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catalytic processes, some heterogeneous catalysts have been

ABSTRACT: A highly porous metal—organic framework developed for the CO, chemical conversion.’

(MOF) incorporating both exposed metal sites and Owing to high porosity, adjustable compositions, and
nitrogen-rich triazole groups was successfully constructed decorative pore surface, metal—organic frameworks (MOFs)
via solvothermal assembly of a clicked octcarboxylate have emerged as highly promising materials for wide
ligand and Cu(II) ions, which presents a high affinity applications, includin§ the adsorption and separation of small
toward CO, molecules clearly verified by gas adsorption molecules such as H,,” CH,, and other hydrocarbonss’6 as well as
and Raman spectral detection. The constructed MOF CO,." Recently, MOFs have also been demonstrated as efficient
featuring CO,-adsorbing property and exposed Lewis-acid catalysts in heterogeneous catalytic reactions.” Although some
metal sites could serve as an excellent catalyst for CO,- MOFs have been considered as catalysts for CO, chemical

based chemical fixation. Catalytic activity of the MOF was
confirmed by remarkably high efficiency on CO, cyclo-
addition with small epoxides. When extending the
substrates to larger ones, its activity showed a sharp
decrease. These observations reveal that MOF-catalyzed
CO, cycloaddition of small substrates was carried out
within the framework, while large ones cannot easily enter

conversion,” it is still necessary to construct more effective MOFs
for such reaction especially under mild reaction conditions in
order to lower the energy consumption and production costs.
Moreover, the factors such as the framework affinity toward CO,
and the pore-size effect to the substrates still need to be well
investigated during the processes of MOF-based CO, catalytic

) h ; K £ vt : b conversion. Herein, we present successful fabrication of a highly
into the porous framework for catalytic reactions. Thus, porous MOF, {Cu4[(C57H32N12) (CO0),]}, (1),9 that

fih;f synihesll)z etd tN[OF exhlbltsthlgslzhcatalytéc selecttlwtfyt}tlo incorporates both unsaturated Cu sites and accessible nitrogen-
! eren' substrates on 'accoun ,0 € con r}emen of the rich triazole units exhibiting a high affinity to CO,, which shows
pore diameter. The high efficiency and size-dependent kably high effici Ivtic CO loadditi ith
selectivity toward small epoxides on catalytic CO, anrzﬁr : oz,d dg a?c lc1z1r;y :r?dcif)aoyélctem Zefﬁl?: TE:nM“gtF
cycloaddition make this MOF a promising heterogeneous P . . P )
catalvst for carbon fixation showed a sharp decrease of its activity to larger substrates at the
4 ‘ same conditions, indicating its high selectivity toward the size of
the substrates.
An inherent structural feature of MOFs distinct from other
inorganic porous materials is that they have decorative organic
moieties that endow them with chemical tunability by

arbon dioxide (CO,) as the primary anthropogenic gas has
been cited as the leading culprit in inducing average

temperature increase of the global surface as well as subsequent introducing functional groups. Theoretical and experimental
climate changes.' The CO, emitted from the power plants investigations have demonstrated that accessible nitrogen-donor
actually can be taken as an abundant carbon source. Besides the groups, such as amine, pyridine, imidazole, triazole, and tetrazole,
physical adsorption and permanent underground deposition of in the porous materials have a high affinity to CO, molecule.'™"*
CO,, an alternative and more attractive strategy for addressing Versatile “click chemistry” can easily afford the formation of
anthropogenic CO, emission issues should be catalytically nitrogen-rich triazole rings with high yield under mild conditions,
chemical conversion of CO, into value-added chemicals and with which various functional materials have been fabricated.'>"?
materials, so that the emitted CO, can be reused in the carbon Taking these advantages into account, a nitrogen-rich
recycling on the earth.”® This approach not only reduces the octcarboxylate ligand, §5,5',5",5”-((methanetetrayltetrakis-
anthropogenic greenhouse gas emission but also generates (benzene-4,1-diyl)) tetrakis (1H-1,2,3-triazole-4,1-diyl)) tetrai-
valuable chemical commodity to decrease our dependence on so-phthalic acid (HgL1), was successfully synthesized via the
petrochemicals. Therefore, it should be a reliable way toward a

sustainable low-carbon future. Taking account of the issues of the Received: December 21, 2015

product purifications and catalyst recycling in homogeneous Published: February S, 2016
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“click” reaction and subsequent deprotection (see the Support-
ing Information (SI) for details). Some studies have also revealed
that unsaturated metal sites incorporated into MOFs not only
dramatically increase the affinity to CO, but also act as Lewis acid
catalytic centers. 84781 On account of easy generation of
unsaturated paddlewheel Cu, units, Cu(II) ion was selected for
the MOF construction with HgL1, and high quality blue crystals
of 1 (Figure S1) were successfully obtained after solvothermal
reaction.

Single-crystal X-ray diffraction analysis reveals that 1 is a three-
dimensional (3D) porous network with a framework formula of
[Cu,(L1)], (Figures la and S2). As illustrated in Figure 1b, two

Figure 1. (a) Perspective view of 3D porous framework of 1 showing the
incorporation of unsaturated Cu, sites and accessible nitrogen-rich
triazole groups with two kinds of pores (yellow and blue balls). (b)
Coordination of clicked octcarboxylate ligand L1 and unsaturated
paddlewheel Cu, units. (c) Lamellar framework with regularly located
Cu, sites connected by isophthalate moieties from L1. (d) Hllustration of
the (4,3,4)-connected network of 1.

neighboring Cu(II) ions are bridged by four distributed
carboxylate groups from four different L1 ligands to form an
paddlewheel Cu, cluster.'”"* Two neighboring Cu, clusters are
then bridged by the short linker, isophthalate moiety of L1,
giving the formation of a Cu, cluster pair that connects with each
other to construct two-dimensional (2D) parallel layers with the
paddlewheel Cu, clusters arranged regularly in quadrilateral
geometries (Figure 1c). Finally, each L1 connecting four pairs of
isophthalate-bridged Cu, cluster pairs from the 2D layers makes
1 into a (4,3,4)-connected network with “clicked” nitrogen-rich
triazole rings unlformly located between paddlewheel Cu,
constructed layers.'” The regular combination of the paddle-
wheel Cu, clusters and nitrogen-rich triazole-containing L1
endows 1 with a high porosity, having two kinds of pores in
diameters of 7.9 and 12.6 A, respectively. After removing the
discrete and coordinated solvent molecules in the framework, the
MOF structure was calculated using PLATON/VOID pro-
gram ® The total solvent-accessible volume of 1 was estimated to
be 63.3%, and the density of the desolvated framework was
calculated to be 0.762 g cm™, further indicating that 1 possesses
a high porosity. The structural analysis and calculations clearly
reveal that 1 has a highly porous framework incorporated with
both exposed metal sites and coordination-free nitrogen-rich
triazole units.
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N, adsorption measurements were carried out to confirm the
porosity. The MOF was degassed under vacuum after being
thoroughly soaked by dichloromethane. The powder X-ray
diffraction (PXRD) pattern of the activated sample presents a
good agreement with calculated PXRD pattern from its crystal
data (Figure S3), indicating that the framework was retained after
the activation. Then, the activated sample of 1 was subjected to
nitrogen sorption at 77 K. As illustrated in Figure 2a, 1 exhibits
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Figure 2. (a) N, adsorption/desorption isotherms of 1 at 77 K and its
pore size distribution calculated from the isotherms. (b) CO, adsorption
isotherms at 273 and 298 K, respectively.

reversible type I sorption isotherms with a quickly increased step
prior to the plateau, demonstrating that it possesses a
microporous feature.'” The overall N, uptake of 1 is 655 cm?
g ' at 1 atm, and its Brunauer—Emmett—Teller (BET) surface
area was calculated to be 2436 m” g~ (Figure SS), which is
comparable with reported MOFs having similar structures such
as NTU-111"%" and ZJU-5."*" The calculations based on the N,
sorption isotherm at 77 K with the nonlocal density functional
theory were also carried out to reveal that its pore size
distribution ranges from 0.75 to 1.11 A (Figure 2a). The pore
size distribution is consistent with the observation from its crystal
structure. N, sorption investigation further confirms that 1 is a
highly porous MOF.

High porosity together with the incorporation of exposed
metal sites and nitrogen-rich triazole units within the framework
of 1 inspired us to investigate its affinity toward CO,. First, the
CO, sorption capability of 1 was evaluated. As shown in Figure
2b, 1 shows a CO,-uptake value of 160.8 cm® g™" at 273 K and 1
atm, which is higher than reported MOFs possessing similar
surface areas and even comparable with some highly porous
MOFs. For example, SNU-50', 77H, NTU-111, NTU-112, and
NTU-113 showed CO,-uptake values of 120.0, 41.8, 124.6,
158.5, and 166.8 cm® g~ under the same conditions, having their
BET surface areas of 2300, 3670, 2450, 2992, and 3095 m” g_l,
respectively.'””'® The high CO, uptake should be attributed to
the successful introduction of exposed metal sites and nitrogen-
rich triazole units into the framework of 1.'* Then, the isosteric
heat of adsorption (Q,,) for CO, capture was calculated based on
the adsorption isotherms at 273 and 298 K (Flgure 2b and S6)
through the Clausius—Clapeyron equation.'* It was found that
the Q,; value of 1 for CO, sorption is ~32.2 k] mol™" at low
loading range, followed by the convergence into a pseudoplateau
at Q,, of ~25.8 kJ mol™" with relatively high uptake. The Q, is
also comparable to some reported nitrogen-rich MOFs such as
NTU-105 (~35kJ mol ™ at low loading range and ~24 kJ mol ™"
at relatively high uptake),'** confirming that the constructed
MOF 1 has a high affinity to CO,.

Raman spectroscopy has recently been employed to study
MOF propertles via spectroscopic changes before and after gas
adsorption.'” Therefore, in situ Raman spectral measurements
were implemented to 1 in order to monitor its affinity toward
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CO, molecule. As shown in Figure 3, a new peak for 1 appears at
1377 cm™" after adsorbing CO,. While this peak is weaker and
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Figure 3. Temperature-dependent Raman spectra of 1 (vacuum) and
CO,-adsorbed 1 (20 to —80 °C) showing obvious spectroscopic
changes before and after the CO, adsorption of 1.

broader at room temperature, it becomes much clearer and
sharper at lower temperatures. The generated peak should
correspond to CO, adsorbed in the framework by showing the
symmetric C=0 stretch mode of CO, based on the literature
description.'” The peak position is red-shifted for ~11 cm™" as
compared with the reported value for gaseous CO, at 1388 cm ™.
The peak shift should be due to the interaction between adsorbed
CO, and the framework of 1. Thus, the framework affinity to
CO, is indisputably evidenced by Raman spectroscopic
investigations.

The inherent CO,-adsorbing property and embedded Lewis
acid metal sites in the framework suggest that MOF 1 should be a
highly promising heterogeneous catalyst for CO, related
reactions. Among CO, chemical conversion reactions, catalyzed
CO, cycloaddition with epoxides has been intensively inves-
tigated due to wide applications of the produced carbonates in
pharmaceutical and electrochemical industries.”” Therefore,
catalytic performance of 1 in the cycloaddition of CO, with
epoxides to produce various carbonates (Scheme 1) was

Scheme 1. Catalytic Cycloaddition of CO, with Epoxides to
Produce Cyclic Carbonates
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/

explored. As a benchmark MOF with the same embedded
Lewis acid metal sites (exposed paddlewheel Cu, clusters),
HKUST-1 was also taken as a catalyst in these heterogeneous
reactions as control experiments.Ha

Yields of the obtained cyclic carbonates produced from CO,
with related epoxides catalyzed by 1 and HKUST-1 were
determined under 1 atm CO, pressure at room temperature for
48 h. As shown in Figure 4 and Table S2, the reaction yields
catalyzed by 1 from related epoxides are 96% for 2-
methyloxirane, 83% for 2-ethyloxirane, 85% for 2-
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Figure 4. Yields of various cyclic carbonates prepared from the
cycloaddition of CO, with related epoxides catalyzed by MOF 1 (black)
and HKUST-1 (gray). The reaction was conducted in a Schlenk tube
using epoxide (20 mmol) with CO, purged at 1 atm under a solvent-free
environment at room temperature, catalyzed by 0.2 mol % per copper
paddlewheel unit of MOF with a cocatalyst of tetra-n-tertbutylammo-
nium bromide (0.65 g, 10 mol %) for 48 h.

(chloromethyl)oxirane, and 88% for 2-(bromomethyl)oxirane
with corresponding turnover frequency (TOF) values of 200.0,
1729, 177, and 183.3 h™' per paddlewheel Cu, cluster. For
comparison, the yields are 65%, 54%, 56%, and 57% catalyzed by
HKUST-1 with TOF values of 135.4, 112.5,116.7,and 118.8 h™*
per Cu, cluster, respectively. The comparison of the yields for all
four products clearly reveals that the triazole-containing 1 shows
remarkably higher performance than HKUST-1 for catalytic CO,
cycloaddition with epoxides at the same conditions. Given
similar pore size and the same embedded Lewis acid metal sites in
both 1 and HKUST-1, the high catalytic activity of 1 should be
ascribed to the increase of the CO, affinity via the introduction of
the nitrogen-rich triazole groups into the framework. Taking the
catalytic CO, cycloaddition with propylene oxide to produce
propylene carbonate as an example, the recyclability was tested
by using recycled catalyst 1 collected by centrifugation. No
significant decrease in catalytic activity was observed even after §
runs of the same reactions (Figure S9). The stability of 1 was also
proven by the PXRD measurements, showing that the PXRD
patterns of the recycled 1 are in good agreement with calculated
pattern from its crystal data (Figure S10). The PXRD results
indicate that the framework was retained very well after the
catalytic reactions. Based on previous reports,® possible MOF-
based catalytic mechanism is discussed in the SI (Figure S11).
The high activity and recyclability make MOF 1 an excellent
heterogeneous catalyst for carbon fixation via CO, chemical
conversion reactions.

Then, we extended this work to larger epoxide substrates in
order to check the generality for such CO, cycloaddition
reactions. Since the experiments were conducted under solvent-
free conditions, three large liquid substrates were selected (Table
S2). When 1,2-epoxyoctane, 1,2-epoxydodecane, and 2-ethyl-
hexyl glycidyl ether were employed, the product yields showed
sharp decreases in the same conditions. They were just 8%, 6%,
and 5% (entries S—7 in Table S2), respectively, suggesting that
large substrates cannot enter into the porous framework of 1 for
catalyzed reactions. These observations also indicate that the
former reactions of small substrates (entries 1—4 in Table S2)
were carried out within the framework of 1, and the MOF
exhibits the size selectivity to small and large substrates in the
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reactions. Thus, remarkably high efficiency and the size
selectivity to small epoxides on catalytic CO, cycloaddition
confirm that MOF 1 is a suitable heterogeneous catalyst for
carbon fixation.

In summary, we have synthesized a triazole-containing
octcarboxylate linker by versatile “click chemistry”, and
subsequently it has been utilized for the construction of a highly
porous MOF with Cu ions. The constructed MOF incorporating
both exposed metal sites and nitrogen-rich triazole groups
presents a high affinity to CO,, which has been clearly verified by
gas adsorption and Raman spectral detections. The inherent CO,
adsorbability, the exposed Lewis acid metal sites, and the
confinement of the pore size make the MOF a promising
heterogeneous catalyst for CO, chemical conversion with small
substrates, which have been confirmed by remarkably high
efficiency and size selectivity on catalytic CO, cycloaddition with
epoxides. This research sheds light on how the framework affinity
of MOFs to CO, and the pore size dependence toward substrates
could influence the efficiency of CO, chemical conversion during
the process of the carbon fixation.
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