell, S. K.; Planas, N.; Lee, K.; Pascal, T.; Wan, L. F.; 
Prendergast, D.; Neaton, J. B.; Smit, B.; Kortight, J. B.; Gagliardi, 
L.; Bordiga, S.; Reimer, J. A.; Long, J. R. Cooperative Insertion 
of CO2 in Diamine-Appended Metal-Organic Frameworks. Nature 
2015, 519, 303–308. 
(25) Feng, D.; Chung, W.-C.; Wei, Z.; Gu, Z.-Y.; Jiang, H.-
L.; Chen, Y.-P.; Darensbourg, D. J.; Zhou, H.-C. Construction of 
Ultrastable Porphyrin Zr Metal–Organic Frameworks through 
Linker Elimination. J. Am. Chem. Soc. 2013, 135, 17105–17110. 
(26) Gao, W.-Y.; Chen, Y.; Niu, Y.; Williams, K.; Cash, L.; 
Perez, P. J.; Wojtas, L.; Cai, J.; Chen, Y.-S.; Ma, S. Crystal Engi-
neering of an nbo Topology Metal–Organic Framework for Chem-
ical Fixation of CO2 under Ambient Conditions. Angew. Chem. 
Int. Ed. 2014, 53, 2615–2619. 
(27) Beyzavi, M. H.; Klet, R. C.; Tussupbayev, S.; Borycz, 
J.; Vermeulen, N. A.; Cramer, C. J.; Stoddart, J. F.; Hupp, J. T.; 
Farha, O. K. A Hafnium-Based Metal–Organic Framework as an 
Efficient and Multifunctional Catalyst for Facile CO2 Fixation and 
Regioselective and Enantioretentive Epoxide Activation. J. Am. 
Chem. Soc. 2014, 136, 15861–15864. 
(28) Jiang, Z.-R.; Wang, H.; Hu, Y.; Lu, J.; Jiang, H.-L. 
Polar Group and Defect Engineering in a Metal–Organic Frame-
work: Synergistic Promotion of Carbon Dioxide Sorption and 
Conversion. ChemSusChem 2015, 8, 878–885. 
(29) Zheng, J.; Wu, M.; Jiang, F.; Su, W.; Hong, M. Stable 
Porphyrin Zr and Hf Metal–Organic Frameworks Featuring 2.5 
nm Cages: High Surface Areas, SCSC Transformations and Catal-
yses. Chem. Sci. 2015, 6, 3466–3470. 
(30) Li, P.-Z.; Wang, X.-J.; Liu, J.; Lim, J. S.; Zou, R.; Zhao, 
Y. A Triazole-Containing Metal–Organic Framework as a Highly 
Effective and Substrate Size-Dependent Catalyst for CO2 Conver-
sion. J. Am. Chem. Soc. 2016, 138, 2142–2145. 
(31) Cheetham, A. K.; Rao, C. N. R.; Feller, R. K. Structural 
Diversity and Chemical Trends in Hybrid Inorganic–Organic 
Framework Materials. Chem. Commun. 2006, 4780–4795. 
(32) Kresse, G.; Furthmuller, J. Efficiency of ab-initio Total 
Energy Calculations for Metals and Semiconductors Using a 
Plane-Wave Basis Set. Comput. Mater. Sci. 1996, 6, 15–50. 
(33) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the 
Damping Function in Dispersion Corrected Density Functional 
Theory. J. Comput. Chem. 2011, 32, 1456–1465. 
(34) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A 
consistent and accurate ab initio parametrization of density 
functional dispersion correction (DFT-D) for 94 elements H-Pu.  
J. Chem. Phys. 2010, 132, 154104. 

(35) Spek, A. L. PLATON, An Integrated Tool for the 
Analysis of the Results of a Single Crystal Structure 
Determination. Acta Cryst. Sec. A 1990, A46, c34. 
(36) Millward, A. R.; Yaghi, O. M. Metal−Organic Frame-
works with Exceptionally High Capacity for Storage of Carbon 
Dioxide at Room Temperature. J. Am. Chem. Soc. 2005, 127, 
17998–17999. 
(37) Yazaydin, A. O.; Snurr, R. Q.; Park, T.-H.; Koh, K.; 
Liu, J.; LeVan, M. D.; Benin, A. I.; Jakubczak, P.; Lanuza, M.; 
Galloway, D. B.; Low, J. J.; Willis, R. R. Screening of Met-
al−Organic Frameworks for Carbon Dioxide Capture from Flue 
Gas Using a Combined Experimental and Modeling Approach. J. 
Am. Chem. Soc. 2009, 131, 18198–18199. 
(38) Chowdhury, P.; Bikkina, C.; Gumma, S. Gas 
Adsorption Properties of the Chromium-Based Metal Organic 
Framework MIL-101. J. Phys. Chem. C 2009, 113, 6616–6621. 
(39) Pan, H.; Ritter, J. A.; Balbuena, P. B. Examination of 
the Approximations Used in Determining the Isosteric Heat of 
Adsorption from the Clausius−Clapeyron Equation. Langmuir 
1998, 14, 6323–6327. 
(40) Vimont, A.; Travert, A.; Bazin, P.; Lavalley, J.-C.; 
Daturi, M.; Serre, C.; Ferey, G.; Bourrelly, S.; Llewellyn, P. L. 
Evidence of CO2 Molecule Acting as an Electron Acceptor on a 
Nanoporous Metal–Organic-Framework MIL-53 or 
Cr3+(OH)(O2C–C6H4–CO2). Chem. Commun. 2007, 3291–3293. 
(41) Sakata, Y.; Furukawa, S.; Kondo, M.; Hirai, K.; Horike, 
N.; Takashima, Y.; Uehara, H.; Louvain, N.; Meilikhov, M.; 
Tsuruoka, T.; Isoda, S.; Kosaka, W.; Sakata, O.; Kitagawa, S. 
Shape-Memory Nanopores Induced in Coordination Frameworks 
by Crystal Downsizing. Science 2013, 339, 193–196. 
(42) Barcia, P. S.; Bastin, L.; Hurtado, E. J.; Silva, J. A. C.; 
Rodrigues, A. E.; Chen, B. Single and Multicomponent Sorption 
of CO2, CH4 and N2 in a Microporous Metal-Organic Framework. 
Sep. Sci. Technol. 2008, 43, 3494–3521. 
(43) Bastin, L.; Barcia, P. S.; Hurtado, E. J.; Silva, J. A. C.; 
Rodrigues, A. E.; Chen, B. A Microporous Metal-Organic 
Framework for Separation of CO2/N2 and CO2/CH4 by Fixed-Bed 
Adsorption.  J. Phys. Chem. C 2008, 112, 1575–1581. 
(44) Nguyen, J. G.; Cohen, S. M. Moisture-Resistant and 
Superhydrophobic Metal−Organic Frameworks Obtained via 
Postsynthetic Modification. J. Am. Chem. Soc. 2010, 132, 4560–
4561. 
(45) Yoshida, M.; Ihara, M. Novel Methodologies for the 
Synthesis of Cyclic Carbonates. Chem. Eur. J. 2004, 10, 2886–
2893. 
(46) Decortes, A.; Castilla, A. M.; Kleij, A. W. Salen-
Complex-Mediated Formation of Cyclic Carbonates by Cycload-
dition of CO2 to Epoxides. Angew. Chem. Int. Ed. 2010, 49, 
9822–9837. 
(47) Xie, Y.; Wang, T.-T.; Liu, X.-H.; Zou, K.; Deng, W.-Q. 
Capture and Conversion of CO2 at Ambient Conditions by a 
Conjugated Microporous Polymer. Nat. Commun. 2013, 4, 1960. 
(48) Xie, Y.; Zhang, Z.; Jiang, T.; He, J.; Han, B.; Wu, T.; 
Ding, K. CO2 Cycloaddition Reactions Catalyzed by an Ionic 
Liquid Grafted onto a Highly Cross-Linked Polymer Matrix. 
Angew. Chem. Int. Ed. 2007, 46, 7255–7258. 

 

 

 

Page 6 of 7

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

 

7

 

SYNOPSIS TOC  

 

 

 

Page 7 of 7

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


