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polyHIPE monolith-supported o-
hydroxynaphthaldehyde propylenediamine Schiff
base ligand complex of copper(II) ions as a catalyst
for the epoxidation of cyclohexene†

Keerti Moghe,a A. K. Sutar,a I. K. Kang b and K. C. Gupta ‡*ab

Poly(vinylbenzyl chloride-co-divinyl benzene)-based polyHIPE monoliths of different porosities were

prepared using high-internal-phase emulsions (HIPEs) containing a fixed amount of vinylbenzyl chloride

(VBC, 6.0 g, 0.0393 mol) and divinyl benzene (DVB 4.0 g, 0.0308 mol) as the oil phase and different

volume ratios of aqueous calcium chloride as the internal phase. Span-80 (2.0 g (4.67 mmol))-stabilized

HIPEs were polymerized at 60 �C using potassium persulfate (0.4 g, 1.48 mmol) as the initiator. Upon

varying the volume ratio of aqueous calcium chloride from 80 to 90%, the prepared polyHIPE monoliths

have shown significant variations in their surface morphology, specific surface area (SA), and pore

volumes (Vp) as confirmed by scanning electron microscopy (SEM) and a gas adsorption (BET) method.

The prepared polyHIPE monoliths were anchored with o-hydroxynaphthaldehyde propylenediamine

Schiff base ligand (HNPn) and then loaded with copper(II) ions (HNPn–Cu) to act as a catalyst. The

structural information of unsupported HNPn–Cu complexes was obtained by recording its FT-IR and

UV-visible spectra. The amount of copper(II) ions loaded onto HNPn ligand-anchored polyHIPE

monoliths was determined by atomic absorption spectroscopic analysis. In comparison to unsupported

HNPn–Cu catalyst, the polyHIPE monolith-supported HNPn–Cu catalyst has shown high catalytic

activity (66.8%), product selectivity for epoxycyclohexane (ECH) (94.8%), high turn over number

(0.028 mol mol�1 h�1) and low energy of activation (22.4 kJ mol�1) in the epoxidation of cyclohexene in

the presence of hydrogen peroxide (H2O2) as an oxidant at 40 �C. The polyHIPE-supported HNPn–Cu

catalyst also shows high reuse applications. Studies show that there is sufficient scope to develop

polyHIPE monoliths with various properties for specific applications.
1 Introduction

In recent years, the development in synthetic chemistry has
taken place at an alarming rate using various types of supported
catalysts.1–10 The majority of solid-phase syntheses were carried
out using polymer gel-bead supports.2–4,11 However, in compar-
ison to polymer gel-bead supports, the porous solid supports
are found to be better in facilitating the diffusion of reactants to
the interior sites of the supports without using swelling
media.5,6 However, to improve the activity of catalysts on
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polymer gel-bead, spacers such as polyethylene glycol are used,
but cleaving and poor loading of catalyst remained major
drawbacks.3,12–14 Some efforts were made to increase the loading
capacity of supports by controlling their swelling properties and
improving the stability of supported catalysts.4,15 Property
modication in polymer gel-bead supports was found to be
more useful in continuous ow reactors than batch reac-
tors.14,16–19 However, polymer gel-beads suffered from a chan-
neling effect, which made interior active sites to remain
unutilized in ow-through processes.20 Considering these
drawbacks of polymer gel-bead supports, the polyHIPE mono-
liths without interstitial space5,6 are found to be more useful
and ideal for continuous ow reactors.19,21,22 To develop porous
supports, various techniques such as gas foaming,23 porogen
leaching,24 and techniques of additive manufacturing25 are
widely used. Nevertheless, these methods remained ineffective
in adding inter pore connectivity in porous supports26 and were
not able to develop well-resolved surface pore morphology.25

Thus, highly inter-connected porous polymer monoliths are
RSC Adv., 2019, 9, 30823–30834 | 30823
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developed via the polymerization of surfactant-stabilized27–32

high-internal-phase emulsions (HIPEs) with a volume ratio of
dispersed phase of >74%.33,34 The polymerization of HIPEs led
to the formation of open-cell-structured macro-porous polymer
monoliths with sufficiently high surface area and low
density.31,35,36 These emulsion-templated, interconnected, and
open-cell-structured highly porous monoliths29 are found to be
useful in various applications such as supports for cata-
lysts,6,37–41 recovery of residual oils,42 media for the storage of
gases,43 or as an ion exchanger for the separation of metal
ions.21,44 The nanoparticles supported on polyHIPE monoliths
are more efficient5,45 due to better ow and mass transport
properties of monoliths,6,46–51 which is well suited for catalysis.52

The surface-functionalized porous polyHIPE monoliths are also
found to be useful in solid-phase syntheses and as a reagent
scavenger.53–55 Though complexes of metal ions on inorganic
supports are used as catalysts in various reactions,56–58 polymer
supports provide a better microenvironment to both reactants
and catalysts.14,37 Studies have indicated that supported Schiff
base complexes of transition metal ions were more catalytic in
the epoxidation of olens59,60 than the unsupported ones.61,62 To
utilize the properties of polyHIPE monoliths, some studies were
conducted using physically63 or chemically bound catalysts on
porous polyHIPE monoliths.37,63–66 However, chemically bound
catalysts were found to be more efficient and useful as they are
free from leaching problems and can be recovered from the
reaction mixture. The epoxidation of olens is a useful process
as it can produce intermediates that nd potential applications
in the synthesis of ne chemicals, and in the production of
useful polymers and pharmaceuticals. Though the epoxidation
of olens is possible with organic peroxides or hypochlorites,
H2O2 reduces the formation of unwanted low-valued hazardous
waste products. Thus, H2O2 alone or in combination with
molecular oxygen/air is found to be more useful in the epoxi-
dation of alkenes without any environmental problems. The
epoxidation of cyclohexene using polymer-supported catalysts
has been reported previously,67–69 but the epoxidation of cyclo-
hexene using porous polyHIPE monolith-supported Schiff base
complex of copper(II) ions in the presence of hydrogen peroxide
as an oxidant has not been reported yet. Thus, in these studies,
attempts were made to develop porous polyHIPE monolith-
supported copper(II) ion complex of o-hydroxynaphthaldehyde
propylenediamine Schiff base ligand (HNPn) as a catalyst for
the epoxidation of cyclohexene in the presence of H2O2 as an
oxidant.37,63 The complexation of copper(II) ions for the epoxi-
dation of cyclohexene was carried out using HNPn ligand-
functionalized polyHIPE monoliths of different porosities.70,71

The pore size and porosity of the prepared polyHIPE monoliths
were controlled with different volume ratios of aqueous calcium
chloride in high-internal-phase emulsions (HIPEs). The poly-
merization of HIPEs at 60 �C in the presence of potassium
persulfate (K2S2O8) has produced interconnected porous poly-
HIPE monoliths with uniform morphology as determined by
scanning electron microscopy (SEM). To improve the properties
of polyHIPE monoliths, hyper cross-linking in polyHIPE
monoliths was carried out using dimethoxymethane as the
external cross-linker.72,73
30824 | RSC Adv., 2019, 9, 30823–30834
2 Experimental

Vinylbenzyl chloride (VBC), divinyl benzene (DVB, 80%),
potassium persulfate (K2S2O8), calcium chloride dihydrate
(CaCl2$2H2O), methanol, and Span-80 (sorbitan monooleate)
(HLB ¼ 4.3) were purchased from Sigma Aldrich Chemical
Company, USA. All other chemicals were used as received and
deionized H2O (18.2 mU cm) was obtained using a Millipore
Milli-Q Plus water system. The oxidation products of cyclo-
hexene were determined using chlorobenzene as an internal
standard and analyzing the reaction mixture using a gas chro-
matograph equipped with a capillary column (SE-30, 30 m �
0.25 mm � 0.25 mm) and a FID detector.
2.1 Preparation of polyHIPE monolith-supported HNPn
ligand complex of copper(II) ions

To prepare polyHIPE-supported HNPn Schiff base ligand
complex of copper(II) ions, rstly, o-hydroxynapthaldehyde
propylenediamine Schiff base ligand (HNPn) was prepared by
taking the alcoholic solution of o-hydroxynapthaldehyde
(3.44 g, 20 mmol) and 1,20 propylenediamine (0.741 g, 10 mmol)
in a Soxhlet apparatus. The solution was reuxed for about
45 min at 60 �C and then the resultant HNPn ligand was
separated aer cooling the extract. The separated HNPn ligand
(Scheme S1a†) was recrystallized in ethanol, and the resultant
yield was 83%. To anchor the prepared HNPn ligand on poly-
HIPE monoliths, the HNPn ligand was aminofunctionalized by
a nitrosation process, which was carried out by reacting
20 mmol (7.65 g, Mw 382.642 mol�1) of HNPn ligand with
20 mmol of sodium nitrite (1.06 g) in 100 mL (1 N) hydrochloric
acid at a low temperature (Scheme S1†). Aer 30 minutes, the
prepared N,N0-bis(4-nitroso-o-hydroxy naphthalene)propylene-
diamine (Scheme S1b†) was ltered and washed with hot and
cold water to remove the impurities. The introduced nitroso
group in HNPn ligand was reduced by taking 20 mmol (8.812 g,
Mw 440.642 g mol�1) of nitrosated HNPn ligand in 50 mL (1.0 N)
hydrochloric acid in the presence of metallic iron as a catalyst,
which on reduction produced N,N0-bis(4-amino-o-hydrox-
ynaphthalene)propylenediamine Schiff base ligand (AHNPn) as
shown in Scheme S1c.† Aer the preparation of AHNPn, poly-
HIPE monoliths of different porosities were prepared by mixing
6.0 g VBC (0.0393 mol) and 4.0 g DVB (0.0308 mol) as the oil
phase with different volume ratios (80–90%) of aqueous
calcium chloride (1.0 g, 6.80 mmol) containing a xed amount
of Span-80 (2.0 g, 4.67 mmol) and potassium persulfate (0.4 g,
1.48 mmol). The resultant mixture aer stirring at 300 rpm for
about 48 h was polymerized at 60 �C for 1 h in PTEF moulds.
PolyHIPE monoliths prepared in the presence of 90, 85 and
80 mL of aqueous calcium chloride were marked as polyHIPE-
90, polyHIPE-85, and polyHIPE-80, respectively. To prepare
polyHIPE monolith-supported HNPn ligand, 5.0 g (�2 mm in
size) of puried polyHIPE monoliths were reuxed in a Soxhlet
apparatus containing a xed amount of AHNPn (8.17 g, 20
mmol) dissolved in 2-propanol (Scheme S2†). Finally, for the
loading of copper(II) ions, 5.0 g HNPn ligand-functionalized
polyHIPE monoliths (polyHIPE-L) were added to an aqueous
This journal is © The Royal Society of Chemistry 2019
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solution of CuCl2 (3.41 g, 20 mmol). PolyHIPE monoliths
prepared with different volume ratios of aqueous calcium
chloride were functionalized with HNPn ligand (polyHIPE-L)
using the same procedure and loaded with copper(II) ions. To
study the effect of meso- and microporosity of polyHIPE
monoliths, the HNPn-supported polyHIPE-90 monoliths
(polyHIPE-90-L) were hyper cross-linked with dimethoxy-
methane in the presence of ferric chloride (2.5 g) as a catalyst
with 1,2-dichloroethane (50 mL)-swollen polyHIPE-90-L mono-
liths for 12 h. The HNPn ligand-anchored hyper-cross-linked
polyHIPE monoliths (hp-polyHIPE-90-L) were subsequently
loaded with copper(II) ions (hp-polyHIPE-90C).
2.2 Characterization of polyHIPE monoliths

SEM analysis of polyHIPE monoliths. PolyHIPE monoliths
were characterized for the surface morphology and pore size
variation by recording their scanning electron micrographs
(JEOL JSM 5610 LV). To record scanning electron micrographs,
polyHIPE monoliths were attached securely on Al stubs using
a double-sided carbon adhesive tape and sputtered with
a 10 nm layer of gold.

Surface area and pore volume of polyHIPE monoliths. The
surface area of polyHIPEmonoliths was determined by studying
the adsorption of N2 gas and using the Brunauer–Emmett–
Teller (BET) model. The adsorbed volume of N2 at a relative
pressure (P/P0) of 0.97 was used to calculate the total pore
volume of the prepared polyHIPE monoliths. The porosity (3) of
polyHIPE monoliths was determined using the following
equation (eqn (1)):

3 ¼ ½ðDm=rÞ � ðVw � VdÞ�
Vd

(1)

where Dm is the weight of the wetting liquid in monoliths, r is
the density of water used as wetting liquid, andDV is the volume
difference between wet (Vw) and dried (Vd) polyHIPE monoliths.
2.3 Characterization of HNPn ligand complex of copper(II)
ions

FT-IR and UV-visible spectra of unsupported HNPn ligand and
its copper(II) ion complex (HNPn–Cu) were recorded using
a PerkinElmer 1600 FT-IR Spectrophotometer and a Shimadzu
1601 PC UV-visible Spectrophotometer. Elemental analysis of
polyHIPE-L monoliths was carried out using a Haraeus Carlo
Ebra 1108 Elemental Analyzer to calculate the loaded amount of
HNPn ligand on polyHIPE monoliths. The loaded amount of
copper(II) ions on polyHIPE-L monoliths was estimated by
determining the remaining amount of copper(II) ions in the
loading solution using an atomic absorption spectrometer
(PerkinElmer 3100) at the lmax of copper(II) ions. The molecular
weights of HNPn ligand and its complex with copper(II) ions
were determined using a Vapor Pressure Osmometer (Knauer K-
700, Germany) using dimethyl formamide as the solvent and
benzyl as the standard. The magnetic moment (m) of HNPn–Cu
complex was measured using a vibrating sample magnetometer
(VSM-155).
This journal is © The Royal Society of Chemistry 2019
2.4 Catalytic activity of polyHIPE monolith-supported
HNPn–Cu(II) ions complex in the epoxidation of cyclohexene

To evaluate the catalytic activity of polyHIPE monolith-
supported HNPn–Cu(II) ions complex as a catalyst in the epox-
idation of cyclohexene, 1.g of polyHIPE-supported HNPn–Cu
catalyst was placed in a two-necked round-bottom ask con-
taining 2.0 mL acetonitrile, and an equimolar amount (0.05 M)
of cyclohexene and hydrogen peroxide (30 wt%) was added. The
percent conversion of cyclohexene and product selectivity for
epoxycyclohexane (ECH) was evaluated at 40 �C by analyzing the
reaction mixture at different time intervals using a gas chro-
matograph. The epoxidation of cyclohexene was studied using
polyHIPE monoliths of different porosities and using different
concentrations of cyclohexene, an oxidant (H2O2), and poly-
HIPE monolith-supported HNPn–Cu catalyst. The epoxidation
of cyclohexene was also studied by varying the reaction
temperature from 30 to 50 �C and in the presence of unsup-
ported HNPn–Cu complex as the catalyst. To determine the
reuse applications of polyHIPE monolith-supported HNPn–Cu
catalyst, the conversion of cyclohexene was also determined
using recycled unsupported and polyHIPE monolith-supported
HNPn–Cu catalyst.
3 Results and discussions

The porous polyHIPE monoliths obtained from high-internal-
phase emulsions (HIPEs) are able to overcome the channel-
ow problem usually encountered with polymer gel-beads in
continuous ow reactors.74 Since Schiff base ligand complexes
of metal ions are able to catalyze reactions at low temperatures,
the polyHIPE monolith-supported Schiff base ligand complex of
copper(II) ions was prepared and used to catalyze the epoxida-
tion of cyclohexene, which is not yet reported in the literature.
Various properties of polyHIPE monoliths such as porosity,
pore volume, and high surface area53,73 were found to be useful
in controlling the percent conversion of cyclohexene and the
product selectivity of epoxycyclohexane on using polyHIPE
monolith-supported HNPn–Cu catalyst. PolyHIPE monoliths
have an increasing effect on the activity of supported HNPn–Cu
catalyst and increased reuse applications.75,76
3.1 Poly(vinylbenzyl chloride-co-divinyl benzene)polyHIPE
monoliths

The high-internal-phase emulsion (HIPE) with a 90% volume
ratio of aqueous calcium chloride has produced polyHIPE
monoliths (polyHIPE-90) with a porosity of 82.4% along with
the pore opening (8–12 mm) at their surfaces (Fig. 1c). In
comparison to other polyHIPEs, the polyHIPE-90monoliths had
reduced pore size and high surface area (583.5 m2 g�1) as
determined by the BET method (Table 1). The application of
Span-80 (2.0 g, 4.67 mmol) reduced the coalescence of aqueous
droplets in the oil phase and helped in the production of
stabilized HIPEs.77 On decreasing the volume ratio of aqueous
calcium chloride in HIPEs to 85% or 80%, a signicant variation
in the pore size and surface area in the resultant polyHIPE
monoliths was clearly observed from their SEM micrographs
RSC Adv., 2019, 9, 30823–30834 | 30825
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Fig. 1 SEM micrographs of polyHIPE monoliths prepared with different volume ratios of aqueous calcium chloride (a) polyHIPE-80, (b) poly-
HIPE-85, (c) polyHIPE-90; and of hyper cross-linked monoliths (d) hp-polyHIPE-90.
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(Fig. 1a and b) and also supported by their adsorption isotherms
(Fig. 2).

The pore size in polyHIPE-85 monoliths was varied from 10
to 15 mm (Fig. 1b), whereas polyHIPE-80 monoliths have shown
pore size variation from 15 to 25 mm (Fig. 1a). On varying the
volume ratio of aqueous phase in HIPEs, a signicant variation
in the surface area (SA), pore volume (Vp), and porosity (3) was
observed (Table 1, Fig. 2). All polyHIPEs were found to be
macroporous in nature as their average pore size was larger
than 0.05 mm (>50 nm), which helped in a convective ow of
reactants and products during the epoxidation of cyclohexene
in the presence of hydrogen peroxide as an oxidant.

On polymerization of HIPEs at 60 �C having the volume ratio
of aqueous phase from 90 to 80%, the composition of polyHIPE
monoliths was found to be almost constant as indicated by the
xed amount of chlorine (�15.3 � 3%) in the prepared poly-
HIPE monoliths. This suggested that during the polymerization
Table 1 Surface area, pore volume, and average pore size in polyHIPE m

Type of monolith SABET/m
2 g�1 Vp/cm

hp-polyHIPE-90 619.8 260.5
PolyHIPE-90 583.5 216.4
PolyHIPE-85 534.3 190.3
PolyHIPE-80 446.3 163.5

30826 | RSC Adv., 2019, 9, 30823–30834
of HIPEs, the activity of vinylbenzyl chloride and divinyl
benzene monomers did not vary in reaction mixture and both
were consumed in a weight ratio of 6 : 4 to produce polyHIPE
monoliths with a xed composition and uniform surface
morphology (Fig. 1a–c).

This has also suggested that hydrophilic and lipophilic
balance (HLB) of Span-80 was sufficient to stabilize the
aqueous-phase droplets in HIPEs prepared by varying the
volume ratio of aqueous phase from 80 to 90%.

The hyper cross-linked polyHIPE-90 monoliths (hp-
polyHIPE-90) were found to be meso- and microporous
(Fig. 1d) due to additional cross-linking reactions between
added dimethoxymethane cross linkers and unused pendant
chloromethyl groups of poly(vinylbenzyl chloride-co-divinyl
benzene) copolymers in HNPn ligand-anchored polyHIPE-90
monoliths. However, the pore opening at the surface of hp-
polyHIPE-90 monoliths was not sharp (Fig. 1d) as was shown
onoliths

3 g�1 Pore size/mm Porosity (3)/%

0.001–0.05 82.4
8–12 76.9
10–15 70.6
15–25 60.2

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Adsorption isotherms of polyHIPE monoliths prepared with
different volume ratios of aqueous calcium chloride.

Fig. 3 FT-IR spectra of HNPn Schiff base ligand and its copper(II) ions
complex.
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by other polyHIPEmonoliths (Fig. 1a–c), which was likely due to
high cross-linking provided by adding dimethoxymethane. The
hyper-cross-linked polyHIPE monoliths (hp-polyHIPE-90) were
having high surface area (619.8 m2 g�1) and porosity (82%) in
comparison to other polyHIPE monoliths (Table 1, Fig. 1 and 2).
The observed zero percent of chlorine content and 4.62%
content of nitrogen in hp-polyHIPE-90 monoliths have sug-
gested that all unused pendant chloromethyl groups of poly(-
vinylbenzyl chloride-co-divinyl benzene) copolymers in HNPn
ligand-anchored polyHIPE-90 monoliths were used up by add-
ing a dimethoxymethane cross-linker.
3.2 PolyHIPE monolith-supported HNPn ligand complex of
copper(II) ions

The copper(II) ions loaded polyHIPE monoliths were prepared
by reacting HNPn ligand-anchored polyHIPE monoliths with
copper(II) ions. For anchoring the HNPn ligand on polyHIPE
monoliths, rst of all, HNPn ligand was prepared by reacting o-
hydroxynapthaldehyde and 1,20-propylenediamine (Scheme
S1a†), which was aminofunctionalized (Scheme S1c†) via
nitrosation and reduction processes in the presence of FeCl3 as
a catalyst in an acidic medium (Scheme S1b†). The appearance
of absorption bands at 1635 and 1297 cm�1 corresponding to
–C]N and –C–O groups in the FT-IR spectrum of HNPn ligand
(Fig. 3) has supported its formation. Similarly, the appearance
of two absorption bands at 293 and 365 nm in the UV-visible
spectrum (Fig. 4) corresponding to the p–p* and n–p* transi-
tions has conrmed the formation of HNPn Schiff base ligands.
The formation of aminofunctionalized HNPn Schiff base ligand
(AHNPn) was conrmed by its FT-IR spectrum, which shows
absorption bands corresponding to –C]N (1635 cm�1) and –C–
O (1297 cm�1) groups beside a broad band between 3100 and
3150 cm�1 corresponding to the primary amine (–NH2). The
AHNPn ligand was anchored on polyHIPE monoliths (Scheme
S2†). PolyHIPE-90 and hyper-cross-linked polyHIPE-90 mono-
liths (hp-polyHIPE-90) have shown high loading of AHNPn (1.29
This journal is © The Royal Society of Chemistry 2019
mmol) due to high surface area (Table 2) though a xed amount
of AHNPn (20 mmol, 8.17 g) was used for loading with different
types of polyHIPE monoliths.

The complexation of copper(II) ions with HNPn ligand was
conrmed from the observed shis in absorption bands from
1635 cm�1 to 1617 cm�1 (–C]N) and from 1297 cm�1 to
1329 cm�1 (–C–O) in the FT-IR spectrum of copper(II) ions
complexes of HNPn ligand (Fig. 3). The appearance of two new
absorption bands at 587 cm�1 and 464 cm�1 assigned to –M–O
and M–N bonds also supported the complexation of copper(II)
ions with HNPn ligand (Fig. 3). Similarly, the shi in peak
positions from 293 nm to 267 nm and from 356 nm to 300 nm
corresponding to p / p* and n / p* transitions in the UV-
visible spectrum has conrmed the complexation of copper(II)
ions with HNPn ligand (Fig. 4, Scheme S3†). The appearance of
two new peaks at 329 nm and 444 nm corresponding to the
charge transfer (C–T) and d–d transitions in the UV-visible
spectrum has further conrmed the complexation of copper(II)
ions with HNPn ligand (Fig. 4, Scheme S3†). The amount of
copper(II) ions loaded onto unsupported and polyHIPE
monolith-supported HNPn ligand was estimated by analyzing
the loading solution (20 mmol, 3.41 g) using an atomic
absorption spectrometer (lmax, 324 nm). In comparison to
polyHIPE-supported HNPn ligand, unsupported HNPn ligand
has shown high complexation of copper(II) ions (2.34 mmol g�1)
as shown in Table 2. The magnetic moment (m) of HNPn ligand
complex of copper(II) ions (1.76 BM) has suggested a square
planar geometry for HNPn ligand complex of copper(II) ions
(Scheme S3†). The variation in the loading amount of copper(II)
ions on polyHIPE monoliths (Table 2) was due to the variation
in the loaded amount of HNPn ligand and variation in the pore
size of the prepared polyHIPE monoliths (Table 1). In compar-
ison to polyHIPE-90monoliths, the hyper cross-linked polyHIPE
monoliths (hp-polyHIPE-90) have shown improved complexa-
tion of copper(II) ions (1.19 mmol g�1) than polyHIPE-90
monoliths (1.17 mmol g�1) due to better opportunities for the
RSC Adv., 2019, 9, 30823–30834 | 30827
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Fig. 4 UV-visible spectra of HNPn Schiff base ligand and its copper(II)
ions complex.
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binding of copper(II) ions with HNPn ligand supported on hp-
polyHIPE-90 monoliths (Table 2).
3.3 Catalytic activity of polyHIPE monolith-supported HNPn
ligand complex of copper(II) ions in the epoxidation of
cyclohexene

To evaluate the effect of polyHIPE monoliths on the activity of
anchored HNPn–Cu catalyst, the catalytic activity of unsup-
ported and polyHIPE monolith-supported HNPn–Cu catalyst
was evaluated in the epoxidation of cyclohexene in the presence
of hydrogen peroxide as an oxidant at 40 �C. The percent
conversion of cyclohexene was studied for a xed time interval
(1440 min) and the reaction products were analyzed by gas
chromatography. In comparison to unsupported HNPn–Cu
catalyst, the polyHIPE monolith-supported HNPn–Cu catalyst
was found to be more active and selective for epoxycyclohexane
(ECH) than other reaction products such as 2-cyclohexene-1-ol
(CHOL), 1,2-cyclohexanediol (CHDOL), and 2-cyclohexene-1-
one (CHON). The activity of HNPn–Cu catalyst on polyHIPE
monoliths was assumed to be like enzymes and the polyHIPE
monolith-supported HNPn–Cu catalyst has shown high activity
in the conversion of cyclohexene and the selective production of
ECH in comparison to unsupported HNPn–Cu catalyst. Thus,
Table 2 Loading of HNPn ligand and copper(II) ions on polyHIPE
monolithsa

Type of monoliths
HNPn/mmol
g�1 N2/%

Cu(II)
ions/mmol g�1 Cl/%

hp-polyHIPE-90 1.29 4.62 1.19 0.02
PolyHIPE-90 1.29 4.89 1.17 3.41
PolyHIPE-85 1.22 4.62 1.04 3.42
PolyHIPE-80 1.15 4.35 0.92 3.44
HNPn-ligand — 6.92 2.34 —

a Loading amount of HNPn ligand and copper(II) ions is per gram of
polyHIPE monoliths.

30828 | RSC Adv., 2019, 9, 30823–30834
considering the enzymatic action of HNPn–Cu catalyst on pol-
yHIPE monoliths, the formation of active species (M–HNPn–
OOH�) via the interaction of hydrogen peroxide and HNPn–Cu
catalyst was presumed to be more prominent than the unsup-
ported HNPn–Cu catalyst (Scheme 1). The resultant active
species (M–HNPnOOH�) was presumed to involve in the
formation of a transient intermediate (M–HNPn–CH–OOH�)
upon interaction with cyclohexene (CH) through a dynamic
equilibrium (K) with active species (M–HNPn–OOH�). The value
of rate constant (k1) for the formation of active species via the
interaction of HNPn–Cu catalyst and H2O2 on polyHIPE
monoliths is assumed to be quite higher than that of the
unsupported HNPn–Cu catalyst. The high value of k1 might be
responsible to enhance the dynamic equilibrium (K) between
active species (M–HNPn–OOH�) and transient intermediate
(M–HNPn–CH–OOH�) on polyHIPE monoliths. The high value
of equilibrium constant (K) on polyHIPE monoliths (Table 3)
might be responsible for increasing the rate of oxygen transfer
(k) to cyclohexene in the selective production of ECH in
comparison to the formation of other reaction products such as
CHOL, CHDOL, and CHON (Scheme 1).

The results indicated that polyHIPE monoliths were able to
provide better microenvironment to the reaction intermediate
(M–HNPn–CH–OOH�) for its decomposition to form ECH in
comparison to the decomposition of an intermediate on
unsupported HNPn–Cu catalyst. Thus, the microenvironment
provided by polyHIPE monoliths might be a signicant factor
that increased the activity of HNPn–Cu catalyst on polyHIPE
monoliths in the epoxidation of cyclohexene in comparison to
unsupported HNPn–Cu catalyst (Fig. 5).

Generally, the oxidation products of cyclohexene are 1,2-
cyclohexanediol (CHDOL), 2-cyclohexene-1-one (CHON), 2-
cyclohexene-1-ol (CHOL) and epoxycyclohexane (ECH) (Scheme
1), but on using polyHIPE monolith-supported HNPn–Cu cata-
lyst, both percent conversion of cyclohexene and product
selectivity for ECH have signicantly increased, as the decom-
position of the intermediate (M–HNPn–CH–OOH�) has fol-
lowed a route that increased the selective production of ECH for
the transfer of oxygen (Scheme 1). In comparison to HNPn–Cu
catalyst supported on polyHIPE-85 monoliths, the polyHIPE-90
monolith-supported HNPn–Cu catalyst has shown high activity
in the conversion of cyclohexene (66.8%) and its selectivity for
ECH (Fig. 5, Table 4). However, the activity of HNPn–Cu catalyst
supported on polyHIPE-80 monoliths was found to be lower
than unsupported HNPn–Cu catalyst.

The low activity of HNPn–Cu catalyst supported on
polyHIPE-80 monoliths was probably due to the low surface
area of polyHIPE-80 monoliths (446.6 m2 g�1) that reduced the
loading of copper(II) ions in comparison to polyHIPE-90 or
polyHIPE-85 monoliths. Initially, the percent conversion of
cyclohexene was high in the presence of unsupported and pol-
yHIPEs monolith-supported HNPn–Cu catalyst, but aer
a reaction time of about 100 minutes, the rate of percent
conversion of cyclohexenes became slow due to a signicant
decrease in the remaining amount of cyclohexene and oxidant
in the reaction mixture (Fig. 5). However, the overall activity of
polyHIPE monolith-supported HNPn–Cu catalyst remained
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Epoxidation of cyclohexene by HNPn–Cu catalyst in the presence of H2O2.
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higher than that of unsupported HNPn–Cu catalyst. The HNPn–
Cu catalyst on polyHIPE-90 monoliths has shown higher
selectivity (94.8%) in the production of ECH in comparison to
HNPn–Cu catalyst supported on other types of polyHIPE
monoliths (Table 4). The activity of polyHIPE monolith-
supported HNPn–Cu catalyst was also analyzed in terms of
turn over number (TON), which was found to be higher
(0.028 mol mol�1 h�1) for HNPn–Cu catalyst supported on
polyHIPE-90 monoliths in comparison to other types of poly-
HIPE monoliths and unsupported HNPn–Cu catalyst (Table 4).

Though the activity of HNPn–Cu catalyst supported on pol-
yHIPE monoliths was found to be better than that of unsup-
ported HNPn–Cu catalyst, the activity of HNPn–Cu catalyst
Table 3 Cyclohexene conversion, selectivity for ECH, and kinetic par
catalysta

Catalysts (CAT) Conversion (%) Selectivity (%)

hp-polyHIPE-90C 82.3 97.1
PolyHIPE-90C 66.8 94.8
PolyHIPE-85C 61.8 92.8
PolyHIPE-80C 41.8 88.2
Free HNPn–Cu 54.8 84.2

a [CH] ¼ [CAT] ¼ [H2O2] ¼ 0.05 M, temp. ¼ 40 �C, time ¼ 1440 min.

This journal is © The Royal Society of Chemistry 2019
supported on hyper-cross-linked polyHIPE monoliths (hp-
polyHIPE-90) was found to be signicantly high in the percent
conversion of cyclohexene, selectivity for ECH, and TON (Fig. 5
and Table 4). This has suggested further that cross-linking in
polyHIPEmonoliths might be useful in improving the activity of
supported catalyst by controlling the porosity and interfacial
area of polyHIPE monoliths that help in providing a suitable
microenvironment to reactants and the supported catalyst. The
observed low values of change in entropy (DS ¼ 52.08 J K�1

mol�1) and the energy of activation (Ea ¼ 12.3 kJ mol�1) in the
conversion of cyclohexene on using hp-polyHIPE-90 monolith-
supported HNPn–Cu catalyst have suggested that cyclohexene
was having proper orientation on hp-polyHIPE-90 monoliths in
ameters on using polyHIPE monolith-supported and free HNPn–Cu

K DS/J K�1 mol�1 Ea/kJ mol�1

4.65 52.08 12.3
2.01 76.70 22.4
1.62 119.66 36.2
0.72 152.21 48.5
1.21 246.31 76.6

RSC Adv., 2019, 9, 30823–30834 | 30829
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Fig. 5 Percent conversion of cyclohexene in the presence of H2O2

oxidant and on unsupported and polyHIPE monolith-supported
HNPn–Cu catalyst.
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comparison to other types of polyHIPE monoliths and unsup-
ported HNPn–Cu catalyst (Tables 3 and 4). The low catalytic
activity of unsupported HNPn–Cu catalyst in the conversion of
cyclohexene was due to its tendency to form aggregates in the
reaction mixture, which caused a signicant decrease in the
number of exposed active sites of copper(II) ions that were
essentially needed to catalyze the conversion of cyclohexene. In
comparison to unsupported HNPn–Cu catalyst, a large fraction
of HNPn–Cu catalyst on polyHIPE monoliths was accessible to
catalyze the conversion of cyclohexene and the selective
production of ECH.

The percent conversion of cyclohexene and its selectivity for
ECH were also studied at 40 �C by varying the molar ratio of
cyclohexene from 0.5 to 2 at constant molarity (0.05 M) of
hydrogen peroxide and HNPn–Cu catalyst. The results have
indicated that the percent conversion of cyclohexene increased
linearly on increasing the molar ratio of cyclohexene from 0.5 to
1.0 on using unsupported and polyHIPE monolith-supported
HNPn–Cu catalyst (Fig. S1,† Table 5). However, on further
increasing the molar ratio of cyclohexene to 2.0, a decreasing
trend in the percent conversion of cyclohexene was observed,
which might be due to the absence of sufficient amount of
oxidant and catalyst in the reaction mixture at high molar ratio
Table 4 Cyclohexene conversion, selectivity for ECH, and kinetic par
catalystsa

Catalysts (CAT) Conversion (%) Selectivity (%)

hp-polyHIPE-90C 82.3 97.1
PolyHIPE-90C 66.8 94.8
PolyHIPE-85C 61.8 92.8
PolyHIPE-80C 41.8 88.2
Free HNPn–Cu 54.8 84.2

a [CH] ¼ [CAT] ¼ [H2O2] ¼ 0.05 M, temp. ¼ 40 �C, time ¼ 1440 min.

30830 | RSC Adv., 2019, 9, 30823–30834
(2.0) of cyclohexene. On varying the molar ratio of cyclohexene
in the presence of unsupported and polyHIPE monolith-
supported HNPn–Cu catalyst, the selectivity for ECH remained
almost constant (Table 5). The conversion of cyclohexene and
its product selectivity for ECH were also studied at 40 �C on
varying the molar ratio of H2O2 from 0.5 to 2 at a constant
molarity (0.05 M) of cyclohexene and the catalyst in the reaction
mixture. The trend of the percent conversion of cyclohexenes
(Fig. S2†) and its selectivity for ECH (Table 5) during molar ratio
variation of H2O2 in the presence of unsupported and polyHIPE
monolith-supported HNPn–Cu catalyst was found to be almost
the same as was found during the molar ratio variation of
cyclohexene (Fig. S1,† Table 5). In contrast to the effect of molar
ratio variation of cyclohexene and hydrogen peroxide, and the
molar ratio variation of unsupported and polyHIPE-supported
HNPn–Cu catalyst from 0.5 to 1.0, the rate of conversion of
cyclohexene at 40 �C has shown an increasing trend along with
the increased selectivity for ECH, while keeping the molarity of
H2O2 and cyclohexene (0.05 M) in the reaction mixture constant
(Fig. S3,† Table 6). The value of TON at a molar ratio of 0.5 of
unsupported and polyHIPE monolith-supported HNPn–Cu
catalysts wa found to be higher than that observed at a molar
ratio of 1.0 or 2.0, which was probably due to the high rate of
conversion of cyclohexene at a molar ratio of 0.5 (Table 6).

The decreasing trend in the efficiency of unsupported
HNPn–Cu catalyst at high molar ratio was due to its tendency to
aggregate in the reactionmixture, whereas a decreasing trend in
the efficiency or TON at a higher molar ratio of polyHIPE-
supported HNPn–Cu catalyst was due to a xed porosity or
pore volume of polyHIPE monoliths that limited the available
amount of cyclohexene for its conversion. The selectivity varia-
tion for ECH during the molar ratio variation of unsupported
and polyHIPE monolith-supported HNPn–Cu catalyst has
clearly indicated that polyHIPE monoliths have played a signif-
icant role in controlling the route of decomposition of the
proposed intermediate (M–HNPn–CH–OOH�) in the selective
formation of ECH (Scheme 1). The rate of conversion of cyclo-
hexene was also determined by varying the temperature from 30
to 50 �C at a constant molarity (0.05 M) of cyclohexene, H2O2

and HNPn–Cu catalyst in CH3CN (Table 7). The rate of conver-
sion of cyclohexene has shown an increasing trend on
increasing the reaction temperature from 30 to 40 �C, but on
increasing the temperature beyond 40 �C, it has shown
a decreasing trend. This was due to the decomposition of
ameters on using polyHIPE monolith-supported and free HNPn–Cu

Rp � 105/M s�1 TON/mol mol�1 h�1 Ea/kJ mol�1

2.38 0.034 12.3
1.93 0.028 22.4
1.78 0.026 36.2
1.21 0.017 48.5
1.58 0.023 76.6

This journal is © The Royal Society of Chemistry 2019
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Table 5 Effect of CH and H2O2 concentration on the selectivity for ECH (%)a

Catalyst (CAT)

% selectivity for ECH at different concentrations of
CH

% selectivity for ECH at different concentrations of
H2O2

0.025 M 0.050 M 0.10 M 0.025 M 0.050 M 0.10 M

hp-polyHIPE-90C 96.8 97.1 97.0 97.0 97.1 97.1
PolyHIPE-90C 94.7 94.8 94.8 94.6 94.8 94.0
PolyHIPE-85C 92.6 92.8 92.7 92.6 92.8 92.6
PolyHIPE-80C 86.2 88.2 88.0 86.0 88.2 87.8
Free-HNPn–Cu 83.1 84.2 83.8 83.6 84.2 83.8

a [CAT] ¼ 0.05 M, temp. ¼ 40 �C, time ¼ 1440 min. CH3CN ¼ 20 mL.
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hydrogen peroxide at high temperature, which reduced the
formation of activated species (M–HNPn–OOH�) and reaction
intermediates (M–HNPn–CH–OOH�) in the reaction mixture
(Table 7).

The selectivity for ECH was increased till 40 �C, but shows
a decreasing trend on further increasing the reaction tempera-
ture beyond 40 �C (Fig. S4†). This was attributed to a signicant
retardation in the properties of the transient intermediate (M–

HNPn–CH–OOH�) upon increasing the reaction temperature
beyond 40 �C. The variation in the reaction rate (k) on varying
the reaction temperature was used to calculate the energy of
activation (DEa) for the conversion of cyclohexene, which was
found to be low for polyHIPE-supported HNPn–Cu catalyst and
also showed dependence on the type of polyHIPE monoliths
used for supporting the HNPn–Cu catalyst. The comparison of
change in entropy (DS), equilibrium constant (K), and energy of
activation (DEa) for the conversion of cyclohexene has provided
Table 7 Temperature versus Rp for CH and DEa on different polyHIPE m

Catalyst (CAT)

30 �C 40 �C

Conv/% Rp � 107/M s�1 Conv/%

hp-polyHIPE-90C 69.8 9.1 82.3
PolyHIPE-90C 59.2 8.1 66.8
PolyHIPE-85C 45.3 6.1 61.6
PolyHIPE-80C 36.5 4.9 41.8
Free HNPn–Cu 40.2 3.4 54.8

a [CH] ¼ [H2O2 ] ¼ [CAT] ¼ 0.05 M, time ¼ 1440 min, CH3CN ¼ 20 mL.

Table 6 Effect of catalyst concentration on TON and conversion rate o

Catalyst (CAT)

Concentration of HNPn catalyst in reaction mixture

0.025 M 0.050 M

TON/mol mol�1 h�1 Rp/10
5 M s�1 TON/mo

hp-polyHIPE-90C 0.058 2.03 0.034
PolyHIPE-90C 0.051 1.80 0.028
PolyHIPE-85C 0.041 1.44 0.026
PolyHIPE-80C 0.032 1.12 0.017
Free-HNPn–Cu 0.038 1.34 0.023

a [CH] ¼ [H2O2] ¼ 0.05 M, temp. ¼ 40 �C, time ¼ 1440 min, CH3CN ¼ 20

This journal is © The Royal Society of Chemistry 2019
a concrete proof that polyHIPE monoliths were able to provide
a suitable microenvironment to the supported HNPn–Cu cata-
lyst to catalyze the conversion of cyclohexene and the selective
production of ECH in comparison to the unsupported HNPn–
Cu catalyst (Tables 3 and 7).
3.4 Reuse applications of polyHIPE monolith-supported
HNPn–Cu catalyst in the epoxidation of cyclohexene

To determine the reuse applications of unsupported and poly-
HIPE monolith-supported38 HNPn–Cu catalyst, the activity of
the catalyst was evaluated aer recycling the HNPn–Cu catalyst.
The activity of the HNPn–Cu catalyst on hypercross-linked
monoliths (hp-polyHIPE-90) remained almost 99% to its orig-
inal activity on recycling it for about 8 times, whereas the
HNPn–Cu catalyst supported on polyHIPE-90 monoliths was
onolithsa

50 �C

DEa/kJ mol�1Rp � 105/M s�1 Conv/% Rp � 105/M s�1

2.38 80.2 1.44 12.24
1.93 62.6 1.20 22.4
1.78 58.2 0.92 36.2
1.21 39.4 0.11 48.5
1.59 44.6 0.52 76.6

f CHa

0.10 M

l mol�1h�1 Rp/10
5 M s�1 TON/mol mol�1 h�1 Rp/10

5 M s�1

2.38 0.017 2.30
1.93 0.013 1.83
1.78 0.012 1.72
1.21 0.011 1.45
1.59 0.011 1.55

mL.

RSC Adv., 2019, 9, 30823–30834 | 30831
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Fig. 6 Effect of recycling on the activity of catalyst in the epoxidation of cyclohexene.
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able to show almost the same activity aer recycling for six
times (Fig. 6).

However, HNPn–Cu catalyst supported on polyHIPE-85 or
polyHIPE-80 monoliths were able to show the same activity on
recycling it for about four times. The unsupported HNPn–Cu
catalyst showed a decreasing trend in its activity aer recycling
for two times (Fig. 6). The HNPn–Cu catalyst on polyHIPE
monoliths retained its structural stability on recycling for about
six times, but the structural stability of unsupported HNPn–Cu
catalyst seems to be lost aer recycling for two times. Thus,
polyHIPE monoliths have not only increased the activity of
HNPn–Cu catalyst but also increased their stability and reuse
applications.78

4 Conclusions

High-internal-phase emulsions (HIPEs) have been prepared at
room temperature by vigorously stirring different volume ratios
of aqueous calcium chloride (80–90%) in an organic phase
containing a xed amount of vinylbenzyl chloride (VBC) and
divinylbenzene (DVB) in the presence of Span-80. The poly-
merization of HIPEs with different volume ratios of aqueous
calcium chloride in the presence of potassium persulfate as an
initiator at 60 �C has produced polyHIPE monoliths with
different surface areas, pore volumes, and pore sizes. The pol-
yHIPE monoliths have been functionalized with o-hydroxy
napthaldehyde propylenediamine Schiff base ligands (HNPn)
and then loaded with copper(II) ions to act as a catalyst (HNPn–
Cu) for the epoxidation of cyclohexene in the presence of
hydrogen peroxide as an oxidant at 40 �C. The polyHIPE
monoliths prepared using 90% volume ratio of aqueous
calcium chloride (polyHIPE-90) were having high surface area,
30832 | RSC Adv., 2019, 9, 30823–30834
porosity, and capability to load high amounts of copper(II) ions
in comparison to polyHIPE monoliths prepared with 85%
(polyHIPE-85) or 80% (polyHIPE-80) volume ratios of aqueous
calcium chloride. The polyHIPE monolith-supported HNPn–Cu
catalysts were found to be highly active in the conversion of
cyclohexene and in the selective formation of epoxycyclohexane
(ECH) as conrmed from the obtained values of equilibrium
constant (K), turn over number (TON), and energy of activation
(Ea). The activity of polyHIPE monolith-supported HNPn–Cu
catalyst was explained by proposing a scheme similar to the
activities of enzymes. The percent conversion of cyclohexene
and the selectivity for ECH were found to vary signicantly on
varying the molar ratio of HNPn–Cu catalyst and reaction
temperature, but the selectivity for ECH remained almost
constant on varying the molar ratio of cyclohexene and H2O2 in
the reaction mixture. These trends have suggested that the
conversion of cyclohexene and the selectivity for ECH was
inuenced signicantly by the microenvironment of polyHIPE
monoliths that modied the interactions of the supported
HNPn–Cu catalyst with cyclohexene for its conversion and
product selectivity of ECH in comparison to the unsupported
HNPn–Cu catalyst. The polyHIPE monoliths helped in
increasing the stability and reuse application of supported
HNPn–Cu catalysts. These studies have clearly indicated that
porous polyHIPE monoliths are very useful in modifying the
activity of catalyst and have sufficient scope in catalysis and
other applications.
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3850–3856.

26 B. Subia, J. Kundu and S. C. Basu, Tissue Eng., 2010, 141–157.
27 K. Kawada, K. Okano, J. Iskra, P. Krajnc and D. Cahard, Adv.

Synth. Catal., 2016, 359, 584–589.
28 C. R. Langford, D. W. Johnson and N. R. Cameron,

Macromol. Rapid Commun., 2015, 36, 834–839.
29 H. Kim, K. H. Ahn and S. J. Lee, Polymer, 2017, 110, 187–195.
30 H. F. Mark, Encyclopedia of Polymer Science and Technology,

4th edn, 2014, vol. 10, pp. 595–617.
31 N. R. Cameron, P. Krajnc, M. S. Silverstein, in

M. S. Silverstein, and N. R. Cameron, ed. M. A. Hillmyer,
Porous Polymers, John Wiley & Sons, Inc., Hoboken, 2011,
pp. 119–172.

32 M. S. Silverstein, Prog. Polym. Sci., 2014, 39, 199–234.
33 C. Wu, F. Xu, B. Sun, R. W. Fu, H. K. He and

K. Matyjaszewski, Chem. Rev., 2012, 112, 3959–4015.
34 R. Foudazi, S. Qavi, I. Masalova and A. Y. Malkin, Adv. Colloid

Interface Sci., 2015, 220, 78–91.
35 N. R. Cameron, D. C. Sherrington, L. Albiston and

D. P. Gregory, Colloid Polym. Sci., 1996, 274, 592–595.
36 A. Menner and A. Bismarck,Macromol. Symp., 2006, 242, 19–

24.
37 V. S. Unnu and S. Cetinkaya, Catal. Lett., 2018, 148, 2432–

2445.
38 Y. Wan, Y. Feng, D. Wan and M. Jin, RSC Adv., 2016, 6,

109253–109258.
39 N. C. Cameron, D. C. Sherrington, I. Ando and H. Kurosu, J.

Mater. Chem., 1196, 6, 719–726.
40 M. Ottens, G. Leene, A. A. C. M. Beenackers, N. Cameron and

D. C. Sherrington, Ind. Eng. Chem. Res., 2000, 39, 259–266.
41 H. F. M. Schoo, G. Challa, B. Rowatt and D. C. Sherrington,

React. Polym., 1992, 16, 125–136.
42 Y. Wu, T. Zhang, Z. Xu and Q. Guo, J. Mater. Chem. A, 2015, 3,

1906–19090.
RSC Adv., 2019, 9, 30823–30834 | 30833

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra05811g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 9

/2
3/

20
24

 8
:2

8:
43

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
43 H. He, W. Li, M. Zhong, D. Konkolewicz, D. Wu, K. Yaccato,
T. Rappold, G. Sugar, N. E. David and K. Matyjaszewski,
Energy Environ. Sci., 2013, 6, 488–493.

44 S. D. Alexandratos, R. Beauvais, J. R. Duke and
B. S. Jorgensen, J. Appl. Polym. Sci., 1998, 68, 1911–1916.

45 D. I. Enache, J. K. Edwards, P. Landon, E. B. Solsona,
A. F. Carley, A. A. Herzing, M. Watanabe, C. J. Kiely,
D. W. Knight and G. J. Hutchings, Science, 2006, 311, 362–
365.

46 A. Shokoufeh and R. Behzad, Transp. Porous Media, 2016,
115, 169–187.

47 W. L. Li, W. J. Zhang, X. Q. Dong, L. S. Yan, R. G. Qi,
W. C. Wang, Z. G. Xie and X. B. Jing, J. Mater. Chem., 2012,
22, 17445–17448.

48 H. H. Liu, D. C. Wan, J. Du and M. Jin, ACS Appl. Mater.
Interfaces, 2015, 7, 20885–20892.

49 Y. L. Ye, D. C. Wan, J. Du, M. Jin and H. T. Pu, J. Mater. Chem.
A, 2015, 3, 6297–6300.

50 E. M. Christenson, W. Soo, J. L. Holm, N. R. Cameron and
A. G. Mikos, Biomacromolecules, 2007, 8, 3806–3814.

51 P. Krajnc, N. Leber, J. F. Brown and N. R. Cameron, React.
Funct. Polym., 2006, 66, 81–91.

52 W. Yuan, X. Chen, Y. Xu, C. Yan, Y. Liu, W. Lian, Y. Zhou and
Z. Li, RSC Adv., 2018, 8, 5912–5919.

53 A. Barbetta, N. R. Cameron and S. J. Cooper, Chem.
Commun., 2000, (3), 221–222.

54 P. Krajnc, J. F. Brown and N. R. Cameron, Org. Lett., 2002, 4,
2497–2500.

55 N. Hird, I. Hughes, D. Hunter, M. G. J. T. Morrison,
D. C. Sherrington and L. Stevenson, Tetrahedron, 1999, 55,
9575–9584.

56 W. Luo, W. Cao, P. C. A. Bruijnincx, L. Lin, A. Wang and
T. Zhang, Green Chem., 2019, DOI: 10.1039/c9gc01216h.

57 W. Luo, P. C. A. Bruijnincx and B. M. Weckhuysen, J. Catal.,
2014, 320, 33–41.

58 M. Saidi, F. Samimi, D. Karimipourfard,
T. Nimmanwudipong, B. C. Gates and M. R. Rahimpour,
Energy Environ. Sci., 2014, 7, 103–129.

59 A. Akelah, A. Rehab, E. R. Kenawy, M. S. Zeid andM. S. Abou,
J. Appl. Polym. Sci., 2006, 101, 1121–1129.
30834 | RSC Adv., 2019, 9, 30823–30834
60 B. Stefan, S. Agniesszker and S. Beata, Appl. Catal., A, 200,
309, 85–90.

61 K. Ding, Z. Wang, X. Wang, Y. Liang and X. Wang, Chem.–
Eur. J., 2006, 12, 5188–5197.

62 Y. Q. Li and H. H. Ye, Chin. J. Org. Chem., 2002, 22, 678.
63 A. Koler, M. Paljevac, N. Cmager, J. Iskra, M. Kolar and

P. Krajnc, Polymer, 2017, 126, 402–407.
64 A. R. Silva, J. L. Figueredo, C. Fieire and B. de Castro,

Microporous Mesoporous Mater., 2004, 68, 83–89.
65 V. Mirkhani, S. Tangestaninejad, M. Moghadam,

I. Mohammadpoor-Baltork and Z. Saedi, J. Iran. Chem.
Soc., 2010, 7, 673–677.

66 G. J. Kim and D. W. Park, Catal. Today, 2000, 63, 537–547.
67 C. Penga, X. H. Lua, X. T. Ma, Y. Shen, C. C. Wei, J. Hea,

D. Zhoua and Q. H. Xia, J. Mol. Catal. A: Chem., 2016, 423,
393–399.

68 G. Gelbard, F. Breton, M. Quenard and D. C Sherrington, J.
Mol. Catal. A: Chem., 2000, 153, 7–18.
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