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Two series of chemically and thermally stable rare-earth MOFs were
constructed using trinuclear [Mz(pz-OH)(COO)¢] SBUs and linear
dicarboxylate linkers, which feature three-dimensional 12-connected
frameworks with an hcp topology. These materials contain a large
density of Lewis acidic sites, leading to high catalytic activity towards
the cycloaddition of CO, and epoxides under mild conditions.

Over the past two decades, metal-organic frameworks (MOFs)
have been studied extensively due to their intriguing architecture
and potential applications in multiple areas, such as gas separa-
tion and storage," small-molecule separation,* chemical sensing®
and catalysis.” Because of the highly designable nature of MOFs,
their multiple structures, dimensionality and chemical properties
can be realized via the scientific selection and assembly of
secondary building units (SBUs): multifunctional organic linkers
and metal ions (clusters) with various shapes and extension
nodes.” However, reversible coordination bonding of metal ions
and organic ligands generally results in the poor stability of the
MOF materials,® which is commonly identified as the major
shortcoming for their practical applications in most research
areas. Therefore, construction of MOFs with improved stability
has become a significant goal for a lot of researchers.

The trinuclear [Mj;(p3-O/p3-OH)(COO)e] cluster, as a classical
shape changeable trigonal-prismatic SBU, facilitates construction
of a plethora of polyhedral nets and highly porous materials.”
Due to its flexibility, MOFs assembled by [M;(p3-O/p3-OH)(COO)s]
SBUs and linear dicarboxylate linkers exhibit various topologies,
as exemplified by 6-connected MIL-88 (acs network),® MIL-101
(mtn network),® MCF-35 (flu-e network),'® the predicted MIL-hypo-
2/constructed nickel-complex (reo-e network),"" etc. High-connected
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MOFs usually exhibit enhanced stability towards harsh chemical
conditions or elevated temperatures.” So increasing the con-
nectivity of known SBUs is of great interest. In the trinuclear
[M3(13-O/p3-OH)(COO)s] family, the reported highest connectivity
is the 9-connected MCF-19 (ncb network);'* however, no other
higher connected network has been reported so far.

Herein, two series of 12-connected rare-earth (RE =Y, Tb
and Er) MOFs incorporating [RE;(p;-OH)(COO)s] SBUs (Fig. 1a)
and linear dicarboxylates were synthesized with the formulae
[(CH;),NH,[RE;(j13-OH)(BDC);(HCOO);] (RE-BDC) and [(CHj),NH,}
[RE;(113-OH)(NDC),(HCOO);] (RE-NDC) (H,BDC = 1,4-benzene-
dicarboxylic acid and H,NDC = 2,6-naphthalenedicarboxylic acid)
(Fig. S1, ESIt). These materials show very high thermal and chemical
stability in common organic solvents and water with pH values
ranging from 2 to 12. Owing to the high-density of Lewis acidic sites,
all these complexes exhibit high catalytic activity towards the
cycloaddition of CO, and epoxides under mild conditions.
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Fig. 1 (a) 12-Connected trinuclear [REz(uz-OH)(COO)e] SBUs. Inset: The
coordination environment of each RE(m) ion. (b) 2D layer formed by
[RE3(pz-OH)COO)g] SBUs and HCOO™. Views of the structure of RE-NDC
along the a-axis (c) and the c-axis (d).

This journal is © The Royal Society of Chemistry 2017
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The reaction of RE(NO;); (RE =Y, Tb and Er) with H,BDC/
H,NDC in a mixture of DMF and H,O in the presence of nitric
acid and 2-fluorobenzoic acid at 105 °C affords crystals of
RE-BDC/RE-NDC. Single-crystal X-ray crystallography showed that
RE-BDC and RE-NDC crystallize in the hexagonal space group
P63/m. Each RE(m) (Y, Tb and Er) center is seven-coordinated
by four dicarboxylates, one 1;-OH and two HCOO ™ in a triangular
capping-square coordination environment (Fig. 1a). Besides the
linear dicarboxylate linkers, the HCOO™ sites of these clusters
also act as p,-bridging ligands to furnish [RE;(p;-OH)(COO)s]
SBUs as 12-connected nodes. Due to their higher coordinate
numbers, the RE(m) ions provide more extension points than
the hexa-coordinated transition metal centers. Along the g-axis,
the 12-connected [RE;(p3-OH)(COO)g] SBUs are connected by six
coordinated HCOO™ sites, extending into a 2D layer (Fig. 1b), and
the ratio between the dicarboxylates and coordinated HCOO™ was
determined using "H-NMR integral results (Fig. S2, ESIT). The 2D
layers are further connected together through BDC or NDC linkers
along the c-axis direction, resulting in a 3D framework (Fig. 1c
and d) with an unusual uninodal 12-connected hcp topology
(Fig. S3, ESIt). The vertex symbol for this net is 3**.4%.5°) as
analyzed using the TOPOS program. PLATON"? analysis reveals
that the frameworks of RE-BDC and RE-NDC are composed of
voids of 518.2 A® and 546.6 A%, respectively.

Generally, MOFs sustained by high connectivity SBUs tend
to exhibit higher thermal and chemical stability. The trigonal
prismatic [M;(t3-O)(COO)] SBUs as multi-connected nodes are
notable for their historical constructions of many MOFs, and
most of the resulting complexes tend to exhibit excellent
chemical stability.”"*'* So, it is suspected that the 12-connected
[RE;(u3-OH)(COO)s] clusters maybe endow these RE-based MOFs
with excellent chemical stability. To verify this, the chemical
stabilities of Er-BDC and Er-NDC were checked using powder
X-ray diffraction (PXRD) studies. The results show that the
experimental PXRD patterns are consistent with the simulated
ones upon soaking in various organic solvents for 48 h (Fig. S4
and S5a, ESIt), even in aqueous solutions with pH = 2 (0.01 M
HCI) and 12 (0.01 M NaOH) for 12 h (Fig. 2 and Fig. S5b, S6, ESIT),
indicating that no framework collapse or phase transition occurs
during the chemical stability tests. However, when crystal samples
are soaked in 0.1 M HCI and 0.1 M NaOH solution, observable
changes in color, morphology and transparency occur in several
minutes. Similarly, Y- and Tb-complexes also show super stability
toward aqueous solutions with pH = 2 and 12 (Fig. S7, ESIT).
RE-BDC and RE-NDC also display high thermal stability.
Thermogravimetric analysis (TGA) curves (Fig. S8, ESIt) show that
these complexes present no obvious weight loss below 300 °C
(ca. 3.4% weight loss assigned to the removal of dimethyl-
ammonium cations). Variable-temperature PXRD patterns demon-
strated that these complexes maintain their crystalline form with
the environmental temperature ranging from ambient temperature
to 300 °C (Fig. S9, ESIT), and then obvious changes in diffraction
patterns are observed as the temperature was increased up to
350 °C. It is confirmed that Er-BDC and Er-NDC retain their
structural stability until the environmental temperature exceeds
300 °C, which are superior to 6-connected MIL-88 MOFs; the latter
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Fig. 2 (a) Pictures of Er-BDC under an optical microscope: as-synthesized (A)
and after soaking in n-hexane (B), 0.01 M HCl (C) and 0.01 M NaOH (D).
(b) PXRD patterns of Er-BDC and the samples treated with n-hexane, H,O,
0.01 M HCl and 0.01 M NaOH.

present a similar structure but with lower connectivity.® For
instance, when MIL-88B(V)"” was heated to 200 °C, the PXRD
patterns exhibited a large variation in the position of the peaks,
indicating that the crystalline phase has changed.

RE-BDC and RE-NDC are potential Lewis acidic catalysts owing
to the high concentration of the Lewis acidic seven-coordinated
RE(m) ions in their structures. To determine this point, pyridine
adsorption experiments were carried out on Y-BDC and Y-NDC at
room temperature. The pyridine adsorption Fourier-transform
infrared (Py-IR) spectra show peaks at 1448 cm™ ' and 1605 cm ™ *
typical for pyridine adsorbed on Lewis acid sites, confirming the
Lewis acidity of Y-BDC and Y-NDC (Fig. 510, ESI{)."® The combi-
nation of Lewis acidity and excellent stability of these complexes
inspired us to investigate their heterogeneous Lewis acidic catalytic
activities towards the cycloaddition of CO, and epoxides.

Recently, the cycloaddition of CO, and epoxides as one of
the most powerful and attractive strategies for CO, chemical
fixation has attracted more attention from researchers.'” In this
reaction, the valuable chemical products, cyclic carbonates, can
be converted from CO, as a cheap C-1 source.'® So, the cyclo-
addition of CO, and propylene oxide (PO) acts as a typical
reaction to study the catalytic activity of RE-BDC and RE-NDC.
The reactions were carried out in an autoclave reactor using the
epoxides (28.6 mmol) and CO, under 1 MPa pressure at 60 °C in
the presence of 0.05 mmol RE-BDC as a catalyst and 0.3 mmol
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Table1 Cycloaddition of CO, and propylene oxide catalyzed by a variety
of catalysts
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Table 2 Cycloaddition of CO, and various epoxides catalyzed by Y-BDC
and Y-NDC

(@)

o) Cat., TBAB
+ Co, 2o BAB o)ko
/A 60 °C, 1.0 MPa )_/

Entry Catalyst Conversion® (%) TON”
1 Y-BDC, TBAB 95 543

2 Er-BDC, TBAB 91 521

3 Tb-BDC, TBAB 89 509

4 Y-NDC, TBAB 94 538

5 Er-NDC, TBAB 90 515

6 Tb-NDC, TBAB 87 498

7 TBAB 30 29
8 Y(NO,);, TBAB 90 —

9¢ Y,0;, TBAB 12 —

Reaction conditions: propylene oxide (28.6 mmol), catalyst (0.05 mmol,
corresponding to the RE; cluster), TBAB (0.3 mmol) under CO, (1.0 MPa),
60 °C and 12 hours. * The conversions were determined by GC. ” TON is the
turnover number (product (mmol)/catalyst (mmol)). ¢ Y(NO;); (0.15 mmol),
TBAB (0.3 mmol), CO, (1.0 MPa), 60 °C, 10 h. ¢ Y,0; (0.075 mmol),
TBAB (0.3 mmol), CO, (1.0 MPa), 60 °C, 12 h.

TBAB (tetrabutylammonium bromide) as a co-catalyst. The
conversions of the PO were confirmed by gas chromatography
(GC) analyses and the results are summarized in Table 1. After
12 hours, the conversion of PO catalyzed by Y-BDC reaches 95%,
demonstrating the highest catalytic activity of Y-BDC with a TON
value of 543 followed by Er-BDC and Th-BDC with values of 521
and 509, respectively. The different atomic radii of the central RE
atoms (Y < Er < Tb) may contribute to the diversity of their
catalytic capacities.”® Under the same conditions, the RE-NDC
series exhibit high activities toward the cycloaddition of CO, and
PO (Table 1, entries 4-6), in which Y-NDC also gives the highest
conversion (94%) of PO. Compared with other benchmark MOF
catalysts (Table S3, ESI{), Y-BDC and Y-NDC also exhibit good
catalytic activity towards the cycloaddition of CO, with PO. We
also tested simple Y(NOj;); (0.15 mmol) as a homogeneous
catalyst for the cycloaddition of CO, with PO. The result shows
that the Y(NO;);/TBAB system displays powerful catalytic activity
under the same conditions (Table 1, entry 8). Y,03, because of its
insolubility in the reaction system, was also studied as a hetero-
geneous catalyst for this reaction under similar conditions (Table 1,
entry 9). The low catalytic activity of Y,O; indicated that the high
accessibility of the Lewis acidic Y(m) sites is indispensable for
epoxide activation as the first reaction step.

In consideration of the higher activities of Y-based complexes,
we chose Y-BDC and Y-NDC to investigate the cycloaddition of CO,
and other epoxides. After 12 hours, Y-BDC and Y-NDC (0.05 mmol,
0.17 mol%) both afforded high conversions of epoxybutane
(88% and 86%), allyl glycidyl ether (85% and 83%) and butyl
glycidyl ether (80% and 82%, Table 2), outperforming some MOF-
based catalysts. For instance, {Cu(Hip),(Bpy)},, reported by Park et al.
gave an allyl glycidyl ether conversion of 89.2% using an approxi-
mately tenfold amount of the catalyst (1.6 mol%) at 80 °C under
1.2 MPa CO, pressure.’® Another Y-based catalyst, gea-MOF-1,*"
demonstrates catalytic activity for the cycloaddition of propylene
oxide/epoxybutane and CO, with yields of 88% and 94% under
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o

Qe o, Cat., TBAB o)J\o
/A 60 °C, 1.0 MPa > /

R
R
Y-BDC Y-NDC
Conversion® Conversion
Entry Epoxides (%) TON? (%) TON
o]
1 AN 88 503 86 492
0]
2 L\/o NN 486 83 475
Q
3 % 80 458 82 469
O\/\/
Q
4 72 412 70 400

Reaction conditions: epoxides (28.6 mmol), catalyst (0.05 mmol, corres-
ponding to the Y; cluster), TBAB (0.3 mmol) under CO, (1.0 MPa), 60 °C
and 12 hours. “ The yields were determined by GC.” TON is the
turnover number (product (mmol)/catalyst (mmol)).

relatively harsh conditions (120 °C and 2 MPa CO, pressure). The
comparatively lower conversions of styrene oxide (72% and 70%)
are attributable to the low reactivity at its f-carbon center (Table 2,
entry 4).>°

A tentative mechanism for the cycloaddition of CO, and
epoxide into cyclic carbonate is proposed to be the Lewis acid
catalysis.”® As illustrated in Fig. 3, epoxides first bind to the
Lewis acidic RE sites through the O atoms to activate the epoxy
ring. Then, TBAB attacks the less-hindered C atoms of the
epoxide using its Br~ as nucleophiles to open the epoxy ring.
Subsequently, the opened epoxy ring interacts with CO, forming an
alkylcarbonate anion, which is converted into the corresponding

Fig. 3 Proposed catalytic mechanism for the cycloaddition of CO, and
epoxide into cyclic carbonate over RE-BDC and RE-NDC.

This journal is © The Royal Society of Chemistry 2017
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cyclic carbonate through the final ring-closing step, and TBAB
is recycled simultaneously. In view of the small window size of
the 12-connected framework (ca. 1.7 A%), the substrates can’t
enter the pore, and the reactions almost occur on the external
surface of the catalysts.

Leaching tests were performed to test the heterogeneous
nature of the catalysts Y-BDC and Y-NDC. The results show that
the transformation of the PO dramatically decreases after the
removal of catalysts at 6 h (Fig. S11, ESIt). In addition, inductively
coupled plasma (ICP) analyses also excluded the leaching of Y,
confirming the stability and insolubility of the catalysts in this
reaction system. The recyclability and reusability of the catalysts
for the cycloaddition of CO, and PO were further investigated.
After 5 runs of reactions, the complexes still retain equivalent
catalytic activity to the original ones (Fig. S12, ESIt), which can be
isolated from the reaction suspensions by simple filtration. The
PXRD patterns of recycled Y-BDC and Y-NDC after 5 cycles are
comparable to those of the fresh ones (Fig. S13, ESIY), indicating
the stability of the catalysts. Thus, the remarkably highly efficient
catalytic activities towards cycloaddition of CO, and epoxides
confirm that both Y-BDC and Y-NDC present significant advan-
tages for chemical fixation of CO, and preparation of cyclic
carbonates.

In conclusion, we have successfully synthesized two series of
trinuclear RE cluster-based MOFs, RE-BDC and RE-NDC (RE =,
Tb, and Er), with a 12-connected hcp topology. These constructed
MOFs exhibit remarkable thermal stability in a wide temperature
range and chemical stability in water and common organic
solvents. In particular, RE-BDC and RE-NDC contain a high
density of accessible Lewis acidic RE(u) sites, which have been
demonstrated to be highly efficient heterogeneous catalysts for
CO, chemical fixation. We hope that this work will open a new
way to constructing novel and stable MOFs.

This work was granted financial support from the National
Natural Science Foundation of China (Grant 21671090 and
21271096).
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