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Abstract

Polyoxometalates can be tuned for specific catalytic property by substituting transition metal ions. We report the synthesis
of hybrid materials of Cu?*, Co?* and Ni?* substituted phosphotungstates and poly(diallyldimethylammonium) chloride
polymer (PDDA) for CO, fixation. The in situ generated transition metal substituted polyoxometalates (TMS-POMs) are
analyzed by FTIR, powder XRD, 3'P NMR and SEM techniques. The hybrid TMS-POM materials are found to be good
catalysts for converting epoxides to cyclic carbonates. Among these, PDDA-PWCo is the most efficient catalyst for cycload-
dition of CO, under solvent-free conditions at room temperature in shortest reaction time. Only 0.2 mol% of PDDA-PWCo is
enough to deliver 100% conversion and selectivity to cyclic carbonates. This catalytic approach is employed for conversion
of other cyclic, acyclic, and aromatic epoxides without using column purifications. Overall, the method of obtaining cyclic
carbonates under green conditions using TMS-POMs-PDDA hybrid materials appears suitable for industrial applications.
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1 Introduction

The eco-friendly production of valuable chemicals is one
of the best methods for CO, fixation. In this context, cap-
ture and conversion of CO, to valuable chemicals such as
cyclic carbonates is considered as a feasible and efficient
catalytic process [1-5]. Carbon dioxide is considered to
be a thermodynamically stable molecule, and thus, higher
energy supply and harsh reaction conditions are usually
expected to drive CO, conversion such as high reaction
temperature and pressure, extremely reactive substrates
and reagents. Thus, it is necessary to develop catalysts
with higher efficiency for cost effective conversion of
CO, under mild reaction conditions. The synthesis of
cyclic carbonates from epoxide and CO, stands as atom-
economic, environmentally friendly and green approach
for the conversion and storage of CO, [6-8]. In order to
facilitate the synthesis of cyclic carbonates, various metal
oxides, salen complexes, porous catalysts, organic and
inorganic bases, titanosilicates, zeolites, and many metal/
organic-supported complexes have been employed [8, 9].
Heterogeneous catalysts are preferred because of simple
work-up procedures involved and their recyclability [10,
11]. Polyoxometalate-based hybrid materials are promis-
ing heterogeneous catalysts for CO, conversion to valuable
products and intermediates such as polycarbonates, cyclic
carbonates and carboxylic acids [12-14].
Polyoxometalates (POMs) are metal-oxygen anionic clus-
ter materials with varied structural characteristics and ver-
satile functionalities useful for catalysis and photochemical
reactions [15—18]. The stable Keggin-type POMs contain
twelve metal-oxoctahedra assembled around a tetrahedral
oxo-anion with generic formula [(X"*M,,0,,]~®™ where
M=Mo, W and X =Si, P. These clusters assemble in acidic
medium (pH <3). Lacunary polyoxometalates (L-POMs)
represent an important sub-class of POMs that are synthe-
sized by removing one or more of the MO, units from par-
ent polyoxometalate cluster [XM;,04,]"", thus producing
mono- and polylacunary POMs, respectively [14, 19-26].
The L-POMs have enhanced properties than parent POMs
because of the removal of MO, octahedral moieties from
the saturated Keggin anion structure. The increased anionic
charge and nucleophilic oxygen enriched surface of L-POMs
allow its interactions with various cations. Incorporation of
transition metals into the defect sites of the L-POMs results
in a whole new array of transition metal substituted polyoxo-
metalates (TMS-POMs) with improved catalytic and other
properties depending on the metal ions incorporated. The
formation of these species are highly pH dependent, each
possessing unique reactivity as well as stability trend [19].
However, POMs as catalysts have a few drawbacks that
include difficulty in catalyst/product separation, product
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contamination and poor processability which are crucial
factors for environmental sustainability. One of the typical
methods to overcome these shortcomings is to integrate
the POMs into suitable polymer matrixes having coun-
ter cationic groups that can help to exploit the intrinsic
anionic character of POMs [20]. Proper combination of
POMs with polymer matrices can give rise to materials for
wide variety of applications [27, 28]. Polyelectrolytes are a
certain group of organic polymers that can deposit on solid
surfaces and colloids through electrostatic interactions
[29]. Poly(diallyldimethylammonium) chloride (PDDA)
is one such organic polymer that can be used as a polymer
matrix to immobilize the POMs. The electrostatic interac-
tions between the organic substrate and catalytic center of
POM can enhance the stability and catalytic efficiency of
the resultant hybrid material [21, 22].

POM-based materials have been employed previously for
catalytic conversion of CO, and epoxides to cyclic carbon-
ates [14, 30]. The POM based compounds are good catalysts
as these materials activate the epoxides/CO, by interacting
with the basic oxygen atoms and acidic metal sites [14, 23,
24]. Structural and functional modification of polyoxometa-
late clusters can lead to POM-based hybrids that are prom-
ising eco-friendly heterogeneous catalysts for the cycload-
dition reaction of CO, and epoxides. We have synthesized
three PDDA-metal substituted monolacunary phosphotung-
state (PDDA-TMSPOM) hybrid materials (PDDA-PWCo,
PDDA-PWNIi, and PDDA-PWCu) as catalysts for CO, con-
version into cyclic carbonates under solvent-free ambient
reaction conditions. These POM-hybrid materials are found
to be active and PDDA-PWCo is the best catalyst among
them for CO, conversion.

2 Experimental
2.1 Materials

Sodium tungstate (Na,WO,.2H,0) salt is purchased
from Avra Laboratories, India. Disodium hydrogen
phosphate (Na,HPO,), nitrate salts of cobalt, nickel and
copper and phosphotungstic acid (H,PW;,0,,) were
purchased from Thermo Fisher Scientific, India, and
Poly(diallyldimethylammonium) chloride PDDA was sup-
plied by Aldrich. These precursor salts are used in the prepa-
ration TMS-POMs hybrid materials.

2.2 Synthesis of PDDA-TMS-POM Hybrid Materials

The in situ synthesis of Keggin-based TMS-POM hybrid
catalysts were carried out following the literature report
[31]. Typically, 2.0 mmol of disodium hydrogen phosphate,
25 mmol of sodium tungstate and 3 mmol of metal nitrate
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(Co**, Ni** and Cu**) were dissolved in 50 ml distilled water.
The pH of the solution was maintained at 4.8 using 1.0 M
HNO;. The resultant solution contains the transition metal
substituted Keggin ions. In the next step, the above solution
is mixed with 5 ml of poly(diallyldimethylammonium) chlo-
ride (PDDA). The reaction was carried out under stirring
conditions for 1 h. The resulting precipitate was washed, fil-
tered and dried. These TMSPOM-POM hybrid materials are
denoted as PDDA-PWCo, PDDA-PWNi and PDDA-PWCu
respectively. The three PDDA-TMSPOM hybrid materials
are soft and powdery in nature. The substituted transition
metal contributes the characteristic colour to the compounds.
Accordingly, the colours of the compounds, PDDA-PWClu,
PDDA-PWNi and PDDA-PWCo are light blue, light green
and plum color, respectively (Fig. 1).

2.3 Materials Characterization

The FTIR spectra of the samples were collected from
JASCO FT/IR 4100 spectrometer adopting KBr pellet
method. The UV-Visible analyses of the samples were
conducted on JASCO V-660 spectrometer using BaSO, as a
reference in the range of 200—800 nm. Powder X-ray diffrac-
tion (PXRD) patterns of the hybrid materials were obtained
using Bruker D8 Advance X-ray diffractometer employing
Cu Ko (A=0.15406 nm) radiation. The microscopic studies
were carried out using FEI Quanta 200F electron micro-
scope. The samples were subjected to differential thermal
analysis (DTA) and thermogravimetric analysis (TGA) in
Perkin-Elmer, TGA Q500 machine in nitrogen flow. The
3P NMR analyses of the hybrid catalyst materials were
done in solid state mode using Bruker-FT-NMR 400 MHz
spectrometer. The X-ray photoelectron spectroscopy (XPS)
measurements were recorded using an ESCA probe TPD
spectrometer from Omicron Nanotechnology, with an X-ray
source of 1486.6 eV from polychromatic Al Ka radiation.
The catalytic conversions of CO, to cyclic carbonates were
analyzed by "H NMR spectra recorded on Bruker-FT-NMR
500 MHz spectrometer. The reaction mixtures were dis-
solved in CDCl; solvent for NMR analysis.

Fig. 1 Powder samples of
transition metal substituted
POM-based hybrid catalytic
materials, (a) PDDA-PWCu, (b)
PDDA-PWNi and (¢) PDDA-
PWCo

3 Results and Discussion
3.1 Physicochemical Characterization

Figure 2 shows the FT-IR spectra of the three PDDA-TMS-
POM hybrid materials. The IR spectrum of pure phospho-
tungstic acid is also included in order to compare the Keggin
signature peaks. The peaks at 807, 892, 988 and 1080 cm™!
correspond to the stretching frequencies of (W — O, — W),
(W =0, — W), (W = Op,) and (P — O), respectively, signi-
fying the formation of Keggin structure [25]. The intense
peak at 1080 cm™! is due to the (P — O) vibration of the
PO, unit in the center of parent Keggin anion. However, this
peak bifurcated in the hybrids, due to the loss of symme-
try of PO, tetrahedral unit, as a result of metal substitution.
This splitting of P-O band clearly indicates the formation
of lacunary PW,,. Thus, the FT-IR spectral signatures of
Keggin ions indicate clearly that the transition metal ion
is occupying the octahedral site inside the Keggin struc-
ture and not present as a counter ion [26]. The spectra show
the characteristic absorption bands of asymmetrical and
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Fig.2 FT-IR spectra of (a) PDDA-PWCu, (b) PDDA-PWNi, (c)
PDDA-PWCo and (d) pure H;PW ,0,, (PWA)
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symmetrical stretching frequencies of -CH, —at 3012 cm™!
and 2814 cm™!, respectively, while the significant peak
at 1400 cm™! is attributed to —CH, — alkyl rocking vibra-
tions present in PDDA moiety. The strong broad peaks at
3154 cm™! and 3435 cm™! are due to stretching of N-H and
O-H, respectively [32].

The UV-Visible absorption spectra of hybrid materials
are shown in Figure 3. Polyoxometalates show significant
oxygen-to-metal charge transfer phenomenon in the UV
region [26]. The three peaks at 210 nm, 260 nm and 310 nm
correspond to the oxygen to tungsten charge transfer associ-
ated with the edge-sharing and corner-sharing oxygen of the
Keggin units. The 3d metal substitution in the Keggin unit
resulted in absorbance in the visible region. The green col-
our of PDDA-PWNi and blue colour of PDDA-PWCu con-
taining Ni2* and Cu®* ions, respectively, show absorption
in the region 650-800 nm and beyond. These broad bands
are due to the d-d transitions of d® (Ni**) and d° (Cu®*) ions.
The plum colour of PDDA-PWCo indicates the substitution
of Co** ions and show broad absorption band in the range
of 470-650 nm.

The absorbance features obtained between 400 to 800 nm
visible regions are attributed to the d—d transitions occurring
in the 3d transition metal ions which are found to be occupy-
ing the octahedral site created in the monolacunary Keggin
ion. Further, the diffuse reflectance features in the UV region
are matching with the parent Keggin ion. This indicates that
the electronic properties of parent Keggin structure remain
unaltered in the UV region by the substitution of 3d metal
ions in the octahedral moiety of monolacunary Keggin units.

The powder XRD patterns of these hybrid materials
presented in Figure 4 reveal the amorphous nature of these
materials. Phosphotungstic acid (PWA) is known for its
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Fig.3 UV-Visible spectra of (a) PDDA-PWCu, (b) PDDA-PWNi, (c)
PDDA-PWCo and (d) H;PW ,0,, (PWA)
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Fig.4 Powder XRD pattern of (a) PWA, (b) PDDA-PWCu, (c)
PDDA-PWNIi and (d) PDDA-PWCo

crystalline nature (Figure 4a), while the resulting hybrid
materials do not show intense peaks in the higher angle
region [29]. The polymeric PDDA chains interact with
metal substituted Keggin units, thereby the regular spac-
ing between them increases and crystallinity decreases.
The diffraction peaks have broadened and merged into
the lower region, which specify the amorphous nature
of the hybrid material [29]. These hybrid materials have
intense peak at around 26=7.5. This indicates the pres-
ence of short range order with open and layered structure
and d-spacing of the layered structure is calculated to be
1.17 nm. The particle sizes of PDDA-PWCu and PDDA-
PWNi samples calculated using the Scherrer equation are
of found to be about 3 nm in size.

All the hybrid materials show similar stepwise decom-
position pattern as seen in Figure 5. PDDA is purely
organic and it shows two step decomposition in the range
of 350-550 °C. The weight loss in hybrid materials till 120
°C is due to the loss of adhered water molecules. The next
two-step weight loss is observed between 300-450 °C and
600-750 °C, which is due to the loss of organic moiety,
PDDA present in the hybrid materials [32]. The enhanced
stability of the PDDA polymeric moiety can be attributed to
the strong electrostatic interaction with Keggin anions. All
the hybrid materials show 15 to 20% of weight loss, which
can be correlated with the interaction of each metal substi-
tuted Keggin (PW,,03,M)> with five monomeric units of
PDDA. This in turn proves the formation of hybrid material
of metal substituted Keggin and PDDA. Furthermore, metal
substituted Keggin also shows extended thermal stability up
to 750 °C, which later decomposes to its oxides.
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Fig.5 Thermogravimetric analysis of (a) PDDA-PWCu, (b) PDDA-
PWNi and (c) PDDA-PWCo

The surface morphologies of the hybrid materials are
studied by scanning electron microscopy and the images
along with their respective EDAX spectra are shown in
Figure 6. As explained from powder XRD patterns, these
hybrid materials show amorphous morphologies. The
PDDA-TMSPOM hybrid materials seem to have aggre-
gated particles. The modification of the pure PWA by metal
substitution and PDDA functionalization has resulted in the
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change in morphology. The PDDA-TMSPOM are composed
of non-uniform particles in irregular layers. The insets in
Figure 6 show closer magnification, where Figure 6a show-
ing PDDA-PWCu has similar morphology, while Figure 6b
showing PDDA-PWNIi has wavy texture in its inset and Fig-
ure 6¢c showing PDDA-PWCo has layered morphology (inset
image). Further, the EDAX data in Figure 6 shows the pres-
ence of respective substituted metal ions in the hybrids and
the composition corroborates that the hybrid materials are
formed by the interaction of five monomeric units of PDDA
each metal substituted Keggin (PW,,0;0M)>, which is also
determined through TGA (Figure 5).

The 3d metal substituted Keggin ions are formed in situ
during the synthesis of hybrid materials. In general, the
unsubstituted Keggin, (PW,0,,)°", has a chemical shift
of — 15.1 ppm [33], whereas monolacunary Keggin is
deshielded to — 10 ppm [34]. The 3d metal present in the
lacuna of Keggin structure shows a characteristic peak at
— 13.1 ppm [26, 35]. In Fig. 7, the *'P NMR of the three
hybrid materials show — 13.80, — 13.72 and — 13.83 ppm
for PDDA-PWCu, PDDA-PWNi and PDDA-PWCo, respec-
tively. This unequivocally confirms the metal substitution in
the Keggin structure.

The core level XPS of the PDDA-PWCo hybrid material
has been recorded to analyse the elements present in the
hybrid. The full survey spectrum shown in Fig. 8a is evident
of the presence of W 4f, P2p,C 15,0 1 sand Co 2p. The C
1 sand O 1 s are arising from the polymeric chains of PDDA
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Fig.6 SEM images and EDAX analysis of (a) PDDA-PWCo, (b) PDDA-PWN:i and (¢c) PDDA-PWCu
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Fig.7 3'P NMR of (a) PDDA-PWCu, (b) PDDA-PWNi and (¢) PDDA-PWCo
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Fig.8 XPS of PDDA-PWCo hybrid material, (a) survey spectrum showing elements present in the hybrid and (b) Co®* 2p spectrum

moiety. The presence of Co?™ in an octahedral site of Keg-
gin is further evidenced from the XP spectrum, as Fig. 8b
shows the peaks at 781.09 and 796.6 eV corresponding to
Co?* 2ps, and Co** 2p, ,, respectively.

3.2 Conversion of CO, to Cyclic Carbonates Using
PDDA-TMSPOM Catalysts

The hybrid materials, PDDA-TMSPOMs, are used as het-
erogeneous catalysts for the conversion of carbon dioxide
to cyclic carbonates under mild reaction conditions. The
reaction has been carried out by mixing epoxide (5 mmol),
TBAB as co-catalyst (0.5 mmol) and PDDA-TMSPOM
catalyst (0.2 mol%) in a round bottom flask that is fitted
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with a rubber stopper pierced by a balloon that contains
CO,. This cycloaddition reaction is allowed to run for 4 h
at room temperature. At the completion of the reaction,
the work up is done by adding ethyl acetate to the reaction
mixture. The catalyst is recovered by centrifugation and
the organic part is collected. The collected organic part
is washed with water and dried over anhydrous Na,SO,.
The desired product is obtained by evaporating the ethyl
acetate solvent. The final cyclic carbonate product is ana-
lyzed by NMR analysis to determine the conversion. The
substrate conversion and the selectivity are based on 'H-
NMR of crude reaction mixture during the optimization,
substrate scope and recyclability studies. The results are
summarized in Chart 1. All the reactions are carried out
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Chart1 Cycloaddition of CO,
to epoxides. Optimization stud-
ies reveal that the combination
of PDDA-PWCo (0.2 mol%)
and TBAB (10 mol%) is the
best catalytic system for 100%
conversion under ambient reac-
tion conditions. All reactions
are carried out for 4 h (except
for entry 6-9)

(12) PDDA-PWCu (0.2mol%) + TBAB (10 mol%)
(11) PDDA-PWNi (0.2mol%) + TBAB (10 mol%)
(10) PDDA-PWCo (0.2mol%) + TBAB (10 mol%)
(9) PDDA-PWCo (0.2mol%) + TBAB (10 mol%), 1 h
(8) PDDA-PWCo (0.2mol%) + TBAB (10 mol%), 2 h
(7) PDDA-PWCo (0.2mol%) + TBAB (10 mol%), 3.5 h
(6) PDDA-PWCo (0.2mol% + TBAB (10 mol%), 3 h
(5) PDDA-PWCo (0.2mol%) + TBAB (5 mol%)

(4) PDDA-PWCo (0.2mol%) + TBAB (2.5mol%)

(3) PDDA-PWCo (0.2mol%) + No TBAB

(2) No Catalyst + TBAB (10 mol%)

I e )
I 5
I | 00
I3 8
I A
I G5
I T
_______________________gq
— 10
e ———)
—— 35

(1) No Catalyst + No TBAB 0

0
0 Catalyst, TBAB oA
+ CO, g 0
RT, 1 atm
cl Cl

Scheme. 1 Cycloaddition of CO, to epichlorohydrin to give corre-
sponding cyclic carbonate

under solvent-free conditions for 4 h (except for entry 7
(3.5h) and 8 (3 h) in Chart 1).

Initially, we tested the cycloaddition of CO, to epichlo-
rohydrin (Scheme 1). The reaction with no catalyst and co-
catalyst does not give the desired product (Chart 1: entry 1).
In the absence of PDDA-PWCo, TBAB gave only 35% con-
version of the epoxide to the corresponding cyclic carbonate
are observed whereas PDDA-PWCo gave 50% conversion in
the absence of TBAB (Chart 1: entry 2 and 3). This clearly
indicates that the hybrid catalysts are more efficient to carry
out this cycloaddition. Interestingly, in the presence of the
catalytic system comprising of PDDA-PWCo (0.2 mol%)
and TBAB (0.5 mmol), the reaction resulted in 100% conver-
sion of epichlorohydrin, producing desired cyclic carbonate
(Chart 1: entry 10). The result indicates that the reaction
proceeds smoothly with high selectivity without the forma-
tion of side-products. Comparatively, the combinations of
PDDA-PWNi/TBAB and PDDA-PWCu/TBAB gave 60%
and 50% of conversion, respectively (Chart 1: entry 11 and
12; comparative '"H NMR spectra in Figure S1). As the reac-
tion progressed over the course of 1 and 2 h, respectively,
38% and 44% conversion was observed. Furthermore, the
conversion was 55% after 3 h and 65% after 3.5 h. (compara-
tive '"H NMR spectra in Figure S2). When the co-catalyst
loading is decreased to 0.125 mmol and 0.25 mmol, the
epichlorohydrin conversion is found to decrease to 60% and

0O 10 20 30 40 50 60 70 80 90 100
CONVERSIONY%

40%, respectively (Chart 1: entry 4 and 5; comparative NMR
spectra in Figure S3).

The screening studies show that the PDDA-PWCo in
combination with TBAB has emerged as the best choice
to give higher conversion of epoxide with high selectivity
(Chart 1). The higher catalytic activity of PDDA-PWCo
is attributed to the higher affinity of cobalt towards bind-
ing with epoxides [36]. The confined space of the layered
PDDA-PWCo interlayer region may induce some restric-
tions in the overall structure and this may have resulted in
controlling the accessibility of the catalytic active site in the
interlayer region, leading to the increased catalytic activity
of PDDA-PWCo. The catalytic ability of substituted Co**
POM is shown in some reports [37, 38]. To further confirm
the catalytic potential of PDDA-PWCo, recyclability stud-
ies have been carried out which revealed that this binary
catalytic system gives better results even after fourth reuse
under mild reaction conditions (Chart 2, for comparison IH-
NMR in Figure S4).

The reaction conditions employed herein are economi-
cally viable and most convenient to carry out. Hence these
conditions are applied to reactions involving structurally
diverse epoxides by using 0.2 mol% of PDDA-PWCo cata-
lyst without any solvent at room temperature. The results
are summarized in Table 1. The cycloaddition of CO, to
propylene oxide, epoxyhexane, cyclopentene oxide, epoxy-
cyclohexane and styrene oxide proceeds efficiently giving
better conversion of epoxides to the corresponding cyclic
carbonates under eco-friendly reaction conditions than simi-
lar reactions reported in the literature. Interestingly, octa-
diene diepoxide produced efficiently corresponding cyclic
dicarbonate, a result that bodes well for future uses of such
fascinating compounds.

We have compared the catalytic activity of PDDA-PWCo
catalyst with some of the previously disclosed POM-based
catalysts used for synthesizing cyclic carbonates at room
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Chart 2 Recyclability studies of PDDA-PWCo/TBAB catalyst for
cycloaddition of CO, to epoxides. Reaction conditions: PDDA-PWCo
(0.2 mol%), TBAB (10 mol%), epoxide (1 mmol), CO, (1 atm.), RT,
4h

Table 1 Cycloaddition reaction of CO, with different epoxides using
PDDA-TMSPOM under solvent-free conditions at room temperature

S.No.  Substrate Reaction time (h) Conversion” (%)

o]

A

propylene oxide 8

&/\/ 4

2. Epoxyhexane 65

O 4

Epoxycyclohexane

0
4. LK@ 4 50

Styrene oxide

Qo

57

5 4 60
cyclopentene
oxide
W/\/\/AO
6 4 60

o
1, 7-octadiene diepoxide

#*based on 'H-NMR analysis

Reaction conditions: PDDA-PWCo (0.2 mol%) and
(10 mol%), Epoxide (1 mmol), CO, (1 atm.), RT, 4 h

TBAB

temperature with no solvent[39—43]. This comparative data
is summarized in Table 2 for the reaction of epichlorohydrin
and CO,. The reactions referred in Table 2 require higher
temperatures and CO, pressure. The PDDA-PWCo cata-
lyst demonstrates comparatively better catalytic efficiency
towards cyclic carbonates, as can be seen in Table 2. The
reason for better activity of cobalt substituted hybrid seems
to be the affinity of cobalt towards binding with epoxides
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[36]. Moreover, the surface area of PDDA-PWCo is 13 m2/g
whereas PDDA-PWNi and PDDA-PWCu catalysts have sur-
face areas of 5 m%/g and 8 m%g, respectively. Thus, com-
paratively higher surface area could be another reason for
better activity of PDDA-PWCo than its competitive hybrid
catalysts reported here.

The plausible mechanism is shown in Scheme 2 that
involves the epoxide activation by Lewis acidic hybrid
material such as PDDA-PWCo. The catalyst activates the
oxirane ring through the interaction with the oxygen atom
to facilitate the nucleophilic attack of TBAB on the epoxide
ring. The attack of bromide leads to the ring opening and at
this stage, CO, insertion in the metal alkoxide bond occurs.
Finally, the intra-molecular cyclization accompanied with
the removal of bromide leads to the generation of the cyclic
carbonate [44, 45].

The catalytic approach developed in this study does not
require any solvent and the products can be obtained in a
short duration at room temperature. This clearly demon-
strates that the transition metal substituted monolacunary
catalytic systems are useful to synthesize cyclic carbonates
under environmentally benign conditions. Finally, this cata-
lytic process can be useful for industrial targets involving
bio-based cyclic carbonate products.

4 Conclusions

In summary, we have synthesized three hybrid catalytic
materials consisiting of Cu**, Co?*, and Ni** ion substututed
Keggin structures and PDDA polymer matrix (PDDA-
TMSPOMSs). The formation of transition metal substituted
Keggin anions are evident from FTIR and UV-Visible
spectra, and further confirmed by TGA and *'P NMR. The
TGA analysis also showed the extended thermal stability
of the materials upto 400 °C. The powder XRD pattern
revealed the amorphous nature of all the three hybrid mate-
rials while the irregular surface morphology can be seen
in SEM images. Among the POM-based bybrid catalytic
materials, PDDA-PWCu, PDDA-PWNi and PDDA-PWCo,
PDDA-PWCo is the most efficient heterogeneous catalyst
for synthesizing cyclic carbonates under eco-friendly reac-
tion conditions. This catalytic appraoch provides the cyclic
carbonates in good yields under solvent-free conditions
with 100% selectivity. Furthermore, the reported synthetic
approach here requires no column purification of products,
and thus, avoids tedious methods and waste generation. Con-
sidering these factors, PDDA-PWCo-catalyzed synthesis of
cyclic carbonates truly stands as an environmentally friendly
catalytic method towards potentially useful chemicals.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10562-023-04392-1.


https://doi.org/10.1007/s10562-023-04392-1

Green Synthesis of Cyclic Carbonates from Epoxides and CO, Using Transition Metal Substituted. .. 1639
Table 2 Comparison of catalytic activities of CO, conversion to cyclic carbonates
Catalyst/Co-catalyst Temp. (°C) CO, Pressure Reaction time ~ Conversion (%) Ref
(atm.) (h)

Zn-POMOF (2 mol%)/TBAB (2.5 mol%) 80 10 12 92 [41]
[Na(H,0)s1(NH,),[P,W505,Cos— 70 15 1.5 96 [42]

(H,0);(OH);Mn(CO);]-19H,0 (0.23 mol%)/pyr-

rolidinium bromide (8 mol%)
Na,; sH, 5s[(CH;),N],[Mn(CO);1,(Se,W,,0,43)-9H 70 15 1 94.7 [43]

5,0 (0.15 mol%)/1-ethyl-1-methylpyrrolidinium

bromide (8 mol%)
Cr-MIL-101 (50 mg) 25 8 24 91 [39]
TBAB (0.31 mmol)
Ce,NDC; (15 mg) 25 1 8 92 [40]
TBAB (1.8 mol %)
PDDA-PWCo (0.2 mol%)/TBAB (0.5 mmol) 25 1 4 100 This Work

o O

A

o)
Cyclic carbon\aﬁ<
R
8r

co,

PDDA - transition metal
substituted polyoxometalate

Substituted metal

Scheme 2 Mechanism of cycloaddition of CO, to epoxides to form cyclic carbonates using PDDA-TMSPOM catalytic clusters
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