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Polar Group and Defect Engineering in a Metal-Organic
Framework: Synergistic Promotion of Carbon Dioxide

Sorption and Conversion

Zhuo-Rui Jiang,” Hengwei Wang,” Yingli Hu,®

A sulfone-functionalized metal-organic framework (MOF),
USTC-253, has been synthesized that exhibits a much higher
CO, uptake capacity (168-1829%) than the corresponding un-
furnished MOFs. The introduction of trifluoroacetic acid (TFA)
during the synthesis of USTC-253 affords defect-containing
USTC-253-TFA with exposed metal centers, which has an in-
creased CO, uptake (167 %) compared to pristine USTC-253.
USTC-253-TFA exhibits a very high ideal adsorption solution
theory selectivity (S=75) to CO, over N, at 298 K. In addition,

Introduction

With the rising standards of living and the growing population
worldwide, the demand on the combustion of fossil fuels (coal,
petroleum, and natural gas) is increasing, which is believed to
be the main contribution to the increasing anthropogenic CO,
emissions and the worsening worldwide climatic situation.
There is an urgent need for strategies to depress global atmos-
pheric concentrations of greenhouse gases (mainly CO,).
Carbon capture and sequestration (CCS) has been proposed as
an effective approach to meet this challenge, which comprises
the capture of CO, from power plants, followed by compres-
sion, transportation, and permanent storage. Of these process-
es, the removal of CO, from flue gas at power plants is the
most energy- and cost-intensive, as the state-of-the-art tech-
nology for the widely accepted amine-based wet-scrubbing
approach still suffers from a high regeneration cost, equipment
corrosion, and solvent boil off." It is imperative, although chal-
lenging, to develop functional materials that feature high CO,
selectivity over other components in flue gas with a low-
energy penalty during regeneration. In this context, porous
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USTC-253-TFA demonstrates good catalytic activity and recy-
clability in the cycloaddition of CO, and epoxide at room tem-
perature under 1 bar CO, pressure as a result of the presence
of Lewis and Brensted acid sites, which were evaluated by dif-
fuse reflectance infrared Fourier transform spectroscopy with
a CO probe molecule. We propose that the CO, adsorption ca-
pability has a positive correlation with the catalytic per-
formance toward CO, conversion.

sorbents that adsorb CO, preferentially over N, based on
a physisorption mechanism with low energy requirements
could be an alternative and promising choice.

However, in addition to the storage of CO, underground as
a waste with a cost of disposal, the development of methods
to activate and convert CO, catalytically to fuels or/and high-
value chemicals is an attractive research goal. Although CO,
has inherent thermodynamic stability and inert nature as a C1
feedstock, it has been demonstrated that CO, can be convert-
ed into many useful chemicals, which are used increasingly in
industrial process.”™ Particularly, the coupling of CO, with ep-
oxides into cyclic carbonates, which are useful chemical inter-
mediates in the production of plastics, organic solvents, and
others, is a very efficient route for CO, utilization.”? A consider-
able number of homogeneous catalysts, which includes ionic
liquids, alkali metal salts, Schiff bases, and metal-centered
salen or porphyrin complexes, were reported to be effective
for the conversion,™ although these systems have inherent
limitations in terms of the separation of the product and cata-
lyst recycling. To address this issue, various heterogeneous cat-
alysts have been investigated for the coupling of CO, with ep-
oxides.”! However, most of these solids exert their activity at
relatively high temperatures and some require the presence of
cosolvents, although they have overcome the previous difficul-
ty of catalyst recovery. It is desirable to develop a highly effi-
cient and recyclable catalyst for the conversion of CO, under
mild conditions.

To meet the dual challenge of CO, capture and conversion,
a relatively new class of crystalline porous materials, metal-or-
ganic frameworks (MOFs),”” could be ideal candidates. MOFs
have captured widespread interest because of their designable
and tunable structures and wide applications in various fields,
especially for CO, capture and heterogeneous catalysis.”™""
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MOFs offer a promising platform for CO, capture because they
have very high surface areas and gas sorption capacity as well
as a tailorable pore surface/environment that can facilitate se-
lective CO, binding."” In addition to the crucial role of coordi-
natively unsaturated metal sites (CUSs) for CO, adsorption,
given the polarizability and quadrupole moment of the acidic
oxide CO, molecule, the polarizing and alkaline functional
groups involved in MOFs lead to enhanced CO, capture.l'”
Most recently, trifluoroacetic acid (TFA)/acetic acid and HCI
have been found to cause the structural defects in MOFs if
they are involved in the modulated synthesis. The defect sites
are able to enhance the CO, adsorption and catalytic proper-
ties significantly." In addition, most MOFs contain CUSs as
Lewis acid sites, bridging —OH groups with Brgnsted acidity,
and other catalytically active sites on the organic linkers, which
make MOFs applicable for heterogeneous catalysis."" The
high-density active sites distributed uniformly throughout the
framework are easily accessible, and the pore structure facili-
tates the transfer of substrates and products. Therefore, MOFs
with Lewis/Brgnsted acid sites as well as basic sites may offer
excellent activity for CO, conversion and utilization by cycload-
dition with epoxides. To date, several MOFs with Lewis acid
sites have been reported for the catalytic cycloaddition of CO,
with epoxides, most of which require high-pressure and/or
high-temperature conditions."¥ Only two Cu-MOFs, typically
with mild stability, have been developed recently to accom-
plish such a conversion with 1 bar CO, at room temperature.'™
It is agreed that stability is of prime importance for practical
implementation in heterogeneous catalysis. Moreover, to the
best of our knowledge, the correlation between the CO, sorp-
tion performance and conversion by MOFs has not been ex-
plored yet.

With the aforementioned considerations, a stable Al-based
MOF, denoted as USTC-253 (USTC=University of Science and
Technology of China), has been synthesized by the reaction of
AlI(NO,);9H,0 and 4,4'-dibenzoic acid-2,2'-sulfone (Sbpdc) in
DMF. For comparison, Sbpdc was replaced with 4,4"-biphenyldi-
carboxylic acid (bpdc) and 2,2"-bipyridine-5,5'-dicarboxylate
acid (bpydc) under the same conditions to afford elongated
MIL-53 (EL-MIL-53)""® and MOF-253,""" respectively, which
have the same structural topology but substituted organic link-
ers. Remarkably, the introduction of TFA into USTC-253 leads
to USTC-253-TFA, which has almost the same structure as
USTC-253 with a certain amount of structural defects. The re-
sulting USTC-253 with polar sulfone groups exhibits a signifi-
cantly higher CO, adsorption than of EL-MIL-53 and MOF-253.
The presence of defects leads to the generation of CUSs and
Lewis acid sites, which further enhances the CO, capture capa-
bility. More importantly, USTC-253-TFA with both Brgnsted and
Lewis acid sites possesses a high activity and satisfactory recy-
clability toward catalytic CO, cycloaddition under ambient con-
ditions. As far as we know, this work is the first report of the
synergistic improvement of CO, uptake by the co-involvement
of polar functional groups and structural defects in the MOF. In
addition, for the first time, the correlation between CO, sorp-
tion performance and catalytic conversion has been proposed.
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Results and Discussion

Crystal structure and general characterization

Solvothermal reactions of AI(NO,);9H,0 and organic linker
(Sbpdc, bpdc, or bpydc) in DMF at 393 K yielded a white poly-
crystalline powder of AI(OH)(L) (L=Sbpdc, USTC-253; bpdc, EL-
MIL-53; bpydc, MOF-253). Powder X-ray diffraction (PXRD)
studies demonstrated their identical structural topology and
good crystallinity (Figure S3). Notably, the deviation from line-
arity (~160°) in Sbpdc does not affect the coordination modes
of the ligand, and this linker is able to form an isoreticular
structure with MOF-253 and EL-MIL-53. In the structure, Al" is
coordinated octahedrally by four carboxylate O atoms in the
plane and two O atoms from hydroxyl groups located at the
axial positions. The AI-OH chains, formed by the alternate
array of Al" and hydroxyl groups, are bridged by the organic
linkers to give a 3D network with rectangular channels of
around 1.1x 1.1 nm? (Figure 1).

bpydc —— MOF-253
N N=—
HOOC—</;>—Q—COOH
bpdc ——EL-MIL-53

HOOCCOOH

Figure 1. Structure of USTC-253 (left) and the ligands involved in the struc-
tures of USTC-253, MOF-253, and EI-MIL-53 (right).

It is well known that single crystals of AI-MOFs are extremely
difficult to obtain because the coordination between Al" and
carboxylate ligands is rapid and the inert coordination bonds
between Al" cations and carboxylate anions make ligand-ex-
change reactions slow, which is unfavorable for crystal growth.
A large amount of a small monocarboxylic acid, such as TFA,
which behaves as a modulator, is proposed to first coordinate
to the AI" centers, which is followed by a relatively slow ligand
exchange between the acid and Sbpdc. As expected, with
such a modulated synthetic strategy, the TFA involved in the
synthesis endows the obtained USTC-253-TFA with a remarka-
bly improved crystallinity (Figures S3 and S4), which would be
beneficial for subsequent functional applications.?' SEM
images indicate that the USTC-253-TFA particles are rod
shaped, of approximately 300 nm in size, and aggregate to
larger particles in the microscale, whereas USTC-253 nanoflakes
of approximately 200 nm in diameter have very few aggrega-
tions (Figure S5). In addition, similar to the synthesis of UiO-
66,13 given the unavoidable incomplete ligand exchange,
the participation of TFA as a modulator in the reaction will
lead to the formation of vacancies and missing-linker defects
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Figure 2. Synthesis of USTC-253 (left) and defect-engineered USTC-253-TFA
(right).

in the structure (Figure 2), which will bring new coordinately
unsaturated metal centers that act as the desired Lewis acid
sites for the enhanced CO, capture and catalytic conversion of
USTC-253-TFA. Elemental analysis shows that the S content in
USTC-253 and USTC-253-TFA is 8.31 and 8.13%, respectively,
which is close to the theoretical value of 9.25%. The slightly
lower experimental values could be ascribed to the unavoida-
ble water adsorbed in the samples before measurement. The
introduction of TFA during USTC-253 synthesis leads to a slight-
ly lower S content, which is in agreement with the presence of
missing linkers in the structure of USTC-253-TFA. The IR spec-
trum of USTC-253 shows peaks at #=1307 and 1133 cm™,
which correspond to the symmetric and asymmetric stretches
of the —S0O, group, respectively (Figure $6)."® Thermogravimet-
ric (TG) analysis of as-synthesized USTC-253 demonstrates that
it has a similar thermostability up to 450°C in N, to EL-MIL-53
and MOF-253 (Figure S7). The weight loss between 450 and
700°C corresponds to the combustion of the organic part. In
the TG profile of USTC-253-TFA, the loss of TFA is discerned as
a clear step between 190 and 300°C.

To examine the pore characteristics, N, sorption for all these
MOFs was measured and exhibits typel isotherms at 77 K
(Figure 3), which indicates the typical character of microporous
materials. The BET surface areas are fitted to be 1800, 1892,
1599, and 1671 m*g~", respectively, for USTC-253, USTC-253-
TFA, EL-MIL-53, and MOF-253, with corresponding pore vol-
umes of 0.76, 0.79, 0.74, and 0.71 cm®*g~". USTC-253-TFA has
the highest surface area and pore volume of these materials,
although its additional pore space is occupied by —SO, groups,
which is mainly attributed to the presence of missing linkers
and the improved crystallinity of USTC-253-TFA. This result
agrees well with a previous report.'* The considerable surface
area, high free volume, nanosized free channels, accessible ex-
posed metal sites, and good stability for the MOF could
endow it with a very high potential in CO, capture, heteroge-
neous catalysis, and other functional applications.
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Figure 3. N, sorption isotherms of USTC-253 (blue), USTC-253-TFA (red), EL-
MIL-53 (black), and MOF-253 (purple) at 77 K. Solid and open circles repre-
sent adsorption and desorption data, respectively.

Brgnsted and Lewis acidity characterization

To evaluate the presence of Brgnsted and Lewis acidic sites on
USTC-253-TFA, diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy of CO adsorption was performed at 150 K
by using a Nicolet iS10 spectrometer with a mercury cadmium
telluride (MCT) detector and a low-temperature reaction cham-
ber (Praying Mantis Harrick). The background was measured
for the activated USTC-253-TFA. Upon CO adsorption, two
peaks at 7=2147 and 2137 cm™' with a shoulder at 7=
2130 cm™" were observed along with the broad gaseous CO
peak (Figure 4a and b) in the »(CO) vibrational region. Mean-
while, two negative peaks at #=3714 and 3693 cm™' ap-
peared, which became more intense as the CO dosage in-
creased. Next, we stopped the CO dosage and continued to
collect DRIFT spectra as the sample temperature increased
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Figure 4. a,b) DRIFT spectra of CO adsorption on USTC-253-TFA at 150 K
with increasing CO coverage and c-g) spectra collected at decreasing CO
coverage and increasing temperatures.
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slowly and the CO coverage decreased (Figure 4c—g). We ob-
served that the intensity of the peak at #=2130cm™' de-
creased more slowly than that of the peaks at 7=2147 and
2137 cm™ . Therefore, the latter two peaks are assumed to cor-
respond to physisorbed CO, and the former is likely to be the
result of chemisorbed CO at Lewis acidic sites."* In contrast,
the intensity of the two negative peaks at 7=3714 and
3693 cm™' was almost constant during this process. These two
negative peaks can be attributed to the disturbance of the
v(OH) vibration of the sample because of the formation a hy-
drogen bond with the CO molecule, a C-adduct, which indi-
cates the existence of Brgnsted acidic sites on USTC-253-
TFA."®® In summary, the DRIFT spectra of CO adsorption shown
in Figure 4 demonstrate the presence of both Brgnsted and
Lewis acidity, which is supported by subsequent catalytic ex-
periments.

CO, sorption

Low-pressure CO, sorption was measured for USTC-253, EL-
MIL-53, and MOF-253 at 273 and 298 K, respectively. MOF-253
presents a slightly higher CO, sorption capability than EL-MIL-
53 at both 273 and 298 K because of the bipyridine N atoms
involved in the framework of the former (Figure 5a). In con-
trast, the CO, sorption of USTC-253 at 1 bar is much higher
and reaches 82.4 and 47.8 cm®g™" at 273 and 298 K, respective-
ly, which represents a 182% increase compared to that of EL-
MIL-53 at 273 K (174% at 298 K) and a 168% increase com-
pared that of to MOF-253 at 273 K (171% at 298 K). The en-
hanced CO, adsorption in USTC-253 could be attributed to the
presence of polar sulfone groups, which enable strong interac-
tions with CO, molecules. From this analysis, it is understanda-
ble that the heat of adsorption (Q,) of USTC-253, which has
sulfone groups, is higher than that of MOF-253, which bears N
donor groups, whereas EL-MIL-253 has the lowest heat of ad-
sorption for CO, (Figure 5b).

In addition to the effect of the polar sulfone group, structur-
al defects are also beneficial to CO, adsorption.”! As men-
tioned above, to generate structural defects by eliminating
a few organic linkers, TFA as a modulator was introduced into
the synthetic system for USTC-253. The unsaturated metal sites
in the MOF created by structural defects would increase its in-
teraction with CO, molecules and thus improve its CO, uptake
capacity.¥ A suitable amount of TFA is important to achieve
the optimized result as the modulation ability is weak with
a small amount of TFA and the MOF would not crystallize and
form with too much TFA. As a result, the optimized USTC-253-
TFA, obtained with TFA at 12.8 times the molar amount of
Sbpdc, adsorbs 137.5 and 64.6 cm®*g™' CO, at 1bar and 273
and 298 K (Figure 6a), respectively, with a heat of adsorption
of 25.5 kJmol™".

Both the CO, sorption capability and the zero-coverage iso-
steric heat of adsorption for USTC-253-TFA are significantly
higher than those of USTC-253, which does not have defects
(Figure 6b). The improvement could be explained because ex-
posed metal centers promote the CO, sorption as the remain-
ing TFA is volatile and labile and would be removed readily
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Figure 5. a) CO, adsorption (solid symbols) and desorption (open symbols)
curves for USTC-253 (squares), MOF-253 (circles), and EL-MIL-53 (triangles) at
273 (black) and 298 K (red). b) Heat of adsorption for USTC-253 (m), MOF-253
(@), and EL-MIL-53 (a).

during the MOF activation process to offer not only coordina-
tively unsaturated metal sites but also more free space in the
MOF pores, which could reasonably enable a higher CO, sorp-
tion. As far as we know, this is the first work that reports MOFs
with polar functional groups and structural defects that could
improve the CO, uptake capability synergistically.

USTC-253-TFA not only possesses the best CO, sorption ca-
pability among all of the other MOFs in this work but also ex-
hibits excellent reproducibility with exactly the same adsorp-
tion amount during five cycles of CO, sorption (Figure S8),
which is mainly attributed to its stable nature. Stability studies
have indicated that the framework of USTC-253-TFA remains
after storage in a humid environment for over 28 h, which is
demonstrated by the retained PXRD profile (Figure S9). More-
over, with a significant CO, sorption capability, USTC-253-TFA
hardly adsorbs N, under the same conditions (Figure S10),
which demonstrates its desirable selective CO, sorption over
N, (§=75) under postcombustion conditions (generally, 15%
CO, and 85% N,) at 298 K and 1 bar according to the ideal ad-
sorption solution theory (IAST; Figure S11).2%
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Figure 6. a) CO, adsorption (solid symbols) and desorption (open symbols)
for USTC-253 (triangles) and USTC-253-TFA (circles) measured at 273 (black)
and 298 K (red). b) Heat of adsorption of USTC-253 (a) and USTC-253-TFA
(m).

Cycloaddition of CO, and propylene oxide under mild
conditions

In addition to the CO, capture capability, CO, cycloaddition
with propylene oxide as a model substrate has been investi-
gated for the utilization of CO, to useful high-value chemicals.
A few MOFs with Lewis acid sites serve as heterogeneous cata-
lysts for the cycloaddition of CO, and epoxides, although most
of these reactions require high pressure (>3 MPa) and temper-
ature (>100°C) to turn greenhouse gases into environmentally
friendly industrial materials. The harsh reaction conditions re-
quire a high energy cost and restrict the practical application
of this type of reaction. Given the high CO, adsorption capabil-
ity at room temperature and the presence of high-density and
easily accessible Brgnsted and Lewis acid active sites in USTC-
253-TFA, this material could be a promising catalyst for CO, cy-
cloaddition at room temperature and 1 bar pressure. USTC-
253-TFA demonstrates highly efficient catalytic activity for the
cycloaddition of propylene oxide with CO, into propylene car-
bonate in the presence of nBu,NBr (TBAB) as a cocatalyst at
room temperature and 1bar CO, pressure with a yield of
81.3% in 72 h (Figure 7). The catalytic performance is better
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Figure 7. Catalytic conversion of CO, cycloaddition with propylene oxide
over different catalysts. Reaction conditions: propylene oxide (28.6 mmol),
catalyst (0.289 mmol), TBAB (1.86 mmol), CO, pressure (1 bar), 25°C, 72 h.
The error bars represent the standard deviations of the activities.

than that of homogeneous AI(NO,); (72.3% vyield) and Sbpdc
(29.5% yield) under the same conditions. Control experiments
were conducted for USTC-253, EL-MIL-53, and MOF-253. USTC-
253-TFA outperforms defect-free USTC-253, which exhibits
a propylene carbonate yield of 74.4% in 72 h under similar
conditions (Figure 7). The activity difference is mainly ascribed
to the defect-induced coordinatively unsaturated metal centers
in USTC-253-TFA that behave as Lewis acid sites and allow the
conversion. In comparison, EL-MIL-53 has a moderate activity
toward propylene carbonate with a yield of 57.4% in 72 h.
USTC-253 and EL-MIL-53 have similar structures and the same
amount of Brgnsted acidic sites, and it is generally accepted
that the additional —SO, group in USTC-253 does not affect
the catalytic process. Therefore, we reasoned that the much
higher catalytic activity of USTC-253 for CO, cycloaddition
under ambient conditions should be mainly attributed to the
higher CO, adsorption capability, which would promote the in-
teractions between substrates and active sites greatly and thus
improve the CO, conversion. To the best of our knowledge,
this is the first attempt to establish the relationship between
CO, adsorption and CO, cycloaddition activity for MOFs. MOF-
253 reveals a very good catalytic conversion for CO, cycloaddi-
tion with a yield of 81.9% under similar conditions, although
its CO, adsorption is not significantly high compared with that
of USTC-253. The Brensted acid sites and basic bipyridine N
sites in the structure are responsible for its high catalytic activi-
ty.[Md]

In view of the results mentioned above, the introduction of
a certain amount of TFA during USTC-253 synthesis will greatly
enhance the CO, capture ability and generate Lewis acidic ex-
posed metal sites, which, together with the existed Brgnsted
acidity, account for the excellent catalytic performance of
USTC-253-TFA. Significantly, the catalyst is recycled readily by
simple filtration and maintains its catalytic activity over three
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cycles thanks to its good stability (Figure 7). The PXRD pattern
of USTC-253-TFA demonstrates its intact framework after the
reaction (Figure S12).

Some classical MOFs, for example, MIL-101, UiO-66, ZIF-8,
and MIL-53,”" which have commendable stability, have been
studied widely for gas sorption and catalysis applications. For
comparison, these MOFs have also been employed as catalysts
for CO, cycloaddition reaction with propylene oxide. USTC-
253-TFA has the highest catalytic activity among all these cata-
lysts under the same conditions (Figure 8a), although MIL-101
and defect-containing UiO-66 comprise Lewis acid sites, and
MIL-53 has a similar structure and smaller pore sizes than
USTC-253-TFA. ZIF-8 shows the worst activity because of the
lack of Lewis acid or base sites in the structure. In addition,
CO, cycloaddition with epoxides substituted with different

a 100 -

90 +

81.3%

Conversion (%)

81.3%

Conversion (%)

o]

LBy

o] o] [0}

A L& L
Figure 8. Catalytic conversion of CO, cycloaddition a) with propylene oxide
over USTC-253-TFA and diverse classical MOFs and b) with epoxides substi-
tuted with different functional groups over USTC-253-TFA. Reaction condi-
tions: epoxide (28.6 mmol), catalyst (0.289 mmol), TBAB (1.86 mmol), CO,

pressure (1 bar), 25°C, 72 h. The error bars represent the standard deviations
of the activities.
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functional groups has been examined over USTC-253-TFA, and
all epoxides exhibited modest conversions (Figure 8b).

These experimental results are of great importance to pro-
cess anthropogenic CO, emission. Upon exposure to a CO, en-
vironment, USTC-253-TFA would adsorb CO, and gradually
transform this raw material to propylene carbonate during the
continuous introduction of epoxide into the reaction system.
Based on some previous reports, a tentative mechanism is pro-
posed for the cycloaddition of CO, and epoxide into cyclic car-
bonate over USTC-253-TFA (Figure 9). First, the epoxide binds

| % BrL* |
/\

Brensted
acid sites _

\< ~ _/g w .

L+

Lewis
acid sites

’

o

Figure 9. Proposed catalytic mechanism for the CO, cycloaddition of epox-
ide into cyclic carbonate over USTC-253-TFA.

to the Brgnsted or Lewis acid sites in USTC-253-TFA through
the O atom of the epoxide, which leads to the activation of
the epoxy ring. Subsequently, the less-hindered C atom of the
coordinated epoxide is attacked by Br~, which is generated
from TBAB, to open the epoxy ring. An alkylcarbonate anion is
formed followed by the interaction of CO, with the oxygen
anion of the opened epoxy ring. Through the final ring-closing
step, the alkylcarbonate anion is converted into the cyclic car-
bonate, and simultaneously, TBAB is recycled. High-density and
easily accessible Brgnsted and Lewis acid sites could enhance
the synergistic effect with TBAB to promote the CO, cycloaddi-
tion reaction. Consequently, USTC-253-TFA possesses a high
catalytic activity for the conversion of CO, into cyclic carbo-
nates under ambient conditions.

The presence of both Lewis base and acid sites is desired to
allow the reaction to proceed.”® ¥ The Lewis base sites could
partly replace TBAB to activate CO, molecules, which subse-
quently attacks epoxide adsorbed on the Lewis acid sites, and
thus facilitates the reaction. Such a mechanism accounts for
the high catalytic activity of MOF-253, which bears both
Brgnsted acid and Lewis base sites.

Conclusions

A stable, Al-based metal-organic framework (MOF), USTC-253,
isoreticular to MOF-253, was constructed by replacing bipyri-
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dine-5,5'-dicarboxylate acid ligands with sulfone-functionalized
4,4'-dibenzoic acid-2,2"-sulfone. The introduction of a certain
amount of trifluoroacetic acid (TFA) as the modulator during
the synthesis of USTC-253 affords USTC-253-TFA, in which the
structural defects led to the generation of exposed metal cen-
ters as Lewis acid sites upon activation. Given the presence of
polar sulfone groups and exposed metal sites, USTC-253-TFA
has as superior CO, adsorption capability to defect-free USTC-
253, isoreticular MOF-253, and MIL-53. This is the first report
on the synergistic enhancement of CO, sorption by the co-in-
corporation of polar functional groups and structural defects
in MOFs. In addition, USTC-253-TFA exhibits a satisfactory cata-
lytic activity and recyclability for CO, utilization by cycloaddi-
tion with epoxides to cyclic carbonates at room temperature
and 1 bar CO, pressure that surpasses that of parent USTC-253
and some classical MOFs. The presence of high-density and
easily accessible Brgnsted and Lewis acid sites, which is dem-
onstrated by diffuse reflectance infrared Fourier transform
spectroscopy of CO adsorption, accounts for the superiority of
USTC-253-TFA, and a catalytic mechanism has been proposed.
TFA in the synthesis replaces part of the organic linkers to
create extra Lewis acid sites, which are beneficial to not only
CO, uptake but also to catalytic CO, conversion; meanwhile,
the CO, adsorption capability is also proposed to affect the
CO, conversion efficiency, both of which could be valuable to
exploit these new MOFs for future CO, capture and utilization.

Experimental Section

Preparation of Al(Sbpdc)(OH) (USTC-253), Al(bpdc)(OH) (EL-
MIL-53), and Al(bpydc)(OH) (MOF-253)

A mixture of AI(NO,;);-9H,0 (260 mg, 0.69 mmol), organic linker
(Sbpdc, 163 mg, 0.53 mmol; bpdc, 130 mg, 0.53 mmol; bpydc,
131 mg, 0.53 mmol), and DMF (15 mL) was sealed in a 20 mL
Teflon-capped autoclave and heated at 393 K for two days. After
cooling to RT, the resulting white products were washed with DMF
three times then extracted with methanol for 24 h. Upon removal
of the solvent and drying in vacuum at 80°C, USTC-253, EL-MIL-53,
and MOF-253 were obtained, respectively.

Preparation of USTC-253-TFA

A mixture of AI(NO;);-9H,0 (260 mg, 0.69 mmol), Sbpdc (163 mg,
0.53 mmol), TFA (0.5 mL), and DMF (15 mL) was sealed in a Teflon-
capped autoclave and heated at 393 K for two days. After cooling
to RT, the resulting white product was washed with DMF three
times then extracted with methanol for 24 h. Upon removal of the
solvent and drying in vacuum at 80°C, USTC-253-TFA was ob-
tained.

Catalytic cycloaddition of CO, with epoxides

A mixture of propylene oxide (28.6 mmol), catalyst (0.289 mmol),
and TBAB (1.86 mmol) was sealed in a 5 mL flask, which was con-
nected to a balloon that contained 1 bar CO,. The flask was kept at
298 K for 72 h.
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