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Cycloaddition into cyclic carbonates has been attracted substantial attentions for metal-organic frameworks based catalysis

of carbon dioxide (CO,) chemical fixation, not only due to the contributions that solving the environmental issue of the

excessive emission CO,, but also providing an effective pathway for the production of value-added fine chemicals. Herein, a

Cu(ll)-based metal-organic framework (1) was synthesized by the in-situ cleavage and rearrangement of N,N’-bis(4-

picolinoyl)hydrazine ligand into isonicotinate (INA) moiety as connected node via solvothermal synthesis in a high yield. This

three-dimensional framework possesses an infinite one-dimensional Cu-O double chains in a ladderlike arrgenment with

exposed metal centres, and can be highly stable at least 240 °C and in various solvents. Gas adsorption experiments reveal

the well adsorption ability of 1 towards CO, with high value of Q. Cycloaddition of CO, with epoxides could successfully

occurs by the catalysis of 1 as efficient heterogeneous catalyst, affording almost complete conversion and selectivity under

solvent free conditions.

1. Introduction

Due to the excessive emission of carbon dioxide (CO,) becoming
more and more severe with the rapid development of the
society, the efficient capture or transformation of CO, has
become a feasible pathway to solve this environmental issue® 2,
Especially, the combination of capture and successive
transformation of CO, as the abundant renewable C1 source
into value-added fine chemicals is more attractive both
industrially and academically3-. By far, the CO, cycloaddition to
epoxides have been the most studied reactions in CO, chemical
fixation systems, because cyclic carbonates are a class of
significant and clean fine chemical intermediate, with non-
toxicity, high boiling-point and stable property, which further
utilized for the formation of value-added products, such as
dialkyl carbonate, phenolic resin and ethanediol, and applied as
electrolyte in lithium batteries and capacitors, extraction or
annexing agent’-'2, However, the conversion of the non-polar
CO, with linear structure requires a relative high energy input
for C=0 bond cleavage because of its high thermodynamic
stability. One of the challenges for CO, chemical fixation is the
activation of CO, molecules within a reaction system, which
might mainly involve a specific catalyst for the activation3-16,
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Therefore, the rational design and development of materials
with high catalytic activity and well-activation ability towards
CO, molecules under mild conditions, have become one of the
most significant research orientations for CO, chemical fixation
into value-added products!’-22,

The coordination-driven metal-organic frameworks
(MOFs), which are basically constructed by single metal ions or
clusters as secondary building units (SBUs) and organic ligands
as connected linkers to form as crystalline solids with long-
range ordered network structures, have been draw a great deal
of attentions in recent research??® 24, These materials could
merge both the advantages of inorganic and organic
functionalities within one single system, showing outstanding
physical and chemical properties. Besides that, the wider range
of synthesis conditions and easy-handled methods endows
them a rapid growth of development in recent years?> 26,
Especially, the solvothermal synthesis reacted in an autoclave
could obtain even more unexpected construction patterns via
the cleveage and rearrangement of the starting materials under
a relative high temperature and pressure. The construction of
MOFs materials with fascinating topology and structures exhibit
high surface areas and well-defined porosity, and thus applied
in the fields of gas storage, proton conductivity, molecular
recognition, and so on?’32, |In terms of catalysis, the
coordinated open metal ions in MOFs could serve as Lewis acid
sites to catalyze different types of reactions and these multi-
dimensional porous materials could also provide a micro-
environment for the contact and activation between the
substrates and the active sites, which greatly promote the
developments of MOFs as the ideal heterogeneous catalysts
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among the other traditional catalysts33-40, Additionally, due to
their specific crystalline construction, it is benefit for the
mechanisms for the detailed studied of the catalytic
mechanism.

Based on these considerations, we herein presented a
Cu(ll)-based MOF (noted as 1, [Cu(OH)(NCsH,CO,)'H,0l],),
synthesized by adding N,N’-bis(4-picolinoyl)hydrazine and
CuCl,-2H,0 in a mixable solvent of H,O0 and DMF under a
N, N’-bis(4-
picolinoyl)hydrazine ligand undergoes an in-situ cleavage and
rearrangement process into isonicotinate (INA) moiety as

solvothermal reaction. In this synthesis,

connected node, forming a three-dimensional framework
constructed by Cu(ll) ions and INA. Generally, the obtained
compounds synthesized by this approach are in favor of the
lowest thermodynamics status, and thus this porous framework
exhibits a highly thermal and solvent stabilities, which could
maintain its skeleton rise up to 240 °C and after immersed in
several solvents for five days. This Cu(ll)-based MOF has an
infinite Cu-O double chains with the opening active sites,
exhibiting a high adsorption ability towards CO,, and then
cycloaddition catalysis of CO, with epoxides by 1 as
heterogeneous catalyst has also been explored under solvent
free conditions.

Experimental
General Methods Details

All chemicals were of reagent grade quality obtained from
commercial sources and used without further purification. The
elemental analyses of C, H and N were performed on a Vario EL
Il elemental analyzer. Inductively coupled plasma (ICP) analysis
was performed on a Jarrel-AshJ-A1100 spectrometer. The
powder XRD diffractograms were obtained on a Bruker AXS D8
Advance diffractometer instrument with Cu Ka radiation (A =
1.54056 A) in the angular range 26 = 5-50° at 293 K.
Thermogravimetric analyses (TGA) were measured on a
SDTQ600 instrument at a ramp rate of 10 °C min! in a nitrogen
flow. IR spectra were performed by a NEXUS instrument uing
KBr pellets. XPS characterization was carried out by using a
Thermo Scientific K-Alpha+ spectrometer with Al Ka X-rays
(1486.6 eV) as the light source. Scanning electron microscopy
(SEM) images were obtained using a NOVA NanoSEM 450
microscope. Gas adsorption measurements were performed
using a Quantachrome Autosorb-iQ2 analyzer. 'H NMR spectra
were recorded on a Bruker Avance 400 spectrometer. The GC
analyses were performed on Shimadzu GC-2014C with an FID
detector equipped with a Wonda Cap Hp-5 Sil capillary column.

Preparation and Synthesis

Synthesis of ligand N,N’-bis(4-picolinoyl)hydrazine was
prepared according to the literature methods** and
characterized by 'H NMR.

2| J. Name., 2012, 00, 1-3

Synthesis of 1: A mixture of ligand, N,N’:bis(4-
picolinoyl)hydrazine (24.2 mg, 0.1 mmoPCand-'‘C&TIRIHIO8¢87
mg, 0.1 mmol) were dissolved in a mixed solvent of DMF:H,0 =
1:1 (2 mL) in a screw-capped vial, and then heated in a 23 mL
Teflon cup at 85 °C for 3 days. After cooling the autoclave to
room temperature, green block crystals were observed, washed
with water and air-dried. Yield: 77 % (based on the crystals dried
in vacuum and the amounts of CuCl,).

Catalysis experiments

In a typical reaction, the catalytic reaction was conducted
in a 25 mL autoclave reactor, purged with 0.5 MPa CO, and kept
for 15 min to allow the system equilibrated. An oil bath
containing the vessel was stirred at 100 °C for 12 h. The general
reaction conditions were carefully screened with solvent free.
After the reaction, the reactor was cooled to the room
temperature by placed in an ice bath for 20 min. A small aliquot
of the supernatant reaction mixture was measured by GC to
analyze the conversions of the reaction, while the catalysts
were separated by centrifugation.

Results and Discussion
Synthesis discussion

Compound 1 was obtained by solvothermal reactions of
CuCl,-2H,0, and ligand N,N’-bis(4-picolinoyl)hydrazine at 85 °C
in DMF/H,0 mixed solvent system. After 3 days heating and
cooling to the room temperature, green hexagonal crystals
were isolated with the yield of 77%. As shown in Scheme 1,
during the solvothermal synthesis, the N,N’-bis(4-
picolinoyl)hydrazine ligand undergoes an in-situ cleavage and
rearrangement process, which the C-N bonds of two amido
groups in the ligands have been ruptured and divided into three
species. Then the hydroxyl groups from water molecules have
been connected to the carbon atoms forming the carboxylic
groups and finally two INA ligands have been obtained.
Meanwhile, the other hydrogen atoms are linked to the HN-NH
fragment and afforded hydrazine molecules. Parallel
experiments show that the temperature affects the cleavage
and formation of the crystals, increasing or decreasing the
reaction temperature, could not obtain the framework 1.
Additionally, changing the another Cu(ll) salts as starting
material, such as  Cu(NOs),-2H,0O, CuSO45H,0 or
Cu(CH3C0O0),-H,0, also affact the quality of the crystals.
Interestingly, when using INA ligands directly to replace N,N’-
bis(4-picolinoyl)hydrazine ligand the as starting material could
not obtained the target crystals under the same conditions.
Despite the structure of Cu(ll)-INA-based MOF has been
synthesized by Williams and co-workers group in 200242, this in-
situ cleavage and rearrangement solvothermal synthesis
provide a feasible approach for the formation of comparative
stable materials.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. The representation of the in-situ cleavage and
rearrangement of ligand N,N’-bis-(4-picolinoyl)-hydrazine with

Cu(ll) ions forming framework 1 via solvothermal synthesis.

Structural description

Single-crystal X-ray structural analysis revealed that the
asymmetric unit of 1 contains one Cu(ll) ion, one half-
deprotonated INA ligand, one coordinated water molecule and
one lattice water molecules (Figure S1). Each Cu(ll) ion is five-
coordinated in a tetragonal pyramid configuration with a CuO4N
coordination environment, including one nitrogen atom and
one carboxylate oxygen atom from two INA ligands, three u3-O
bridges from the coordinated water molecules with Cu-O bond
lengths ranging from 1.970(9) to 2.242(9) A and Cu-N bond
length of 1.981(11) A, respectively. The us-O bridges connect
each Cu ions for an infinite one-dimensional Cu-O double chains
in a ladderlike arrgenment, and one Cu ion connected with one
oxygen is regarded as one stair. The INA ligands are well-
ordered arranged and only one oxygen of the carboxylic group
in each ligand, together with the nitrogen from pyridine ring is
coordinated, acting as a u,-bridge to link each Cu-O double
chains which extended to three-dimensional frameworks with
one-dimensional channels (Figure S2). The channels, where the
lattice water molecules reside, are shaped as square. Two
channels are edge-sharing each other, and the INA ligands are
located as sides with lengths of the square channels
approximately 10.16 x11.21 A while the diagonal distances of
the square channel are ranged from 13.69 to 14.87 A (Figure
S3). From the side view of the structure, as shown in Figure 1a
and 1b, the morphology modes of coordinated ligands from
each side of Cu-O double chains shows C, symmetry. The whole
frameworks is like a skyscraper, with each Cu-O double chain
acting as a steel pillar and each INA ligand as the linker with a
centrum-centrum distance of 3.53 A between each layer,
indicating an obvious m---1t interactions (Figure 1c and 1d). After
removing the free water molecules in the lattice, the effective
free volume of 1 was proven to be 59.3% of the crystal volume
by the calculation of PLATON program. Topologically, each
ligand and Cu-O double chain could be abstracted as the 2-
connected nodes. The overall 3D structure was represented as
a (2,2)-connected kgd topology with the Schlafli symbol of
46.64.7-8,

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Perspective view of 1 along the c axis; (b) 3D
structure of 1 showing the skyscraper-liked arrangement; (c)
and (d) The presentation of the coordinated ligands INA with a
centrum-centrum distance of 3.53 A between each layer. Colour
code: Cu, turquoise; N, blue; O, red; C, gray. Lattice solvent
molecules and H atoms are omitted for clarity.

Thermal and solvent stabilities

The stability of 1 was conducted by thermogravimetric
analysis from room temperature to 900 °C at a ramp rate of 10
°C min't in nitrogen flow. As shown in Figure 2a, two steps of
weight loss process were observed, including a small and a
severe weight loss process. The slow weight loss of 8.25% from
60 to 240 °C is due to the removal of one lattice H,O molecule
in 1 (calcd. 8.15%), indicating that the skeleton of 1 is stable at
least 240 °C. From 240 to 275 °C, the weight loss tendency is
suddenly intensified and the 42.75% (calcd. 41.7%) weight loss
could be attributed to the decomposing of the organic INA
ligand without the coordinated N and O atoms. This analysis
indicated that 1 exhibited a good thermal stability within the
temperature range from the room temperature to 240 °C.
Moreover, the temperature-depended PXRD patterns of
sample 1 was further performed from 150 to 360 °C with 30 °C
intervals. From 150 to 240 °C, sample 1 exhibited the similar
PXRD patterns and same as the fresh pattern, while PXRD
patterns has been changed above 270 °C. PXRD results are
consistent with the thermogravimetric analysis, demonstrating
the high thermal stability of the framework 1.
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Figure 2. (a) Thermogravimetric analysis of 1; (b) PXRD patterns
of sample 1 (red) under different temperature.

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins



https://doi.org/10.1039/d1ce00888a

Published on 30 July 2021. Downloaded on 8/11/2021 5:48:27 PM.

CrystEngComm

(a) (b)

— o N -

M —wo w Hf ‘mmm [ HO
— NS | 5, IS I Keiiia.
M —acetone [} ’\u!f]‘ LN e g o g, Toauelme, |
) 4 ——Fresh
——Fresh
mm . h N . —— Calculation
4000 s 3000 2500 2000 " 1500 1000 S0 10 40 50

P 20 30
Wavenumber (em’ Twa Theta (Degree)

Figure 3. (a) IR spectra of fresh 1 (red) and samples after
immersed in various solvents; (b) PXRD patterns of fresh 1 (red)
after immersed in various solvents and its calculated pattern
based on the single-crystal simulation (black).

To further examine the solvent stabilities of 1, the fresh
crystals were immersed in several solvents, including DMF,
DMSO, water, THF, CH3sCN and acetone for five days. The
immersed samples were measured by IR and PXRD. The IR
spectra of the samples after immersed in different solvents
were shown in Figure 3a, and all of them exhibited the
characteristic peaks of the fresh samples without the significant
change. In addition, these immersed samples were further
measured by PXRD, and the PXRD patterns could all well-
consistent with that of the fresh sample and calculated pattern
based on the single-crystal simulation, indicating that the
frameworks are preserved and the tested samples are in a pure
phase. These results give a clear proof that framework 1 can be
highly stable and well maintain the skeleton of its structure
immersed in these solvents. The high chemical stability of 1 in
water or multiple organic solvents provides a superior
opportunity and ideal platforms for the applications of various
valuable organic transformations using 1 as the potential
heterogeneous catalyst.

XPS analysis and SEM

XPS analysis was further performed to study the electronic
state of elements in 1. As shown in Figure 4, the peaks for C, O,
N and Cu at their respective binding energy could be identified
in the XPS full scan survey. The HRXPS C 1s spectrum could be
further separated to three peaks at 288.0, 285.4 and 284.6 eV
for C-O bond of carboxyl groups from INA ligands, C-N bond and
C-C bond of pyridine ring from INA ligands, respectively. The
deconvoluted HRXPS N 1s spectrum has showed two crossed
peaks at 399.8 and 399.4 eV, attributed to N-C and N-Cu,
respectively. The HRXPS Cu 2p spectrum showed a peak at 934.3
eV, which were ascribed to Cu?* (2ps/,), and this Cu?* (2ps,)
peak was further deconvoluted into two peaks at 934.6 and
933.8 eV, corresponding to Cu-O and Cu-N bonds, respectively
43, 44_

The morphological of the single crystal of 1 was estimated
by SEM. The SEM image displayed a rod-like morphology of
crystal 1 (Figure S4). The element mapping analysis
demonstrated the presence of Cu, O and N in the test region,
further confirming the composition of 1.

4| J. Name., 2012, 00, 1-3
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Figure 4. (a) XPS survey spectra of 1; (b) C 1s XPS spectrum of 1;
(c) N 1s XPS spectrum of 1; (d) Cu 2p XPS spectrum of 1.

Gas adsorption properties

Gas adsorption experiments have been examined to
evaluate the porosity for 1. Due to the coordinated water and
lattice water in the crystal 1, the samples were firstly immersed
in ethanol to exchange these solvent molecules before the
measurement. The samples were further treated by the
outgassing process at 100 °C under high vacuum for 6 h and
then the obtained for the
measurement. As shown in Figure 5a, a representative type |
sorption behavior, attributed to the typical microporous

activated samples were

materials, was exhibited for N, adsorption isotherms at 77 K
with a saturated uptake of 58.87 cm3g? at 1.0 bar. The
Brunauer-Emmett-Teller (BET) surface of 1 calculated from the
adsorption isotherm were 217.60 m? g1 (Langmuir surface area
of 231.75 m? g). However, the N, adsorption experiments
revealed that almost no N, adsorption could be observed at 273
K. Additionally, two reversible and steady rising adsorption
isotherms have been observed in the CO, adsorption
measurements at 273 and 298 K, with the uptake of 58.7 cm3
gland 50.2 cm3 g1 for 1 at 1 bar, respectively (Figure 5b).

At zero loading, the calculated Qg using the virial method
of CO, was 31.3 kJ mol* (Figure S5). This value was higher than
most of the typical MOFs materials, such as MOF-5 (17 kJ mol?)
and HKUST-1 (30 kJ molt), demonstrating a strong adsorption
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Figure 5. (a) N, adsorption isotherms of 1 at 77 K; (b) CO,
adsorption isotherms of 1 at 273 and 298 K, respectively. Filled
shape, adsorption; open shape, desorption.

This journal is © The Royal Society of Chemistry 20xx
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ability of 1 towards CO,** 46, We attributed this high value of Q;
and adsorption ability of 1 towards CO, to the strong
interactions between the unsaturated Cu centers in 1 and the
quadrupole of CO,.

Catalysis experiments

Considered the high stability, CO, adsorption ability and
the extended di-copper chains with exposed metal centres of 1
after the activation, cycloaddition catalysis of CO, and epoxides
by 1 as heterogeneous catalyst has been explored. First of all,
the optimize reaction system under various reaction conditions
were conducted for the cycloaddition of styrene oxide with CO,
as a model reaction. As shown in Figure 6a-6c, the conversions
were increased with the rise of the temperature, CO, pressure
and the amount of catalyst within certain scope, affording
almost complete conversion, and further increasing could not
lead to higher conversions. While this catalysis could all exhibit
a well selectivity without any rearrangement side products
observed under various conditions. Generally, the catalytic
reaction was carried out in an autoclave reactor by the addition
of 4 mmol epoxide with CO, purged at 5 atm at 100 °C without
any solvents for 12 h, in the presence of 0.5 mol% 1 (per Cu site)
as the heterogeneous catalyst and co-catalyst of
tertbutylammonium bromide (TBABr, 0.5 mol%), afforded >99%
conversion and >99% selectivity. Control experiments have also
been performed and the results showed that the other raw
materials involved in the synthesis of 1 could hardly catalyze
this reaction under the same condition, which demonstrated
that assembly of the metal centers with organic ligands into one
framework can greatly improve catalytic efficiency.
Additionally, the base TBABr also plays a significant role in this
catalysis process and the control experiment indicated that
there was no cycloaddition product without adding it, however,
TBABr itself was ineffective to catalyze this cycloaddition
reaction, proving the synergistic effect of MOF catalyst 1 with
TBABr as co-catalyst. The kinetic tracking of the reaction was
also performed (Figure 6d). Under the optimize reaction
conditions, there was a very low conversion in the first two
hours, while most of the substrates were converted into the
final product after 8 h reaction time and almost quantitatively
converted after 12 h. After 6 h reaction, the catalyst 1 was
removed by filtration, but no additional conversions were
observed for the next 6 h of the same catalytic system. This
result gave a proof that the catalytic reaction has been shut
down after the filtration of catalyst 1, and thus 1 was a true and
stable heterogeneous catalyst in the catalytic system without
leaching of metal ions occurs during the catalysis process. To
the best of our knowledge, the high catalytic efficiency of 1 is
comparable to the other reported Cu-based MOFs catalysts*’->!
with a relative low addition of the base TBABr, which are
significantly less than the other metal-based MOFs catalysts, for
the cycloaddition of CO, to epoxides under the similar
conditions (Table S1).

This journal is © The Royal Society of Chemistry 20xx
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reaction.

It is worth mentioning that 1 showed the excellent catalytic
activity substrates of various epoxides with CO, under the same
conditions (Table 1). No significant variation in the conversion
was observed when the phenyl group in epoxides was
substituted for the aliphatic chain (Entry 2, >99%), and when
increasing the carbon chain length, a 93% conversion could be
afforded under the same conditions (Entry 3). Additionally,
glycidyl phenyl ether as the starting substrate also gave >99% of
the corresponding cyclic carbonates (Entry 4), and the benzyl
glycidyl ether (Entry 5) was converted to the respective product
with 96% conversion. The slightly decreased catalytic capability
for Entry 3 and 5 could be attributed to the steric hindrance of
the larger epoxides, which might impede the diffusion rate into
the catalyst cavities for the activation. Generally speaking, these
results could draw a conclusion that the synthesized catalyst 1
exhibited the potential development for further practical
applications of CO, chemical fixation into value-added
chemicals.

The recycling test has been performed to evaluate the
stability of catalyst 1 in this catalytic system, since the
recyclability is another essential feature of the catalysts for
further practical applications. After the reaction, the catalyst
was recycled by simply filtration, and washed with acetone to
remove the adsorbed species. As shown in Figure 7a, the
recycled catalyst 1 could be reused for successive four cycles
without significant loss of catalytic performance (>99%, 98.2%,
95% and 92.8% conversions, respectively and all >99%
selectivity) and the PXRD patterns of the catalyst after used for
each cycle revealed that the crystallinities of catalyst 1 were

J. Name., 2013, 00, 1-3 | 5
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Table 1. 1-catalyzed cycloaddition of various epoxides with CO,.
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maintained. From a structure point of view, the MOF could
contact with the substrates by the multiple potential
intermolecular interactions, such as hydrogen bonding and rt---1t
interactions of the multi-aromatic rings in the backbone of MOF
to enter its accessible pores and activate them by the
unsaturated Cu(ll) centers as Lewis activity site. A possible
mechanism of 1-catalyzed cycloaddition of epoxide with CO,
was proposed and illustrated as Figure 8. In the present work,
the Lewis acidic Cu(ll) centers could activate the oxygen atom in
epoxy ring, and meanwhile, TBABr attacked the less-hindered
methylene carbon atom in the activated epoxy ring, leading to
the ring open with Cu(ll) ion coordinated to oxygen atom and
Br-anion coordinated to carbon atom of the epoxide substrate.
Then, the activated Cu coordinated bromo-alkoxide
intermediate reacted with CO, to form a tetrel bond with the
oxygen atom in the intermediate and a C-O bond between the
intermediate and the negatively charged oxygen of CO, with
Cu(ll) site binding. In the final step, the cyclic carbonate was
produced via the removal of bromide ion and ring-closing of the
metal carbonate intermediate and the catalyst and TBABr were
regenerated at the same time>2 53,
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Figure 8. Proposed mechanism of 1-catalyzed cycloaddition of
epoxide with CO,.

In order to testify the above speculative mechanism of the
potential interaction between catalyst 1 and substrate styrene
oxide, FT-IR of 1 before and after soaked in styrene oxide for 3
days have been further explored. As shown in Figure S7, two
new bands in the spectrum of 1 after soaked (1@styrene oxide)
were observed at 1252 and 985 cm, assigned to the
antisymmetric stretching vibration and symmetric stretching
vibration of C-O-C in the free styrene oxide molecules,
respectively, but with weaker intensities, which might attribute
to the C-O---M interaction between the styrene oxide molecules
and Cu(ll) centers. These results indicated that the porous
catalyst 1 could interact with the substrate styrene oxide within
its accessible cavities during the catalytic process, which was
benefit for the next activation step.

Conclusions

In conclusion, a new synthesis approach of Cu(ll)-INA-based
metal-organic framework has been presented by the cleavage
and rearrangement of N,N’-bis(4-picolinoyl)hydrazine ligand
into INA moiety as connected node to coordinate with Cu(ll)
ions via solvothermal synthesis. The obtained MOF with an
infinite Cu-O double chains and exposed metal centres,
exhibited a highly thermal and solvent stabilities, together with
the adsorption ability towards CO,. Cycloaddition catalysis of
CO, with epoxides by 1 as heterogeneous catalyst has been
explored and suggested almost complete conversion and
selectivity under solvent free conditions. Mechanism studies
revealed that the Cu-nodes in MOF could serve as efficient
Lewis active catalytic sites for the catalysis. Additionally, the
Cu(ll)-INA-based MOF catalyst displayed a wide scope for a
range of epoxides with high conversions and could be reused
for four cycles without the decrease of the catalytic activity,
indicating its potential development for further practical

This journal is © The Royal Society of Chemistry 20xx
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