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Introduction

Metal–organic frameworks (MOFs)—a class of inorganic–organ-
ic hybrid crystalline materials—have sparked much interest

among researchers, owing to their high surface areas, ordered

porous structures, and the versatile tunability of their pore
environments and functionalities, all of which could be imple-

mented by judicious selection of various building blocks for
synthesis by self-assembly,[1] combined optionally with appro-

priate post-synthetic modifications.[2] Generally, metal ions or
clusters act as inorganic nodes, linked by organic bridging li-
gands containing elements such as oxygen, nitrogen, or sulfur.

The highly desirable properties make MOFs promising materi-
als for a wide variety of applications, with excellent performan-
ces in gas sorption/separation,[3] catalysis,[4] luminescence,[5]

sensing,[6] electrochemistry,[7] and magnetism.[8] Among the

above applications, MOFs for sorption-based separation have
made the most progress,[9] especially for selective CO2 cap-

ture.[10] To address the issue of climate change caused by in-

creasing emissions of anthropogenic CO2 into the atmosphere,
carbon capture and storage (or sequestration; CCS) was pro-

posed as a significant route to CO2 mitigation.[11] Great efforts
have been made to develop more advanced solid adsorbents

for CO2 capture,[12] in light to the easy operation conditions,
low energy cost for regeneration, and large working capacity
of MOFs. Given the intrinsic formation of unlimited metal–

ligand combinations in MOFs, they have been known to incor-
porate diverse metal-coordinated clusters, open metal sites,
and many types of functional groups and to allow facile chemi-
cal treatment to form composites, leading to easier design of

targeted materials than for other traditional adsorbents, such
as activated carbon, silica gel, and zeolites.

Among the many known types of MOF, the well-known

MOF-74 family, composed of helical one-dimensional chains of
edge-connected metal–oxygen octahedra bridged by 2,5-dihy-

droxy-1,4-benzenedicarboxylic acid or some analogue to fur-
ther form honeycomb networks, has become one of the most

explored materials for many advanced applications,[13] because
of these materials’ intriguing structural features.[14] Upon re-

moval of solvent molecules at metal sites by heating under

vacuum, the coordination mode could be altered from octahe-
dral to square pyramidal, leaving high-density open metal sites

lining the channel inside.[15] These materials show excellent po-
tential as platforms with Lewis acid sites for gas sorption,[16]

catalysis,[17] or post-synthetic grafting positions of functional
species.[18] Previous studies have demonstrated exceptionally

Three Co-based isostructural MOF-74-III materials with expand-
ed pores are synthesized, with varied extent of fused benzene
rings onto sidechain of same-length ligands to finely tune the

pore sizes to 2.6, 2.4, and 2.2 nm. Gas sorption results for these
highly mesoporous materials show that alternately arranged
fused benzene rings on one side of the ligand could serve as
extra anchoring sites for CO2 molecules with p–p interactions,

conspicuously enhancing CO2 uptake and CO2/CH4 and CO2/N2

selectivity; while more steric hindrance effect towards open

CoII sites were imposed by ligands flanked with fused benzene

rings on both sides, compromising such extra-sites enhance-

ment. In the catalytic conversion of CO2 with propylene oxide
to form propylene carbonate, the as-synthesized MOF-74-
III(Co) with desired properties of highly exposed and accessible

open CoII centers, large mesopore apertures and multi-interac-
tive sites, demonstrated higher catalytic activity compared
with other two MOFs, with benzene rings fused to ligands
hampering the functionality of CoII centers as Lewis acid sites.

Our results highlight the viability of finely tuning the expanded
pores of MOF-74 isostructure and the effect of fused benzene

rings as functional groups onto selective CO2 capture and

conversion.
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high CO2 adsorption of Mg-MOF-74 with open MgII sites at a
concentration of more than 8 mmol g@1 at 298 K and 1 bar,[19]

and amine-appended derivatives have shown even better tun-
ability for CO2 capture under different conditions.[18, 20] Further-

more, the unexpected mechanism of CO2 interaction was veri-
fied by comprehensive experimental analysis.[21] Recent works
have structurally resolved some of the sorption sites and
dynamics of CO2 with frameworks.[20d, 22] However, although
systematic expansion of MOF-74 pores has already been repor-

ted,[14b] along with some examples with functional amine
groups,[20a, 23] little work has been focused on strategies to
finely tune pore size in expanded MOF-74 isostructures.

Herein, for the first time, we have employed the ligand 3,3’’-
dihydroxy-[1,1’:4’,1’’-terphenyl]-4,4’’-dicarboxylic acid (denoted
as L1) and another two analogues with different polyacenes as

the middle strut, incorporating different numbers of fused ben-

zene rings (Scheme 1, L2 and L3), together with CoII cations to
construct MOFs with IRMOF-74-III structure featuring finely

tuned pores. We then carefully examined their selective CO2

capture and conversion performance to unravel the pore-size

tuning effect brought about by sidechain fused benzene rings.
This also exemplifies a Co-based expanded-pore MOF-74, with

the fascinating electronic configuration of Co2 + , compared

with Mg2 + , Zn2+ and Ni2 + , to help elucidate its intrinsic effect
on Lewis acidity-related applications.

Results and Discussion

Characterization of MOF-74-III(Co) materials

The as-synthesized MOF-74-III(Co) materials were obtained
through one-pot solvothermal synthesis, and the crystallinity is

confirmed by the powder X-ray diffraction (PXRD) patterns (see
the Supporting Information, Figure S1). The patterns of all
three products matched well with reported simulated val-

ues,[14b] with no undesired peaks, indicating the high purity of
the materials. Taking account of the size of fused benzene
ring(s) that form the polycyclic part of ligands along with the
reported structure,[14b, 20a] the pore sizes of MOF-74-III(Co) mate-

rials can be presumably deduced as 2.6, 2.4, and 2.2 nm for 1,
2, and 3 (Scheme 1) respectively. From N2 sorption measure-

ments (Figure 1), each of the three activated materials demon-

strates a type IV isotherm, which is typical of mesoporous ma-
terials.[24] At P/P0<0.003, the isotherms exhibit steep uptake,

followed by a second uptake step at P/P0 = 0.05–0.14, after
which a plateau is reached. The isotherms of MOF-74-III(Co)

species 1 and 2 both have distinct two-step profiles, whereas
in that for 3, the two steps are connected by an almost

smooth transition, making the distinction between the steps

unclear and more like a continuous pore filling, as is seemingly
characteristic of micropores. Since monolayer–multilayer ad-

sorbed N2 occupied the narrow mesopore space, this altered
the effective potential for pore filling.[25] The evolution of the

isotherm profiles and the shift of the second step position
(with starting points at P/P0 = 0.11, 0.068, and 0.048 for 1, 2,

and 3, respectively) reflect well the trend in pore size tuning.

Moreover, the DFT fitting-derived pore size distributions fur-
ther validate the pore apertures of MOF-74-III(Co) materials as

2.6, 2.4, and 2.2 nm, showing single peaks (Figure 1, inset). The
second steps of the three isotherms, which are due to pore

condensation, are accompanied by fully reversible desorption
branches with no hysteresis, providing further evidence for the

narrow mesopores of these materials. The BET surface areas of

MOF-74-III(Co) are calculated as 2941, 2712, and 2065 m2 g@1,
and the pore volumes are 1.77, 1.38, and 1.15 cm3 g@1 for 1, 2,

and 3, respectively (Table S1). The morphology of each sample
was observed with TEM to be one-dimensional rod-like micro-

crystalline particles (Figure S2). To test the stability, thermogra-
vimetric analysis of the materials showed that desolvation oc-

curred upon initial heating until 140–160 8C, after which the
frameworks lost no weight up to about 260–280 8C, indicating
the thermal stability of the materials (Figure S3).

Gas sorption by MOF-74-III(Co) materials

These highly porous structures with exposed CoII sites may

endow the materials with excellent potential for gas uptake.

We performed gas sorption tests on 1, 2, and 3 with ultrahigh
purity CO2, CH4, and N2. From the obtained isotherms, all the

materials present selective capture of CO2 over CH4 and N2. As
shown in Figure 2 a, 1 demonstrates CO2 uptake of

101.0 cm3 g@1 at 273 K and 1 bar, and 75.1 cm3 g@1 at 298 K and
1 bar, with selectivities for CO2/N2 mixtures (CO2/N2 = 15:85 v/v)

Scheme 1. Synthesis of Co-based MOF-74-III materials 1, 2, and 3 (gray = C,
red = O, olive = Co, white = H).
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as high as 60.4 at 273 K and 35.9 at 298 K (calculated by IAST

method; Figures S4 and S5). In addition, the isosteric heat of
adsorption (Qst) for CO2 was calculated based on the isotherms

of 273 and 298 K by using the Clausius–Clapeyron equation.[26]

Similar sorption enthalpies and trends with increasing CO2

uptake indicate that these three materials have comparable af-
finities towards CO2 with only slight differences (Figure S6).

This could be attributed to the same open CoII sites acting as

Lewis acids to interact with CO2, along with fused benzene

rings to impact weak p–p forces to synergistically attract gas
molecules. From the Qst curves, all materials demonstrate close

initial enthalpy values (ca. @34 kJ mol@1), indicating the affinity
of open CoII centers towards CO2, corresponding well with pre-

vious reports.[19a] Additionally, the gradual decrease in Qst leads
to differences in binding strength of various sorption sites.

Figure 1. Nitrogen adsorption–desorption isotherms at 77 K and pore size
distributions of MOF-74-III(Co) materials 1 (a), 2 (b), and 3 (c).

Figure 2. CO2, CH4, and N2 adsorption isotherms at 273 and 298 K for MOF-
74-III(Co) materials 1 (a), 2 (b), and 3 (c).
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Benzene rings fused to the linkers of the framework have
various effects on the properties of materials 1, 2, and 3. The

expanded p aromatic rings could affect local electronic envi-
ronments and could also be regarded as “pore-size tuners”, ad-

ditionally bringing about steric hindrance around CoII sites. Fur-
thermore, the increased mass density of the framework with

no significant alteration in cell volume challenged some of
evaluation concepts, taking into account that isostructural
MOF-74-III materials retain very close crystalline cell para-

meters.
Indeed, through comparison of CO2 sorption among the

three materials, one could understand more about the effect
of fused benzene rings on the framework. The CO2 sorption

isotherms of 1, 2, and 3 at 273 K and 298 K (Figure 3 a and S7 a
in Supporting Information, respectively) were generally mea-

sured and normalized by the unit of cm3 g@1 as gravimetric

uptake, and the highest adsorption was achieved by 2. Howev-
er, the enhanced CO2 uptake of 3 was compromised by its in-

creased framework weight, which is accounted for in the eval-
uation unit. If the crystalline unit-cell mass density is consid-

ered, the derived isotherms of volumetric uptake of the three

materials (Figure 3 b and Figure S7 b) demonstrate a more dis-
tinct regularity. From 1 to 2, the volumetric uptake of CO2 was

drastically enhanced by 36.1 % at 273 K (from 59.5 to
81.0 cm3 cm@3) and 36.7 % at 298 K (from 44.2 to

60.4 cm3 cm@3). From 2 to 3 the uptake was also improved,
albeit slightly, by 4.0 % at 273 K (from 81.0 to 84.2 cm3 cm@3)

and 3.3 % at 298 K (from 60.4 to 62.4 cm3 cm@3). As is well
known for isoreticular materials of MOF-74, the coordinatively
unsaturated metal (CUM) centers act as major sorption sites

for various gas molecules, contributing mostly to the heat of
adsorption,[19a, 22a, 27] whereas the benzene rings fused to the
framework should be considered as weakly polar functional
groups, attracting CO2 synergistically. According to previous re-

ports,[22a,b, 28] CO2 adsorbed onto MOF-74 materials can popu-
late three kinds of sorption sites ; the CUM centers are occu-

pied first, followed by the neighboring carboxylate groups to

form weak interactions, with the third CO2 binding site located
close to the center of the one-dimensional pore channel. In

our case, besides these three sites, the fused benzene rings on
the ligands form atomically thin pore walls that could serve as

extra anchoring positions for gas molecules through less-selec-
tive van der Waals forces.[29] Hence the volumetric uptake of

CO2 from 1 to 2 to 3 was successively enhanced. However

owing to steric effects, the ligands of 3 flanked with benzene
rings on both sides hindered the accessibility of open CoII cen-

ters as strong sorption sites, lessening the packing density of
CO2 molecules around the CUM centers.[25] For 2, the fused

benzene rings were oriented alternately towards the center of
the channel, causing less steric hindrance and space occupa-

tion. These two competing factors resulted in much-enhanced

(volumetric) CO2 uptake of 2 compared to 1, whereas CO2

uptake in 3, even with decreased gravimetric uptake, was

slightly enhanced compared to that in 2.
Notably, the CO2 sorption performance of materials 1, 2, and

3 should be mostly attributed to the much stronger affinity of
CUM sites towards CO2 molecules compared to other binding

sites. However, for CH4 and N2, the uptake is very different. The

uptake of CH4 and N2 at 273 K and 298 K was evidently im-
proved from 1 to 2 to 3 (Figures S8 and S9), both gravimetri-

cally and volumetrically,[30] since weak adsorbate–pore wall in-
teractions are present at every possible binding site. From the
derived Qst data (Figure S10), physical sorption could be infer-
red. Therefore, for CH4 and N2 the increased density of sorption

sites combined with diminished influence on site occupancies
imposed by steric factors of functional groups contributed to a
clear and regular increased uptake of CH4 and N2 from 1 to 2
to 3.

CO2 fixation with epoxides catalyzed by MOF-74-III(Co)
materials

Besides selective sorption of CO2 with as-synthesized MOFs to
address the issue of CCS, an alternative means of mitigating

carbon-emission is to chemically convert CO2 into value-added
products. Among various transformations, the cycloaddition re-

action between CO2 and epoxides is one of the most efficient
methods,[31] producing cyclic organic carbonates, which are

Figure 3. Isotherms of CO2 adsorption at 273 K for 1, 2, and 3. Gravimetric
capacity (a) and volumetric capacity (b) are plotted together for comparison.
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widely used in the pharmaceutical and chemical industries.
MOF-based heterogeneous catalysts for this reaction have

gained much attention,[32] since Lewis acid sites are abundant
in some MOF structures. Moreover, in some recent develop-

ments, cationic groups were incorporated in porous materials
to build multifunctional catalysts without need for cocatalysts,

such as imidazolium-functionalized frameworks.[33] In our MOF-
74-III(Co) materials, the unsaturated CoII centers, highly meso-
porous structure, and multiple active sites make 1, 2, and 3
promising candidates for such applications. Therefore, the cat-
alytic performances of 1, 2, and 3 in the cycloaddition of CO2

with propylene oxide into propylene carbonate (Scheme 2)

was explored. The reactions catalyzed by 1, 2, and 3 from pro-

pylene oxide gave yields of 98, 88, and 51 %, respectively, with

corresponding turnover frequencies (TOFs) 41, 37, and 21 h@1

per CoII center (at first cycle; Figure 4 and Table S2). The results

clearly demonstrate that the catalytic activity decreases in the
order 1>2>3 and that 1 shows especially high performance

for catalytic cycloaddition. Recycled catalysts collected by cen-
trifugation were then further investigated in the following two

cycles, with analysis showing no significant decrease in

catalytic activity for all three materials.
The remarkably higher performance of material 1 in this cat-

alysis compared to 2 and 3 at the same condition, should be
ascribed to the more accessible CUM centers as quite active

Lewis acid sites, while for 2 and 3 the linkers flanked with ben-

zene rings have sterically hindered the attaching of substrate
propylene oxide molecules, according to proposed catalytic

mechanism.[34] Moreover, the significantly weakened activity of
3 compared to 2 also indicates that dual side-fused benzene

rings could impose more hindrance to open CoII centers,
whereas one side-fused rings, as in 2, could by arranged alter-

nately towards the inside channel, consistent with the results
of gas uptake. The adverse steric effect could also hamper the
kinetic diffusion of reactants and/or intermediates, further

affecting the performance in catalysis.
The recyclability of 1, 2, and 3 as heterogeneous catalysts,

as indicated by the maintained catalytic activity in three suc-
cessive cycles of the reaction, could be further investigated by

obtaining powder XRD patterns after recycling (Figure S11). In
comparison with the simulated patterns, no undesired peaks

were observed. The well-retained crystallinity indicated superi-
or stability through catalytic cycles. Therefore, by utilizing a
high density of CUM centers and mesoporous structure of 1,
we acquired high performance in catalytic activity and good
reusability in CO2 fixation with propylene oxide, making it an

excellent candidate as a heterogeneous catalyst. While the
comparison of 2 and 3 with 1, has for the first time unravelled

the effect of fused benzene rings to the performance of

framework.

Conclusions

In summary, we have synthesized expanded-pore MOF-74-

III(Co) materials 1, 2, and 3, with pore sizes tuned to 2.6, 2.4,
and 2.2 nm, respectively. With the fused benzene rings incor-

porated within the ligands, not only the channel apertures, but
also chemical environment of pore walls were finely altered.

Owing to the nonselective van der Waals interactions intro-
duced by the benzene rings, gas sorption was enhanced with

respect to CO2, CH4, and N2. However, owing to steric hin-

drance imposed by linkers L3 on the open CoII sites, the strong
affinity of CUM centers towards CO2 was drastically affected,

leading to slightly improved volumetric CO2 uptake (and de-
creased gravimetric uptake) of 3 compared to 2. Therefore, the
MOF-74-III(Co)-2 showed the highest selectivity among the
three materials for CO2/CH4 and CO2/N2 sorption-based separa-
tion. Furthermore, in testing the catalytic activities of 1, 2, and
3 for CO2 cycloaddition with propylene oxide, 1 showed the

best activity, owing to highly exposed CUM centers, large mes-
opore apertures, and multiple active sites for efficient access
and activation of epoxides at the Lewis acid sites, along with

readily diffusive pathways and synergistic affinity to CO2. For 2
and 3, the steric effect of benzene-fused linkers hampered the

spatial availability of open CoII sites, lowering the catalytic ac-
tivity to some extent. Our results have elucidated the effect of

fused benzene rings incorporate within ligands on the proper-

ties and performances of materials 1, 2, and 3, and shown that
cobalt based MOF-74-III materials could be very promising can-

didates for CO2-related sorption, separation, and catalysis appli-
cations, upon finely tuning the linkers. Investigations into the

moisture stability of these materials and their modification
with amines, which could effectively take advantage of the ex-

Scheme 2. Catalytic cycloaddition of CO2 with propylene oxide to produce
propylene carbonate.

Figure 4. Yields (%) and TOFs (h@1) for the cycloaddition of CO2 and propyl-
ene oxide to propylene carbonate with different MOF catalysts for up to
three cycles. TOF was calculated by moles of propylene carbonate yielded/
moles of catalyst based on open metal sites and reaction time.
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panded-pore framework as a potential multifunctional
platform, are currently underway.

Experimental Section

Synthesis of MOF-74-III(Co)

Ligands L1, L2, and L3 were prepared by coupling reactions (see the
Supporting Information). The MOF-74-III materials were synthesized
under solvothermal conditions according to a previously reported
method[14b] with slight modifications. Typically, Co(NO3)2·6 H2O
(180 mg, 0.62 mmol) and the organic ligand (0.188 mmol) were
mixed and dissolved in N,N-dimethylformamide (DMF; 15 mL).
After sonication for 10 min, ethanol (1.0 mL) followed by deionized
water (1.0 mL) were added to the solution. The mixture was soni-
cated again for 10 min, then placed in a Teflon-lined stainless-steel
autoclave and heated at 120 8C for 24 h. The system was then al-
lowed to cool to room temperature. The obtained material was
collected and soaked first in DMF (20 mL) then in methanol
(20 mL) three times, while solvents were replaced every 12 h. The
final products were filtered and activated under vacuum at 200 8C
for 12 h. The products were denoted as MOF-74-III(Co)-1, 2, and 3,
corresponding to ligands L1, L2, and L3, respectively.

Characterization

Powder X-ray diffraction patterns were collected on a Rigaku Smar-
tLab 9 kW diffractometer using CuKa radiation (l= 1.5406 a), oper-
ating at 45 kV and 200 mA. Thermogravimetric analyses were car-
ried out on a TA Instruments SDT Q600 analyzer with a heating
rate of 10 8C min@1 under nitrogen flow (100 mL min@1). Transmis-
sion electron microscopy (TEM) images were obtained by using a
FEI Tecnai F20 microscope.

Gas sorption measurements

The sorption isotherms were recorded with a Quantachrome Auto-
sorb-iQ gas adsorption analyzer. The as-synthesized sample
(ca. 100 mg) was placed in the sample tube and degassed at
200 8C for 6 h to remove the solvent molecules prior to the meas-
urements. Ultrahigh-purity (99.999 %) N2, CO2, and CH4 were used
for all measurements. The temperatures were controlled by using a
liquid-nitrogen bath (77 K) or a glycol–water cycling bath (273 and
298 K). The Brunauer–Emmett–Teller (BET) surface areas were calcu-
lated from the adsorption branches. Pore size distributions (PSDs)
were fitted with Non-Local Density Functional Theory (NLDFT)
using the model of cylindrical pores.

Catalysis experiments

In a typical reaction, a test tube was charged with propylene oxide
(40 mmol), catalyst (0.02 mmol, 0.05 mol % calculated based on
open metal sites, pre-activated by vacuum drying at 200 8C for 6 h)
and cocatalyst of tert-butylammonium bromide (TBAB, 1.5 mmol),
which was placed into a 600 mL Parr reactor. The reactor was
slowly pressurized to 12 bar with CO2 and maintained at room
temperature (ca. 23 8C) under stirring for 48 h. The reactor was
depressurized and the products were monitored by GC (HP-5MS
column) with n-dodecane as an internal standard. Only propylene
carbonate was identified by comparison of the peak area to the in-
ternal standard from GC, which was utilized to calculate the yield
of propylene oxide. The catalyst was recovered by centrifuge for

the next cycle and washed with methanol (3 V 10 mL). The process
was repeated by using the recovered catalyst, which had been
dried under vacuum at 200 8C for 6 h.
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