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ABSTRACT: Two multifunctional metal—organic frameworks based on
cubane-like tetrahedron Tb, clusters as nodes have been synthesized and
characterized. Compound 1 exhibits a 2D lanthanide—organic framework
with Tb, clusters as nodes, and compound 2 possesses a 3D framework
with Tb, clusters and Mn®* as nodes. Interestingly, luminescent
investigations on them reveal that the two compounds can act as
recyclable luminescent probes for chromium(VI) anion species and the
corresponding detection limit can reach 1077 mol/L. Furthermore, 1 and
2 own efficient catalytic activity for the chemical fixation of CO, with
epoxides under mild conditions. Importantly, they both can be recycled at

least three times without compromising the activity.

B INTRODUCTION

As a promising class of porous materials, metal—organic
frameworks (MOFs) have attracted immense attention because
of not only their fascinating structures but also their potential
applications in gas storage,l magnetism,2 optical proper’fy,3
chemical sensing,” catalysis,” etc. Among these applications,
MOFs employed as chemical sensors have been extensively
studied, and the hot issue of research mainly focused on the
detection of anions,® cations,” and small organic molecules,®
etc. However, a few studies have involved the detection of
chromium(VI) anion species (CrO,*~ or Cr,O,*”), which are
well-known toxic anions and pose a serious threat to human
health and the environment, having been listed as a U.S.
Environmental Protection Agency prior pollutant.” Nowadays,
with the development of industry, more and more poisonous
chromium(VI) species are discharged, and they were
recognized or removed via conventional methods, such as ion
exchange,'’ membrance separation,'' photocatalytic degrada-
tion,"* etc.'> Nevertheless, these methods have the defects of
poor regeneration and inferior chemical stability. Therefore,
MOFs that have the incomparable advantages of high
sensitivity, good regeneration, and excellent chemical stabilities
as luminescent sensors to detect chromium(VI) anions are
urgently needed to prevent chromium(VI) anions from
endangering human health and the environment.

On the other hand, carbon dioxide (CO,) chemistry has
recently attracted much attention from the scientific
community not only because the rapidly increasing atmospheric
CO, levels are projected to have a detrimental consequence on
the global climate but also because CO, is an inexpensive,
nontoxic, renewable, and abundant C1 building block for
organic synthesis.'* Great effort has been devoted to
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developing methods or technologies to transform CO, into
valuable raw materials."> One of the most promising
technologies is the coupling reaction of CO, and epoxides to
form cyclic carbonates,'® which are important chemical
intermediates and have been widely used in the synthesis of
specialty fine chemicals and pharmaceuticals. Furthermore, the
cycloaddition of CO, to an epoxide product with no
byproducts is in accordance with green chemistry and atomic
economy.'>“® With large-sized porosity and Lewis acidic sites,
stable lanthanide-based MOFs are considered to be ideal
candidates for CO, conversion with epoxides. As a kind of
effective heterogeneous catalysis, MOF-based catalysts possess
satisfactory circulation and separability,’” which have good
application prospects in industry.

With the above considerations in mind, two MOFs,
{[Tb,(BPDC),(1t3-OH),(H,0)s]-11H,0}, (1) and {[Tb,Mn-
(BPDC);(u3-OH),(HCOO), 5(H,0),]-2.50H-8H,0}, (2),
based on Tb, clusters as nodes were obtained (H,BPDC =
4,4’'-dicarboxylate-2,2'-dipyridine anion). Compound 1 pos-
sesses a 2D framework with Tb, as nodes, while compound 2 is
a 3D MOF based on [Tb,(OH),]*" clusters and transition-
metal Mn?*, which both exhibit high thermal stability.
Luminescence explorations reveal that compounds 1 and 2
can detect chromium(VI) anions with high sensitivity and
recyclability and can serve as fluorescent probes for chromijum-
(VI) anions. On the other hand, in terms of CO, conversion,
compounds 1 and 2 can efficiently catalyze the cycloaddition
reaction with CO, and epoxides under mild conditions;
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furthermore, these compounds can be reused at least three
times without any obvious loss in catalytic activity.

B EXPERIMENTAL SECTION

Preparation of {[Tb,(BPDC),(u5-OH),(H,0)¢]-11H,0}, (1). A
mixture of Th(NO;);:6H,0 (0.2 mmol, 90.6 mg), H,BPDC (0.1
mmol, 24.4 mg), 100 uL of triethylamine, 4 mL of anhydrous alcohol,
and 4 mL of distilled water was sealed in a 25 mL Teflon-lined
stainless steel autoclave. The autoclave was heated at 200 °C for 72 h
under autogenous presser and then cooled slowly to room temperature
at a rate of 2 °C/h. Colorless flaky crystals were obtained and washed
with distilled water. The yield was 65% [based on Tb(NO,);-6H,0].
Elem anal. Calcd for compound 1: C, 28.65; H, 3.08; N, 5.57. Found:
C, 29.09; H, 2.97; N, 5.31.

Preparation of {[Tb,Mn(BPDC);(u;-OH),(HCOO), 5(H,0),]-
2.50H:8H,0},, (2). Compound 2 was obtained in a manner similar
to that of compound 1 except that MnCl,-4H,0 (0.05 mmol, 10 mg)
was added. The yellow block crystals were washed with distilled water.
The yield was 50% [based on Tb(NO;);-6H,0]. Elem anal. Calcd for
compound 2: C, 24.84; H, 2.76; N, 4.64. Found: C, 25.46; H, 2.36; N,
4.97.

B RESULTS AND DISCUSSION

Structure Description of 1. Single-crystal X-ray diffraction
(XRD) analysis reveals that compound 1 crystallizes in the
tetragonal system with space group I4,/acd, which shows a 2D
layer structure. In the structure, the asymmetric unit contains a
unique Tb* ion and one BPDC®” ligand, and the eight-
coordinated Tb*" ion is completed by three carboxylic oxygen
atoms (016, 019, and 020) of three BPDC>~ ligands, two
oxygen atoms (O21 and O23) of two water molecules, and
three p3-oxygen atoms (02% 02, and 02; Figure Sla). Four
Tb** ions are bridged by u;-OH into a cubane-like tetranuclear
cluster [Tb,(OH),]*" (Figure 1a), which is further linked by
eight BPDC?™ ligands into a 2D framework (Figures 1b and
Sle), possessing exposed nitrogen atom sites (Figure S1d).

Structure Description of 2. Considering the hollow
distribution sites of nitrogen atoms in compound 1, 0.05
mmol of MnCL,-4H,0 (10 mg) was added in the process of
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Figure 1. (a) [Tb,(OH),]*" units of compound 1. (b) 2D framework
of 1 along the ¢ direction. (c) [Tb,(OH),]** units of compound 2. (d)
[Mn(BPDC),]* units of 2. (e) 3D framework of 2 along the ¢
direction. Hydrogen atoms and free water molecules are omitted for

clarity.

synthesis, and compound 2 was obtained. Structure analysis
suggested that compound 2 crystallizes in the cubic system with
space group I2,3. As illustrated in Figure S1b,c, the asymmetric
unit has two crystallographically independent Tb*" ions, in
which the eight-coordinated Tb1 (Figure S1b) is surrounded by
three carboxylic oxygen atoms (04, 010, and O13), three -
oxygen atoms (O3, 09, and 09"), one oxygen atom (O2AA)
from a coordinated water molecule, and one oxygen atom of a
formic anion (0O16), which is derived from decarboxylation of
the H,BPDC ligand, because aromatic compounds are more
likely to decarboxylate under thermal insulation and alkaline
conditions."® The seven-coordinated Tb2 (Figure Slc) is
surrounded by three carboxylic oxygen atoms (O11°, O11°,
and O11°), three y;-oxygen atoms (09 09°, and 09°), and
one oxygen atom (O14) from a coordinated water molecule.
Four Tb*" ions are bridged by four y;-OH into a tetranuclear
cluster, [Tb,(OH),]*" (Figure 1c), which shows a cubane-like
structure. Furthermore, each [Tb,(OH),]*" cluster is bridged
with six BPDC?” ligands and three formate anions (Figure S1f),
while the [Tb,(OH),]** cluster in 1 is linked with eight
BPDC?” ligands. Additionally, every [Tb,(OH),]*" cluster in 2
is bridged with three adjacent [Tb,(OH),]*" clusters by three
formate anions into a 3D framework, which possesses two
kinds of different channels (Figure S2c,d) with diameters of §
and 10.4 A along the ¢ direction. Six nitrogen atoms from three
BPDC?" anions complete the six-coordinated environment of
Mn*" (Figure 1d), and the units [Tb,(OH),]*" with Mn*" are
connected by BPDC?™ into a 3D framework (Figure le). Along
the ¢ direction, 2 presents square channels with diameters
ranging from 1.92 to 7.62 A, and the potential total void
volume of open channels in compound 2 is about 40.5%, as
calculated by the PLATON program. Topological analysis
showed that every [Tb,(OH),]*" unit is bridged with six
[Mn(BPDC);]*" units and three format anions to form an
interesting 9-connected node, and every [Mn(BPDC);]*" unit
is linked with six [Tb,(OH),]®" units to form a 6-connected
node. According to this simplification, the structure of
compound 2 can be simplified as a 6,9-connected 3D
framework with a topology symbol of sqc (Figure S2b).

Powder X-ray Diffraction (PXRD) Analysis and
Thermogravimetric Analysis (TGA). The PXRD patterns
of compounds 1 and 2 are recorded in Figure S3, and the
PXRD patterns are almost in conformity with the simulated
ones, indicating that compounds 1 and 2 are pure phases.

In order to study the thermal stability of the compounds,
TGA was measured under a N, atmosphere, which are shown
in Figure S4. The TGA curve of 1 shows that, from room
temperature to 124 °C, a weight loss of 10.12% can be
observed, which corresponds to the loss of free water molecules
(calcd: 9.83%). Then, the curve shows a weight loss of 7.04%
from 128 to 461 °C, corresponding to the loss of coordinated
water molecules (caled: 7.15%). Subsequently, compound 1
starts to decompose above 469 °C. Also, compound 2 shows
high thermal stability. As shown in Figure S4, from room
temperature to 122 °C, a weight loss of 8.42% can be observed
in the TGA curve of 2, which corresponds to the loss of free
water molecules (calcd: 8.0%). With the temperature
increasing, the curve shows a weight loss of 7.5% from 172
to 448 °C, corresponding to the loss of coordinated water
molecules and formate anions (calcd: 7.62%). Then, compound
2 starts to decompose above 477 °C.

Luminescent Behaviors and Sensing Properties. The
solid-state photoluminescence spectra of the free ligand
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(H,BPDC) and compounds 1 and 2 were measured under
ambient conditions by excitation at 285 nm (Figure S7).
Obviously, four characteristic emission peaks of Tb*" are
observed at 490, 544, 584, and 622 nm, which can be attributed
to the transitions of D, = 'F; (J = 6, 5, 4, and 3) from Tb>*
ions, respectively.'” The strongest *D, — ’F; transition, which
shows green-light emission, is assigned to the magnetic-dipole-
induced transition.”*

To explore the influence of different anions on the
luminescence of 1, 3 mg samples of 1 were dispersed in 2.7
mL of distilled water, forming a suspension solution by an
ultrasonic method. Then 300 uL of a Na, X (K,,X) solution (1
x 107 M; X = CH,CO07, 10,7, NO; ™, BrO;~, Br~, CI7, N;7,
$0,*, I, BF, , ClO,~, SCN™, Cr,0,*~, CrO,*, MnO,~) was
slowly dropped into the above solutions to form a suspension
of 1-X in distilled water (1 X 107 M). With the perturbation of
various anions, the resultant suspensions were monitored using
a fluorescence spectrophotometer, and the corresponding
luminescence curves still showed characteristic emission peaks
(Figure S8) of Tb*" ions. Then only the dominant emission
peaks at 544 nm were recorded in Figure 2. Obviously, most
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Figure 2. Ratio of D, — ’Fj transition intensities of 1 immersed in
various Na, X (K, X) aqueous solutions (monitored at 544 nm).
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anions display negligible influence on the emission or weaken
the luminescence to some extent, while Cr,0,*” and CrO,>”
exhibit a drastic quenching effect on the luminescence of 1,
which can be clearly observed, indicating that compound 1 can
act as a promising chemical sensor of Cr,0,°” and CrO,*”
among various anions. Because of the similar luminescent
quenching phenomena of Cr,O0,*” and CrO,*", Cr,0,*” was
chosen to serve as the representative in the study of
luminescent behaviors and sensing properties.

In addition, to explore the detection limit of 1 as a Cr,0,>~
probe, a series of suspensions of 1-Cr,O,*~ were prepared by
dropping different concentrations of Cr,0,>~ (107/—107> mol/
L) in distilled water. The luminescence intensity of 1 gradually
decreased with increasing concentration of Cr,O,>”, and the
decreased luminescence intensity still could be clearly observed
when 1 was immersed in a 1077 mol/L Cr,0,>” solution
(Figure 3), indicating that the detection limit of 1 as a
luminescent probe for detecting Cr,O,*~ can reach 10~ mol/L.
To further explore the quenching effect of Cr,0,>” on the
emission, a plot of the luminescence intensity versus Cr,0,>~
concentration was made (Figure 3), which can be linearly fitted
into the equation Ip/I = 1.120 + K[Cr,0,*"] (I, and I
represent the luminescence intensity of 1 before and after the
addition of Cr,0,”" respectively; [Cr,0,°7] represents the
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Figure 3. Emission spectra of 1 with different concentrations of
Cr,0,*” ions and the luminescence intensity versus Cr,O,*~
concentration plot.

concentration of Cr,0,*7, and K,, represents the quenching
rate constant),”’ which is close to the Stern—Volmer equation
I,/1 =1 + K,[Cr,0,>7]. The K,, value is calculated to be 1.13
x 10* L/ mol, revealing that Cr,O,*" displays a high quenching
efficiency on the emission of compound 1.

Because of the requirements of recyclability and economy for
luminescent probes in practical applications, it is necessary to
investigate the recycling performance of compound 1 as a
Cr,0,*” luminescent probe. Herein, we attempted to simply
immerse 1 in the water solution of 107> M Cr,0,*" ions for
minutes to form 1-Cr,0,”~, and then 1-Cr,0,”~ was washed
with water several times. As shown in Figures 4a and S12, the
luminescence intensity and PXRD pattern of the recycled 1 are
well consistent with the original results. Also, those
experimental results agree with the original ones after being
recycled five times, which indicates that compound 1 as a
Cr,0,*” probe can be recycled with a fast and simple method.
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Figure 4. (a) Luminescent intensity (544 nm) of compound 1 after
being recycled five times. (b) Luminescent intensity (544 nm) of
compound 2 after being recycled five times.
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Besides, the PXRD patterns of compound 1 immersed in
different solvents were measured and remained well consistent
with the simulated ones, indicating that the framework of 1 still
remains stable (Figure S14). Additionally, in order to testify
that there were no Cr,0,*” ions remaining in the framework
after washing with water, the corresponding samples were
measured by inductively coupled plasma (ICP) spectroscopy
(Table S2), and the results show that there is only 0.012 ppm
of Cr® residues in the framework of compound 1 after
recycling five times, which indicates that the introduced
Cr,0,* ions have been removed completely.

Similar luminescent investigations on compound 2 were
carried out, and the corresponding emission peaks (544 nm)
were recorded. As shown in Figures S9 and S10, Cr,0,>" still
exhibits a drastic quenching effect on the luminescence of 2,
and other anions have negligible effects on the emission.
Moreover, the detection limit of 2 as a luminescent probe for
detecting Cr2072_ can also reach 10~ mol/L. The quenching
effect of Cr,O,*~ on the emission was also explored. A plot of
the luminescence intensity versus Cr,0,* concentration was
made (Figure S11), which could be linearly fitted into the
equation Ip/T = 1.003 + K [Cr,0,>7], close to the Stern—
Volmer equation Iy/I = 1 + K,,[Cr,0,*7], and the K, value is
calculated to be 0.5 X 10* L/mol, revealing that Cr,0,*”
displays a high quenching efficiency on the emission of
compound 2.

The recycling performance of compound 2 was also
investigated. A similar experimental process was measured,
and the corresponding results are recorded in Figures 4b and
S13, indicating that compound 2 as a luminescent probe of
Cr,0,*” can be recycled at least five times, with negligible loss
in the luminescent response and PXRD well consistent with the
original results. Meanwhile, the corresponding ICP (Table S2)
reveals that the recycled samples do not contain Cr,0,*”, and
the recovered luminescence is attributed to the absence of
Cr,0,*".

Then, the possible mechanism is discussed. First, well-
matched PXRD results suggest that the frameworks are still
intact after the introduction of Cr,O,””, proving that
luminescence quenching is not caused by collapse of the
framework. Second, from the UV—vis adsorption spectra of a
K,Cr,0; aqueous solution (Figure S1S5) emerge strong
absorption bands in the ranges of 230—312 and 312—500
nm, and the excitation wavelength of 1 and 2 is 285 nm, which
indicates that a Cr,O,”” solution can significantly absorb the
energy of the excitation wavelength, resulting in the
luminescence quenching of 1 and 2. Third, the concentration
of Cr,O,*~ and the luminescent intensity can be well fitted into
the Stern—Volmer equation, indicating that the quenching
process can be attributed to the dynamic process mechanism.
That is to say, the adsorption of Cr,0,*~ in the UV—vis region,
as well as the collision interaction between structures and free
Cr,0,>" anions, consumes the energy and reduces the
luminescent intensity.

Catalytic Properties. Lanthanide metals are oxyphilic, and
many of their compounds possess Lewis acidity. Considering
the potential Lewis acidity of the two compounds, their
catalytic capacities were explored, and here the transformation
of CO, with epoxides as a model reaction was investigated.
Styrene oxide was selected as a probe substrate to explore the
optimized reaction conditions, and the corresponding results
are recorded in Table 1. Under mild temperature (60 °C) and
pressure (0.1 MPa), the reaction was conducted using 2.5 mol

Table 1. Cycloaddition Reaction of CO, with Styrene Oxide
under Various Conditions”
O

PN
f( )f + CoO, Cat o) e}
Ph - )—/

Ph

entry catalyst TBAB(mol %) T (°C) t (h) yield (%)

la 0 2.5 60 12 42
1b 1 2.5 60 12 78
1c 2 2.5 60 12 95
2a 1 0 60 12 <1
2b 2 0 60 12 <1

“Reaction conditions: styrene oxide (240.3 mg, 2.0 mmol), solvent-
free, catalysts 1 (25 mg, about 2 mol %, based on Tb, clusters) and 2
(22 mg, about 2 mol %, based on Tb, clusters), CO, (0.1 MPa),
TBAB (17 mg, 2.5 mol %). *Determined by 'H NMR spectroscopy
using 1,3,5-trimethoxybenzene as an internal standard.

% cocatalyst tetrabutylammonium bromide (TBAB) and 2 mol
% compound 1 or compound 2 (based on Tb, clusters),
without solvent. The desired product 4-phenyl-1,3-dioxolan-2-
one was obtained after 12 h, and the yield could reach 78% and
95%, respectively (entries 1b and lc in Table 1). In contrast,
the value was only 42% (entry la in Table 1) under 2.5 mol %
TBAB without compound 1 or 2, suggesting that these
compounds play important roles in the reaction.

To further investigate the catalytic generality of compounds,
various typical epoxide substrates were examined for the
cycloaddition reaction. As showed in Table 2, substrates with
electron-withdrawing groups generally had better yields. For
example, the cycloaddition reactions of CO, with epichlorohy-
drin (entry 2) was effectively catalyzed in high yields (85% and
99%). When glycidyl phenyl ether (entry 3) and benzyl glycidyl
ether (entry 4) were used, the desired products were generated
with excellent yields (87% and 99%; 64% and 70%). The results
can be explained by the fact that the electron-withdrawing
substituents facilitate nucleophilic attack during the ring
opening of the epoxide. However, the aliphatic hydrocarbon
epoxide (entry S), 1,2-epoxy-2-methylpropane (entry 6), and
propylene oxide and 1,2-epoxyoctane (entry 7) were converted
to the corresponding cyclic carbonate with low yield. In
addition, compound 2 has a little higher catalytic efficiency than
compound 1, possibly due to the different CO, adsorption
capacities (CO, adsorption/desorption of compound 2, as
shown in Figure S16, while CO, adsorption/desorption of
compound 1 was not detected out), or the synergistic effect of
Mn*" in compound 2.*'

Additionally, as stable heterogeneous catalysts, the com-
pounds could be separated from the reaction mixture through
centrifugation and filtration. The recycle performances of
compounds 1 and 2 were measured, and the corresponding
results were recorded (Figure S). ICP analysis (Table S2) of
the reaction mixture filtrate reveals only 0.012 and 0.018 ppm
of leakage from the robust frameworks, confirming the
heterogeneous nature of the reaction. It is noted that the
excellent catalytic activity of the two compounds still can be
observed after the compounds were employed three times, and
the robust frameworks of catalysts still remained intact, which is
confirmed by PXRD investigations (Figures S12 and S13).

On the basis of the reported mechanism of the cycloaddition
of CO, and epoxides, a tentative mechanism is discussed.
Frameworks 1 and 2 with porous channels can enrich CO, and
the substrate, then epoxides are activated by the Tb>" sites in
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Table 2. Cycloaddition Reaction of CO, with Various
Substrates”

O
O + C02 Cat, TBAB - o
R/A 60°C, 12h \_/
R
Entry Subs Prod Yield(%)°
la O i 78
/\ PN
1b Ph on )—’ 95
2a 2 i 85
Cl/\A /{\)L\/()
2b “ >99
3a 2 i 87
o
3b N >99
4a P i 64
pn/\o/\A Oko

4b NN 70
Sa A : il 12
5b A 20
6a 0 , i 34
6b L 40

7a 31
\/\/A o)ko
7b \/\)—/ 42

“Reaction conditions: epoxides (2.0 mmol), solvent-free, catalysts 1
and 2 (25 and 22 mg, respectively, about 2 mol %, based on Tb,
clusters), CO, (0.1 MPa), 60 °C, TBAB (17 mg, 2.5 mol %).
’Determined by 'H NMR spectroscopy using 1,3,5-trimethoxyben-
zene as an internal standard. Letter a in the table represents catalyst 1,
and letter b represents catalyst 2.

compounds and Br~ effectively promotes the ring opening of
the epoxides. Then, CO, and the oxygen anion of the opened
ring react to form an alkylcarbonate salt. Finally, the
corresponding cyclic carbonates are obtained through ring
closure (Figure S18).

Bl CONCLUSION

In conclusion, two multifunctional MOFs, {[Tb,(BPDC),(u5-
OH),(H,0)]-11H,0}, and {[Tb,Mn(BPDC);(4;-
OH),(HCO0O0), s(H,0),]-2.50H-8H,0},, were synthesized
and characterized. Characterization of the structures showed
that compound 1 exhibits a 2D framework with Tb, clusters as
nodes and compound 2 possesses a 3D framework with Tb,
clusters and Mn*" as nodes. Interestingly, they both possess the
capacity to detect chromium(VI) anion species after being
recycled, and the detection limits for both can reach 1077 mol/
L. Importantly, these multifunctional compounds are demon-
strated as new types of effective heterogeneous catalysts to
catalyze the cyclization reaction with epoxides and CO,, and
the recycling number can reach three times.
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Figure S. (a) Recycle tests of 1 for the cycloaddition reaction of CO,
with styrene oxide. (b) Recycle tests of 2 for the cycloaddition reaction
of CO, with styrene oxide.
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