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Two porous metal-organic frameworks (MOFs) incorporating pentanuclear Yb(III) clusters and pyridyl-
supported tetracarboxylates or pyridyl carboxylic acid-supported tetracarboxylates, Yb-DDPY and Yb-
DDIA, are presented, in which the pentanuclear Yb(III) cluster shows uncommon trigonal bipyramidal
geometry. Furthermore, the pentanuclear Yb(III) clusters are extended by tetracarboxylates to form a
3D porous framework with uniform M;,Lg-cages constructed by 12 pentanuclear Yb(III) clusters and 8
tetracarboxylates with the size of ca. 20 A x 17 A. Their highly CO, uptake capacity and the existence of

Keywords: . Lewis acidic sites make these MOFs promising catalysts for the chemical conversion of CO,. These MOFs
Metal-organic framework . s . L. .
Ybs cluster demonstrate good catalytic activities and recyclability in the cycloaddition of CO, and epoxides at 60 °C

under 1.0 MPa pressure or at room temperature and atmospheric pressure. In addition, the synergistic

Polyhedral cage
effect of the Brgnsted acidic -COOH groups and the Lewis acidic Yb(III) sites makes Yb-DDIA exhibit

Heterogeneous catalyst
CO, conversion

higher catalytic activity towards the cycloaddition of CO, and epoxides.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metal-organic frameworks (MOFs) as a special class of solid
state materials continue to attract remarkable attentions [1] con-
tributing to their structural diversity and tunable functionality
[2]. Due to the devisable characteristic of MOFs, their structural
diversity could be realized by adopting structural modules, such
as organic linkers and metal/metal cluster centers with various
dimensions and shapes as building units [3]. Introduction of the
building units with different inherent functional moieties during
the MOFs assembly or decoration of building units through post-
synthetic modification are both ideal approaches to endow the
MOFs potential applications [4,5].

Considered to the intriguing structural characteristics and
chemical properties of multinuclear lanthanide (Ln) clusters [6-8],
MOFs constructed by Ln clusters moieties have become a pow-
erful candidate of the functional materials explored by scientists.
Compared with widely studied discrete pentanuclear Ln clusters,
the Lns cluster-based MOFs have been rarely reported [9,10]. The
existing Lns clusters exhibit several classical configurations, such
as square pyramidal geometry [11], vertex-fused triangular geom-
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etry [12] and trigonal bipyramidal geometry [13]. The last one is
particularly rare because its forming process is complicated, which
is influenced by the effect of electrostatic repulsion or ligand field
stabilization energy [14]. In this work, two trigonal bipyramidal
Ybs clusters-based MOFs, [Ybs(ut3-OH)g(L)2(H20)g](NO3)-(solv)x
(L=DDPY (Yb-DDPY) and DDIA (Yb-DDIA)), were synthesized by
using two different pyridyl-supported tetracarboxylates (H4DDPY
and H4DDIA, H4DDPY = 2,5-di(3,5-dicarboxylphenyl)pyridine and
H4DDIA =2,5-di(3,5-dicarboxylphenyl)isonicotinic acid, Figs. S1
and S2). Both of them contain polyhedral M,Lg-cages assembled
by 12 Ybs clusters and 8 ligands. To the best of our knowledge,
the Lns cluster-based MOFs with unique polyhedral cages have
not been documented. The constructed MOFs implement manifold
functionalities including remarkable CO, adsorption and recyclable
heterogeneous catalysis towards the cycloaddition of CO, and
epoxides. Remarkably, Yb-DDIA shows higher catalytic activity
towards the cycloaddition of CO, and epoxides because of the syn-
ergistic effect of the Brensted acidic —COOH groups and the Lewis
acidic Yb(III) sites.

2. Experimental
2.1. Materials and methods

All chemicals for synthesis were commercially available
reagents of analytical grade and were used without further purifi-
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Fig. 1. (a) Pentanuclear [Ybs(3-OH)g]** SBU with uncommon trigonal bipyramidal geometry. Linker orientation and local environment of Ybs clusters in Yb-DDPY (b-c)

and Yb-DDIA (d-e).

cation. The C, H, and N microanalyses were carried out with
Perkin-Elmer 240 elemental analyzer. Gas adsorption-desorption
experiments were carried out on a Micrometritics ASAP 2020 sys-
tem at various temperatures. The FT-IR spectra were recorded
from KBr pellets in the 4000-400cm~' range on a Nicolet 5DX
spectrometer. Thermogravimetric analyses (TGA) were taken on
a Perkin-Elmer Pyrisl (25-700°C, 5°Cmin~!, flowing N, (g)). X-ray
powder diffraction was recorded with a Bruker AXS D8 advanced
automated diffractometer with Cu-Ka radiation. The products of
catalysis reaction are monitored by Gas chromatography with a SP-
2100A Gas chromatograph. Pyridine adsorption fourier-transform
infrared (Py-IR) spectra were collected on a PE FT-IR Frontier spec-
trometer. '"H NMR spectra were recorded on a Varian-300 MHz
NMR spectrometer.

2.2. Preparation of [Ybs(113-OH)g(DDPY),(H20)s](NO3)-(solv )x
(Yb-DDPY)

A solution of H4DDPY (5mg, 0.012 mmol), Yb(NOs3)3-5H,0
(15mg, 0.033 mmol), DMF (2 mL) and H,0 (1 mL) was placed in a
screw-capped vial and subsequently heated to 105 °C for 30 days in
an oven. The as-synthesized sample was purified through repeated
washing with DMF to yield small transparent polyhedral crystals
(Fig. S3a), which were stable and insoluble in MeOH and CH,Cl;
(Fig. S4a). Yield: 41% (based on the crystals dried in air). Anal. calcd.
for C42H30N2023Yb5: C 26.89, H 1.61, N 1.49%. Found: C 25.75, H
1.63, N 1.09%. IR (KBr, cm~1): 3417(m), 2930(m), 1660(vs), 1615(s),
1570(s), 1385(vs), 1250(m), 1096(m), 1057(w), 1019(w), 945(vw),
918(vw), 783(m), 710(m).

2.3. Preparation of [Ybs(j3-OH)g(DDIA)>(H20)g](NO3)-(solv)x
(Yb-DDIA)

The synthesis process of Yb-DDIA was similar to that of Yb-
DDPY except H4DDIA (5mg, 0.01 mmol) instead of H4DDPY. The
obtained transparent polyhedral crystals (Fig. S3b) were stable and
insoluble in MeOH and CH,Cl; (Fig. S4b). Yield: 30% (based on the
crystals dried in air). Anal. calcd. for C44H39N203,Ybs: C 26.91, H
1.54, N 1.43%. Found: C 25.36, H 1.39, N 1.08%. IR (KBr, cm~1):

3424(m), 2936(m), 1722(w), 1660(s), 1578(vs), 1385(s), 1249(m),
1102(m), 1026(m), 916(w), 945(vw), 782(m), 748(w), 710(m).

2.4. X-ray crystallography

Crystallographic data of Yb-DDPY and Yb-DDIA were collected
at 100K with an Apex II diffractometer with Mo-Ka radiation
(A=0.71073A) and a SuperNova diffractometer with Cu-Ka radi-
ation (A=1.5418A), respectively. The structures were solved by
direct methods and refined on F? by full-matrix least squares
using SHELXTL [15]. The contribution of heavily disordered solvent
molecules was treated as diffuse using the SQUEEZE routine of PLA-
TON [16] and refined further using the data generated. The contents
of guest molecules are not represented in the unit cell contents for
the crystal data. Crystallographic data and experimental details for
structural analyses are summarized in Table S1. The CCDC reference
numbers 1486519 and 1486520 for Yb-DDPY and Yb-DDIA.

2.5. Catalytic cycloaddition of CO, with epoxides

A 20 mLstainless steel autoclave was charged under a protective
atmosphere with catalyst (0.01 mmol, corresponding to 0.05 mmol
Yb), TBAB (0.1 mmol) and epoxide (20 mmol) at 25°C. CO, was
added until the internal pressure in the system reached 1.0 MPa
at 25°C. The solution was mechanically stirred at 600 rpm. The
temperature of the reactor was then raised to 60°C. After 12h,
the reactor was cooling to room temperature. The catalytic reac-
tions at room temperature and atmospheric pressure were carried
out in a 10mL Schlenk tube, which was charged with catalyst
(0.02 mmol, corresponding to 0.1 mmol Yb), TBAB (1.7 mmol) and
epoxide (28.6 mmol) then the mixture stirring under 1atm CO,
atmosphere for 48 h at room temperature. After catalytic reac-
tions, the catalysts were separated by filtration, and the samples
of the reaction mixture were analyzed by GC to determine the con-
versions. The catalysts were washed abundantly with MeOH and
CH,Cl,, placed in a vial and soaked in MeOH for at least 6 h and
subsequently dried under vacuum at room temperature.
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Fig. 2. Views of the networks of Yb-DDPY (a) and Yb-DDIA (b). Polyhedral M;;Lsg-cage in Yb-DDPY (c) and Yb-DDIA (d) and simplification (e-f) of the cages.

3. Results and discussion
3.1. Crystal structure

Single crystal X-ray structural analysis reveals that Yb-DDPY
crystallizes in the tetragonal space group I4;/amd and con-
tains pentanuclear Yb(III) cluster secondary building units (SBUs),
[Ybs(3-OH)g]%* (Fig. 1a), showing uncommon trigonal bipyrami-
dal geometry and its triangular faces are capped by six w3-OH
groups, in which the eight-coordinate Yb1 and Yb3 reside in the
equatorial plane and two seven-coordinate Yb2 occupy the apical
positions. Each Yb1 and Yb3 with a square-antiprismatic geome-
try is coordinated by eight oxygen atoms from four p3-OH groups,
two carboxylate oxygen atoms and two aqua ligands (Yb1)/four
carboxylate oxygen atoms (Yb3). Yb2 adopts a mono-capped octa-
hedral coordination geometry defined by seven oxygen atoms from
three 113-OH groups, three carboxylate oxygen atoms and one aqua
ligand (Fig. 1b). All of the trigonal bipyramid vertexes are linked
by the coordinated carboxylates to afford [Ybs(u3-OH)g(02C-)g]

clusters, presenting a quasiregular double cap triangular prismatic
configuration considering only carbon atoms on the carboxylates
(Fig. 1c).

The 8-connected [Ybs(u3-OH)g(02C-)g] clusters are connected
by DDPY ligands to form a three-dimensional framework (Fig. 2a)
with uniform Mj,Lg-cages (Fig. 2c and e). So far, several kinds of
cages built from metal ions/clusters (M) and organic linkers (L)
have been reported and display various polyhedral configurations,
such as tetrahedral M4L4 [17] and MyLg [18], octahedral MgL4 and
MgLg [18], triangular antiprismatic MgLq, [19], cubic Mglg [17]
and MgL4; [3], cuboctahedral M1, Ly4, rhombicuboctahedral My4L4g
[18], M12Lg [19], etc. The unprecedented M;Lg-cage exhibits an
interesting polyhedral configuration, which is encircled by 12 Ybs
clusters occupying every vertex and 8 DDPY ligands embracing
every face, with the individual cavity size of ca. 20A x 17 A. PLA-
TON analysis [20] revealed that the 3D framework of Yb-DDPY was
composed of voids of 13951.3 A3, which represent 59.8% per unit
cell volume. The sizes of window apertures of the My, Lg-cages were
estimated to be ca. 8.2 x 10.0 A% t0 5.5 x 6.7 A2, considering van der
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Fig. 3. Py-IR spectra of Yb-DDPY and Yb-DDIA at room temperature.

Waals radii (Fig. S11a). After topological simplification, Yb-DDPY
presents an unprecedented 4,4,8-connected topology (Fig. S12a).

The free carboxyl groups dangled in the pores of the frameworks
can act as polar functional sites enhancing the CO, adsorption
capacity [21-23] and separation of chemical substances [19,24,25],
which also can catalyze some organic reactions as Brgnsted
acidic sites[26]. To introduce carboxyl groups into the framework,
another Ybs clusters-based MOF (Yb-DDIA) was constructed by
pyridyl carboxylic acid-supported ligand (H4DDIA) as linker, which
displays a distinguishing structure from Yb-DDPY. Yb-DDIA crys-
tallizes in the orthorhombic space group Pbam and its 8-connected
[Ybs(143-OH)g]%* SBU exhibits a different connection behavior from
the one in Yb-DDPY. The steric hindrance of the free -COOH group
on DDIA makes two monodentate linkers coordinate to two indi-
vidual Yb atoms rather than one with an included angle of 138.5°
(85.9° for Yb-DDPY) (Fig. 1c and e). Thus the extension direction of
nodes change and another new framework with different topology
is generated. The Mq,Lg-cages in Yb-DDIA are uniform hexagonal
prisms with individual cavity size of ca. 20 A x 17 A (Fig. 2d and f).
PLATON analysis revealed that the 3D framework of Yb-DDIA was
composed of voids of 11568.4 A3, which represent 54.3% per unit
cell volume. The openings of the cage, ca. 8.3 x 9.8 A2 t0 6.7 x 7.9 A2,
are slightly narrow than those in Yb-DDPY (Fig. S11b), owing to the
free —.COOH groups of DDIA ligands. The framework of Yb-DDIA can
be simplified to a 4,4,4,8-connected net (Fig. S12b).

3.2. Lewis and Brensted acidity characterization

Yb-DDPY and Yb-DDIA are presumably excellent Lewis acidic
catalysts owing to the high concentration of the Lewis acidic Ybs
clusters in their structures, and the free —COOH groups in Yb-
DDIA are Brensted acidic sites. In order to evaluate the Lewis and
Brgnsted acidic sites on the two frameworks, pyridine adsorption
fourier-transform infrared (Py-IR) spectroscopy was performed at
room temperature. According to the literatures [27], pyridine is a
common IR probe for testing acidic sites in solid acid catalysts. The
peaks appear in the region between 1700 and 1400 cm~! indicate
the ring vibrations of pyridine, which shift depending on whether
pyridine is coordinated to a Lewis acidic site or is protonated by
a Bregnsted acidic site. As shown in Fig. 3, both the peaks at ca.
1448 and 1605 cm™! are all in close agreement with the existence
of Lewis acidic sites in Yb-DDPY and Yb-DDIA [28]. Evidence for
the Brensted acidity of Yb-DDIA are indicated by the peak at ca.
1530cm™! typical for pyridinium ions bonded to Brgnsted acidic
sites. The ratios of Lewis to Brensted acidic sites in Yb-DDIA have
been estimated by integrating the peaks at 1448 and 1530cm™!,
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Fig. 4. N, adsorption/desorption isotherms of Yb-DDPY and Yb-DDIA at 77 K.

and the results were summarized in Table S2 (the resulting L: B ratio
of 1.41 for Yb-DDIA). It’s worth mentioning that the Py-IR experi-
ments were carried out at room temperature, and the coordinated
water molecules on the Yb(III) centers can not be removed under
such conditions, indicating that the seven- or eight-coordinate
Yb(III) centers can act as accessible Lewis acidic sites in these mate-
rials.

3.3. Gas sorption

Both of the Yb-DDPY and Yb-DDIA display a fully reversible
Type-I isotherm through the investigation of N, adsorption at 77 K
(Fig. 4), confirming their microporosity. The Brunauer-Emmett-
Teller (BET) surface areas of Yb-DDPY and Yb-DDIA are estimated to
be 1226 m2 g~ (theoretical value of 1451 m2g-1) and 759 m2 g~!
(theoretical values of 1236 m2g-1), respectively. The latter is
smaller than the former due to the occupation of the pores by the
free carboxyl groups. The experimental pore volumes of Yb-DDPY
and Yb-DDIA are 0.49 and 0.30cm3 g1, respectively, which lower
than the theoretical values (0.57 and 0.49 cm3 g—1).

When the pressure approaches 760 Torr, the CO, uptake of Yb-
DDPY reaches 247.67cm3 g1 at 195K and 76.07 cm3 g~1 at 273K
(Fig. 5a), which is higher than reported highly porous MOFs pos-
sessing multinuclear metal cluster moieties and cage structure at
273K, such as PCN-56 (ca. 55 cm3 g=1), PCN-57 (ca. 50 cm3 g~ 1) [29]
and Y-ftw-MOF-2 (ca. 56cm3 g=1) [30]. Yb-DDIA shows a lower
CO,-uptake value of 176.7cm3g-1 at 195K and 58.06cm3g-1 at
273 K (Fig. 6a) owing to its smaller pore volume. The isosteric heat
of adsorption (Qs¢) of Yb-DDPY and Yb-DDIA were calculated based
on the CO, adsorption isotherms at 195K, 273 K and 298 K using
the Clausius—Clapeyron equation [31], revealing that Qs; of Yb-
DDPY and Yb-DDIA at zero surface coverage are 28.37 kj mol~! and
30.87 kJ mol~1, respectively (Figs. 5b and 6b). The Qs for CO, shows
similar behavior for Yb-DDPY and Yb-DDIA, which are progres-
sively slightly decreasing as the CO, loading increases, indicating
that the effect of porous filling plays key roles over the full range of
gas loading [32]. The higher Qs: of Yb-DDIA is mainly related to the
existence of polar free ~-COOH groups exposed on the pores, which
cooperate with the basic pyridine groups on the linkers to facilitate
the adsorption of CO, [23].

3.4. Cycloaddition of CO, and epoxides

Transformation of CO, to cyclic carbonates has gained a great
deal of attentions in recent years [33-35], and the main reasons
can be summarized as follows: (1) CO, is one of the major green-
house gases blamed for the climate change and global warming
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[36], so the chemical CO, fixation is a challenging and important
synthetic goal. (2) In terms of its nontoxicity, easy availability and
renewability, CO, can be offered as a useful industrial raw material
in synthetic chemistry [37-39]. (3) Cyclic carbonates are valuable
chemical products owing to their applications as raw materials
for engineering plastics and as intermediates in the manufacture
of fine chemicals [40,41]. The cycloaddition reaction between CO,
and epoxides is one of the most powerful and attractive strategies
for the CO, chemical conversion [42]. The ability of capture CO,
and the higher accessibility of the Lewis acidic sites in the frame-
works, which are deemed necessary for epoxide activation as a first
reaction step [43-45], prompt we investigate the catalytic abili-
ties of Yb-DDPY and Yb-DDIA as heterogeneous catalysts in the
cycloaddition reaction of CO, with epoxide substrates.

In a typical experiment, the reaction was processed in an auto-
clave reactor using the propylene oxide (PO, 20 mmol) with CO,
purged to 1.0 MPa under a solvent-free environment at 60°C in
the presence of 0.1 mmol TBAB (tetrabutylammonium bromide) as
co-catalyst [46,47]. The conversions of PO have reached 85% (Yb-
DDPY) and 93% (Yb-DDIA) after 12 h (Table 1, entries 5 and 14).
Comparably, as a heterogeneous catalyst, Yb,03 did not display
significantly catalytic activity under the same conditions, which
provides less accessible Lewis acidic sites since their aggregation
behavior in the reaction system (Table 1, entry 1). Under the same
conditions, the independent MOFs or TBAB also demonstrate lower
catalytic activity for the cycloaddition of PO and CO, (Table 1,
entries 2-4), and the TON values per mol of Yb (112 for Yb-DDPY
and 136 for Yb-DDIA) are higher than the one per mol of TBAB (60),
indicating that the MOFs play a predominant role in the reactions.

(2) 209
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Fig. 6. (a) The adsorption/desorption isotherms of CO, (195K, 273 K and 295 K) and

N, (273 K) for Yb-DDIA. (b) The isosteric heat of CO, adsorption (Qs) of Yb-DDIA
calculated from the adsorption isotherms at 195K, 273 K and 295 K.

(@)

Fig. 7. The proposed mechanism for the cycloaddition reactions catalyzed by Yb-
DDPY and Yb-DDIA.

Rare-earth cluster-based MOFs as catalysts for cycloaddition
of CO, with epoxides have been rarely reported. Eddaoudi and
co-workers [48] reported a nonanuclear Y cluster-based MOF, gea-
MOF-1, and studied its performance in catalyzing cycloaddition
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Table 1

Cycloaddition of CO, with various epoxides catalyzed by various catalysts.

(0]
O Cat., TBAB O)Lo
+ COp —m
RA 60°C, 1.0 MPa, 12 h >_/
R = Me, Et, C3H5OCH,, C4HgOCH,, Ph R

Entry R Catalyst Conversion? (%) TONP
1€ Me Yb,03, TBAB 33 132
2 Me TBAB 30 60
3 Me Yb-DDPY 28 112
4 Me Yb-DDIA 34 136
5 Me Yb-DDPY, TBAB 85 340
64 Me Yb-DDPY, TBAB 83 332
74 Me Yb-DDPY, TBAB 82 328
8d Me Yb-DDPY, TBAB 80 320
9d Me Yb-DDPY, TBAB 78 312
10 Et Yb-DDPY, TBAB 74 296
11 C3H50CH, Yb-DDPY, TBAB 67 268
12 C4HyOCH, Yb-DDPY, TBAB 64 256
13 Ph Yb-DDPY, TBAB 52 208
14 Me Yb-DDIA, TBAB 93 372
154 Me Yb-DDIA, TBAB 92 368
164 Me Yb-DDIA, TBAB 90 360
174 Me Yb-DDIA, TBAB 90 360
184 Me Yb-DDIA, TBAB 89 356
19 Et Yb-DDIA, TBAB 86 344
20 C3H50CH, Yb-DDIA, TBAB 83 332
21 C4HoOCH; Yb-DDIA, TBAB 89 356
22 Ph Yb-DDIA, TBAB 60 240
23¢ Me MOF-5, TBAB 97.6 72
24¢ C3Hs50CH, CHB(M), TBAB 89.2 28
258 Ph 1.Gd, TBAB 70 9

Reaction conditions: epoxides (20 mmol), catalyst (0.01 mmol, corresponding to 0.05 mmol Yb, 0.25 mol%), TBAB (0.1 mmol, 0.5 mol%) under CO, (1.0 MPa), 60°C and 12 h.

2 The conversions were determined by GC.

b Moles of epoxides consumed/moles of Yb.

¢ Yb,03 (0.025 mmol, corresponding to 0.05 mmol Yb).
4 With recycled catalysts from the previous entry.

¢ PO (20 mmol), MOF-5 (100 mg, 0.27 mmol Zn), TBAB (2.5 mol%) at 50°C, 6.0 MPa for 4 h.
f Allyl glycidyl ether (18.6 mmol), CHB(M) (1.6 mol%, 0.30 mmol Cu), TBAB (1.6 mol%) at 80°C, 1.2 MPa for 6 h.
& Styrene oxide (1 mmol), 1.-Gd (0.032 mmol Gd), TBAB (2.5 mol%) at 60°C, 0.1 MPa for 12 h.

Table 2
Cycloaddition of CO, with epoxides catalyzed by Yb-DDPY and Yb-DDIA at room temperature and atmospheric pressure.
Entry Epoxides Catalyst Conversion? (%) TONP
o] Yb-DDPY, TBAB 75 215
A Yb-DDIA, TBAB 85 243
3 i\/ Yb-DDPY, TBAB 66 189
4 NN Yb-DDIA, TBAB 80 229
5 A Yb-DDPY, TBAB 40 114
6 Yb-DDIA, TBAB 48 137

o]

Reaction conditions: epoxides (28.6 mmol), catalyst (0.02 mmol, corresponding to 0.1 mmol Yb), TBAB (1.7 mmol) under CO, (1 atm), room temperature and 48 h.

2 The conversions were determined by GC.
b Moles of epoxides consumed/moles of Yb.

reaction of CO, with epoxides. The conversion rate of PO catalyzed
by gea-MOF-1 reaches 88% at 120°C under 2.0 MPa CO, pressure.
Compared with the benchmark MOF catalyst, MOF-5 [49] (Table 1,
entry 23), Yb-DDPY and Yb-DDIA also provide higher TON values
under the similar reaction conditions.

The extensive cycloaddition reactions of CO, with a variety of
epoxides catalyzed by the resultant MOFs were also explored and
the results are summarized in Table 1 (entries 10-13,19-22), which
show that the conversions of epoxides display gradual decrement
trend with the enlargement of molecular sizes of epoxide sub-
strates. The limited accessible pore diameters of cages allow smaller
epoxide substrates to enter into the cavities swiftly then interact
with the acidic Yb(III) centers, but the large-sized epoxide sub-
strates exhibit a slower diffusion into the void space within cage,

resulting in lower conversions during the same time [46,50,51].
After catalyzing the cycloaddition reaction of CO, and butyl gly-
cidyl ether, the catalysts have been washed with MeOH and CH,Cl,
to remove the substances on the surface. Then the '"H NMR of Yb-
DDPY was carried out and the result confirmed that the reaction
product exist inside the catalysts (Fig. S14), indicating that the reac-
tants can enter into the void spaces and the reaction occurred inside
the cages of Yb-DDPY. Though Yb-DDIA possesses smaller cage
opening sizes and lower CO, adsorption capability, the Brgnsted
acidic —COOH groups endow Yb-DDIA with higher catalytic activ-
ity towards the cycloaddition of CO, and epoxides than Yb-DDPY
under the same conditions, which is probably attribute to the syn-
ergistic effect of the Brgnsted acidic —-COOH groups and the Lewis
acidic Yb(III) sites [52,53]. For the cycloaddition of CO; and allyl gly-
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cidyl ether or styrene oxide, other reported catalysts exhibit lower
TON values under the similar reaction conditions (Table 1, entries
24 and 25) [47,54].

The cycloaddition of CO, and epoxides were also carried out
with Yb-DDPY and Yb-DDIA as catalysts at room temperature and
atmospheric pressure. As shown in Table 2, the conversions of
smaller PO reach 75% and 85.2% after 48 h, respectively. The con-
versions of larger allyl glycidyl ether and styrene oxide reach to 66%
and 40% (Yb-DDPY), 80% and 48% (Yb-DDIA), respectively (Table 2,
entries 3-6). The results indicated that these Ybs cluster-based
MOFs also exhibit catalytic activities under mild conditions and
Yb-DDIA still shows higher catalytic activity due to the synergy of
Lewis acidic Yb(III) sites and Brensted acidic -COOH groups.

Leaching tests have been performed to exclude the contribu-
tion of homogeneous Yb-species to the catalytic performance of
Yb-DDPY/Yb-DDIA. The result shows that the transformation of
the PO dramatically decreases after removal of catalysts at 4 h (Fig.
S$15), confirming the heterogeneous nature of the catalysts. The
recycling experiments were further carried out for successive runs
using recycled Yb-DDPY/Yb-DDIA and freshly added co-catalyst
TBAB. The recycling tests proved that both Yb-DDPY and Yb-DDIA
can serve as excellent recoverable catalysts for the solvent-free
cycloaddition reaction of CO, with PO in the presence of co-catalyst
TBAB, exhibiting nearly equivalent catalytic activity to the previ-
ous reactions during 5 cycles of recyclability experiments (Table 1,
entries 6-9, 15-18). Moreover, as catalysts, Yb-DDPY and Yb-DDIA
are easily isolated from the reaction suspension by a simple filtra-
tion. The PXRD patterns of recycled Yb-DDPY and Yb-DDIA after 5
cycles were examined, which are almost the same as the fresh ones
(Fig. S4), indicating stability of the catalysts.

According to the previous reports [54,55], a tentative mecha-
nism for the cycloaddition of CO, and epoxide into cyclic carbonate
is proposed to be the Lewis acid based catalysis. As illustrated in
Fig. 7, epoxides first bind to the Lewis acidic Yb(III) sites through
the oxygen atoms to activate the epoxy ring. Then, TBAB attacks the
less-hindered carbon atom of the epoxide using its Br~ as nucle-
ophile to open the epoxy ring. Subsequently, the opened epoxy
ring interacts with CO, forming an alkylcarbonate anion, which
is converted into corresponding cyclic carbonate through the final
ring-closing step, and TBAB is recycled simultaneously. To verify
the cooperative interactions between the Yb(III) sites and PO, the
spectroscopic (IR and 'H NMR) analyses of PO-impregnated Yb-
DDPY were carried out. IR spectrum of PO-impregnated Yb-DDPY
revealed two epoxy vibration peaks at 949 and 828 cm~! (Fig. S16).
TH NMR of the PO-impregnated Yb-DDPY in DMSO-dg/DCl/D,0
exhibits the characteristic peaks of PO with significant downfield
shifts of free PO (Fig. S17). The obvious shifts of 'TH NMR and IR
spectra compared with the free PO suggested the adsorption and
the activation of the PO in the cages of the MOFs [56]. The higher
catalytic activities of Yb-DDIA and TBAB system result from the syn-
ergistic effect of combining the Brgnsted acidic -COOH groups with
the Lewis acidic Yb(III) sites [53]. Yb-DDPY and Yb-DDIA could still
lead to low conversions of PO under the same conditions in absence
of co-catalyst TBAB (Table 1, entries 3 and 4) due to the weak Lewis
base sites (nitrogen atoms on the pyridyl rings) in their frameworks,
which could partly replace TBAB to activate CO, molecules and sub-
sequently attack the epoxide attached on the Lewis acidic Yb(III)
sites [57,58], then facilitates the reaction.

4. Conclusions

In conclusion, two Ybs cluster-based MOFs with unique poly-
hedral cages were constructed, in which the [Ybs(13-OH)g]%* SBUs
present uncommon trigonal bipyramidal geometry. The affinity of
CO, and existence of Lewis acidic sites make the Ybs cluster-based

MOFs potential heterogeneous catalysts for chemical conversion of
CO, with epoxides, which maintain the integrity of the structures
and catalytic activity after 5 cycles of reactions, indicating their sta-
bility and recyclability. Introducing functional ~-COOH groups into
the framework during the assembly process enhances the catalytic
activity of Yb-DDIA towards the cycloaddition of CO, and epox-
ide owing to the synergistic effect of the Bransted acidic -COOH
groups and the Lewis acidic Yb(III) sites. The future work is in
progress to systematically fabricate the new porous MOFs based
on the pentanuclear rare-earth clusters and explore their potential
functionality for gas absorption and catalysis.
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