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articles-anchored dual-responsive
SBA-15-PNIPAM/PMAA nanoreactor: a novel
heterogeneous catalyst for a green Suzuki–Miyaura
cross-coupling reaction†

Anandhu Mohan,a Lipeeka Rout,a Anju Maria Thomas,a Jerome Peter,a

Saravanan Nagappan,a Surendran Parambadathb and Chang-Sik Ha *a

To develop a sustainable and cost-effective catalyst for cross-coupling reactions, dual (temperature and

pH)-responsive poly(N-isopropyl acrylamide-co-methacrylic acid) (PNIPAM/PMAA) functionalised SBA-15

was synthesised via free radical polymerisation using potassium persulfate as an initiator and decorated

with palladium nanoparticles (PdNPs-SBA-15-PNIPAM/PMAA). The X-ray photoelectron spectroscopic

analysis revealed that the Pd content in the zero oxidation state of the catalyst was 1.21 wt%. The

dynamic light scattering studies showed that the catalyst exhibited swelling behaviours at low

temperatures (<32 �C) and high pH (>4), but exhibited deswelling behaviours at high temperatures (>32
�C) and low pH (<4). To examine the performance of the catalyst, Suzuki–Miyaura cross-coupling (SMC)

reaction was conducted under batch reaction conditions. The reaction conditions were optimised with

various parameters using phenylboronic acid and bromobenzene as the model substrates. High

conversions (>90%) were realized for the room-temperature SMC reaction in an aqueous medium for

various substituted aryl halides, while the conversion was low at relatively high temperatures (>32 �C).
The conversion was dependent on the different electronic effects between the electron-releasing and

electron-withdrawing groups of the aryl halides. After the experiment, the catalyst was successfully

recovered without any loss of heterogeneity and could be reused at least up to the fifth cycle.
Introduction

Recently, the formation of carbon–carbon (C–C) bonds using
various named reactions has attracted substantial attention.
Among various reactions for C–C bond formation, the Suzuki–
Miyaura cross-coupling (SMC) reaction, which comprises the
coupling of an aryl halide and phenylboronic acid, has been
known to be a more simple and efficient strategy for the prep-
aration of biphenyls.1,2 These synthesised biphenyls are
considered important building blocks for use in various phar-
maceutical and agriculture industries. Additionally, the SMC
reaction of organoboronic reagents and aromatic compounds is
impossible to perform in the presence of neat water because of
the immiscible properties of the organic and water phases.3,4 To
rectify this issue, previous research suggests the use of phase-
transfer catalysts (PTCs), which can act as a bridge between
ering, Pusan National University, Busan

u.edu

llege Malappuram, University of Calicut,

SI) available: Wide angle XRD, Effect of
used catalysts and NMR spectra of the

f Chemistry 2020
the two immiscible phases.3,5 The addition of PTCs, such as
tetrabutylammonium bromide (TBAB) and polyethylene glycol
(PEG), to the immiscible mixture can form an interlayer phase
boundary between these immiscible phases in the liquid
mixture, and the PTC molecules can transport reactant mole-
cules from the organic phase to aqueous phase.3,5

Generally, the traditional SMC reaction comprises a Pd
catalyst in the presence of various ligands.6–8 Initially, in 1981,
Miyaura et al. proposed the use of a homogeneous Pd catalyst to
perform the SMC reaction using various compounds, such as
heteroaryl halides, unactivated aryl chlorides, and hindered
boronic acids, under mild conditions.9 However, there are a few
drawbacks associated with these catalysts. For instance, the
homogeneous form of the Pd catalysts is generally unrecyclable,
and in most cases, the products formed were contaminated by
residual Pd or ligands.10,11 In addition, some ligands are
generally more toxic and more expensive for large-scale appli-
cations than the noble metal itself.11 Recently, transition metal
nanoparticles are considered active catalysts for many coupling
reactions owing to their high surface-to-volume ratios.12 The co-
reduction method was found to be the most common approach
for the synthesis of metal nanoparticles.2 The direct utilisation
of noble metal nanoparticles in catalysis is difficult to realise
RSC Adv., 2020, 10, 28193–28204 | 28193
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owing to their high agglomeration behaviours resulting from
van der Waals forces. To enhance the activity, prevent agglom-
eration behaviour, and improve the stability of this transition
metal nanoparticle in the eld of catalysis, a hosting or sup-
porting material is highly recommended. Some recent studies
suggest that Pd nanoparticles (PdNPs) on any form of support,
such as polymers, mesoporous silicas, and metal oxides, have
the potential to increase the stability and efficiency of the
catalysts.13,14

Among various established mesoporous silicas, SBA-15 has
been recognised as a potential support for transition metal
nanoparticles because of their efficient activity in coupling
reactions. The role of SBA-15 in such reactions has also been
demonstrated in previous studies.15,16 In addition, polymer-
graed mesoporous materials have gained signicant atten-
tion in various applications.17,18 In particular, stimuli-
responsive polymeric materials have been adapted under
different environmental conditions, such as temperature, pH,
light, and ionic strength.19–21 Among the various stimuli-
responsive polymers, poly(methacrylic acid) (PMAA) and
poly(N-isopropyl acrylamide) (PNIPAM) have been widely
studied for different applications. PMAA is considered a pH-
responsive polymer, where a change in the chain conforma-
tion occurs with a change in pH.22 Similarly, PNIPAM changes
its conformation in response to the temperature, meaning that
PNIPAM chains stretch below the lower critical solution
temperature (LCST) and shrink above the LCST. The coating of
stimuli-responsive polymers onto the mesoporous support has
gained more attention because they exhibit properties inherent
to both inorganic cores and graed polymers.23 However,
a thorough study has not been performed on the inuence of
the combined effect of mesoporous silica, metal nanoparticles,
and graed polymers in the coupling reaction eld.

The dual stimuli-responsive behaviours, such as the
temperature- and pH-responsive behaviours, in a single mate-
rial can be used for multiple applications. Challengingly, we
report for the rst time the preparation of a novel PdNP-
supported nanohybrid catalyst with temperature-responsive
PNIPAM and pH-responsive PMAA. The hydrophilic ability of
the catalyst at low temperatures and high pHwas utilised for the
SMC reaction of less activated aromatic halides at room
temperature and in a water–ethanol mixture. The novelty of our
new synthesised catalyst is that it can exhibit both temperature-
and pH-responsive behaviours and excellent catalytic perfor-
mance towards SMC reactions using an environment-friendly
solvent at room temperature. Moreover, our approach is note-
worthy in that a water/ethanol mixture is used as the solvent
medium, and the catalytic experiment is performed at room
temperature to achieve sustainability with excellent conversion.
The synthesised catalyst must be valuable and preferable for
industrial mass production. In addition, the PdNPs-SBA-15-
PNIPAM/PMAA catalyst showed higher catalytic activity than
various control catalysts. Furthermore, it exhibits relatively high
or comparable catalytic activity in contrast to the catalysts in
previous studies. This high performance could be attributed to
the synergetic effect of the PdNPs and dual-responsive poly-
mers. The results of the present study may assist in choosing
28194 | RSC Adv., 2020, 10, 28193–28204
solid catalysts and reaction parameters for the SMC reaction
under mild conditions.

Experimental
Synthesis of SBA-15

SBA-15 was synthesised by a slightly modied previously re-
ported method using Pluronic P123.24 Typically, 16 g of P123
was mixed with 500 mL of DI water and 80 mL of concentrated
HCl and stirred continuously to get a homogeneous mixture.
Furthermore, the mixture was stirred in an oven at 35 �C, fol-
lowed by the dropwise addition of 36.87 mL of tetraethyl
orthosilicate (TEOS). The solution was stirred continuously for
1 h and kept static for another 24 h. Finally, the mixture was
aged at 100 �C for approximately 24 h. Subsequently, the white
solid suspension was ltered, washed with DI water/ethanol,
and air-dried overnight. The P123 template was removed by
calcination of the solid product at 550 �C for 8 h under air
atmosphere.

Modication of SBA-15

Initially, the above-synthesised SBA-15 was pre-heated at 100 �C
in a vacuum oven overnight aer calcination to remove mois-
ture. Pre-heated SBA-15 (1 g) was dispersed in 50 mL of anhy-
drous ethanol in a 100 mL round-bottom ask equipped with
a water condenser and nitrogen balloon. This suspension was
injected with 1 mL of (3-methoxysilyl) propyl methacrylate
(TMSPM) and stirred for about 24 h at 60 �C. Aer the reaction
was completed, the mixture was cooled to room temperature,
and the solid particles were separated by centrifugation. The
modied products were washed with ethanol, followed by
drying under vacuum at 60 �C. The nal product was denoted as
SBA-15-TMSPM.

Synthesis of SBA-15-PNIPAM/PMAA

Firstly, SBA-15-TMSPM (0.2 g) was pre-heated at 60 �C for
polymerisation and taken in a 100 mL three-necked ask. The
weighed quantities of the monomers (0.35 g NIPAM and 0.15 g
MAA) were taken in a 50 mL round-bottom (RB) ask and
degassed separately in a 1 : 4 ethanol–water mixture (20 mL) by
nitrogen purging. Furthermore, the degassed monomer solu-
tion was added to the three-necked ask containing modied
SBA-15 suspensions, and it was stirred for 1 h at 80 �C under
nitrogen atmosphere. Potassium persulfate (KPS) (0.02 g) was
added to this mixture, and the polymerisation was continued
for 4 h at 80 �C. Aer the suspension was cooled, the nal ob-
tained solid particles were isolated by centrifugation, followed
by washing twice with DI water and ethanol. The product was
denoted by SBA-15-PNIPAM/PMAA.

Incorporation of PdNPs into the SBA-15-PNIPAM/PMAA

Initially, 50 mg of SBA-15-PNIPAM/PMAA was dispersed in
10 mL of water and stirred for about 1 h. Subsequently, 0.01 M
K2PdCl4 (dissolved in 5mL of water) was added, and themixture
was stirred for 5 h. Thereaer, 0.1 M NaBH4 (dissolved in 5 mL
of water) was added dropwise to the mixture, and it was stirred
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 FTIR spectra of SBA-15, SBA-15-TMSPM, and SBA-15-PNIPAM/
PMAA.
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for another 2 h. The nal precipitate was ltered, washed ve
times with water, and dried overnight under vacuum at 40 �C.

Typical procedure for the SMC reaction

The general procedure for the SMC reaction of an aryl halide
with phenylboronic acid is as follows. Aryl halide (1 mmol),
phenylboronic acid (1.3 mmol), K2CO3 (3 mmol), TBAB (0.5
mmol), PdNPs-SBA-15-PNIPAM/PMAA catalyst (3 mg), and 5 mL
of a water–ethanol mixture (4 : 1 ratio) were placed in a 25 mL
two necked RB ask. Subsequently, the mixture was stirred at
room temperature. Aliquots were removed at one-hour inter-
vals, and the progress of the reaction was monitored by thin-
layer chromatography (TLC) and gas chromatography (GC).
Aer the reaction was completed, the catalyst was separated by
ltration, followed by washing with water and ethyl acetate (EA)
(in the case of hydrophilic aryl halide, the solution is rst
acidied with 0.1 M HCl). The organic layer was collected,
washed with water (3 � 10 mL), and dried over Na2SO4.
Subsequently, it was concentrated by evaporation and dried
over Na2SO4. Subsequently, it was concentrated by evaporation
and dried under vacuum conditions at 35 �C. The thus-obtained
product was conrmed by 1H nuclear magnetic resonance
(NMR) spectroscopy. The 1H NMR spectral details of the prod-
ucts are given in ESI.†

Results and discussion
Structural characterisation of the synthesised catalyst

The PdNPs-SBA-15-PNIPAM/PMAA catalyst was synthesised by
a four-step process (Scheme 1). First, we prepared the meso-
porous silica SBA-15 as the base material using the sol–gel
approach. Thereaer, it was modied with the vinyl coupling
agent, TMSPM. In the third step, this modied SBA-15 was
polymerised with NIPAM and MAA by free radical polymerisa-
tion. Finally, the PdNPs were incorporated into the polymerised
SBA-15 using the co-reduction approach. The obtained PdNPs-
SBA-15-PNIPAM/PMAA nanohybrid catalyst exhibited dual-
responsive behaviour. The temperature-responsive property
depends on the LCST of the PNIPAM moiety which exists in the
hydrated state below the LCST and in the dehydrated state
above the LCST.25 The protonation and deprotonation behav-
iours of the carboxylic acid group in PMAA decides the pH-
responsive behaviour of the catalyst. At low pH, the catalyst
exists in a protonated-shrunken state, and at high pH, it exists
Scheme 1 Schematic representation of the synthesis of the dual-respon

This journal is © The Royal Society of Chemistry 2020
in the deprotonated COO� state. The electrostatic repulsion
between the COO� groups leads to the swollen structure of the
catalyst.26 The dual-responsive property of the present catalyst
has been thoroughly discussed in the latter part of the
discussion.

The Fourier-transform infrared (FTIR) spectra provided
detailed information about the functionalisation of materials as
described in the procedure. The FTIR spectra of SBA-15, SBA-15-
TMSPM, and SBA-15-PNIPAM/PMAA are displayed in Fig. 1. The
FTIR spectra of SBA-15 showed characteristic peaks at 805 cm�1

and 1090 cm�1 that were assigned to the in-plane bending of Si–
O and Si–O–Si asymmetrical stretching vibrations, respectively.
The vibrational bands at 1630 and 3440 cm�1 were attributed to
OH bending and stretching vibrations, respectively, of the
absorbed water.27 Aer modifying with TMSPM, new bands at
1710 cm�1 and 2960–2837 cm�1, attributed to the C]O
stretching and C–H asymmetric and symmetric stretching
vibrations of TMSPM, respectively, indicate the successful
modication of SBA-15 with TMSPM. The polymerisation of
MAA in SBA-15 is described by the increased intensity and slight
shiing towards high wavenumbers of the peaks at 1719 cm�1

and 2892–2890 cm�1 for SBA-15-PNIPAM/PMAA.26 In addition,
the bands at 1644 cm�1, 1549 cm�1, and 1442 cm�1 were
attributed to the C]O stretching vibration, N–H vibration, and
sive PdNPs-SBA-15-PNIPAM/PMAA catalyst.

RSC Adv., 2020, 10, 28193–28204 | 28195
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Fig. 2 SAXS patterns of SBA-15, SBA-15-TMSPM, SBA-15-PNIPAM/
PMAA, and PdNPs-SBA-15-PNIPAM/PMAA.

Fig. 4 Nitrogen adsorption–desorption isotherms and pore size
distribution curves (inset) of SBA-15, SBA-15-TMSPM, and SBA-15-
PNIPAM/PMAA.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 4
:4

2:
42

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
C–H vibrations, respectively, of the temperature-responsive
PNIPAM.25 These results conrmed the successful polymerisa-
tion of MAA and NIPAM to the modied SBA-15.

The mesostructures of SBA-15, SBA-15-TMSPM, SBA-15-
PNIPAM/PMAA, and PdNPs-SBA-15-PNIPAM/PMAA were
studied by small-angle X-ray scattering (SAXS) analysis (Fig. 2).
The SAXS patterns demonstrated typical characteristic Bragg's
diffraction peaks at (100), (110), and (200), corresponding to the
q values of 0.065 Å�1, 0.11 Å�1, and 0.13 Å�1, respectively. Aer
modication with the TMSPM, the intensity of the (110) and
(200) peaks decreased. The existence of the three peaks aer the
modication demonstrates that the ordered hexagonal
symmetry was maintained even aer the functionalisation of
the TMSPM. This further suggests the successful modication
of the methacrylate group on the SBA-15 surface. The intensity
of the (110) and (200) peaks decreased further aer polymeri-
sation with NIPAM and MAA. These suggest that graing of
Fig. 3 TGA curves of SBA-15, SBA-15-TMSPM, and SBA-15-PNIPAM/
PMAA.

28196 | RSC Adv., 2020, 10, 28193–28204
polymer layers on the mesopore surface led to shrinkage of
mesopores. The SAXS patterns proved the coating of the poly-
mer onto SBA-15.28 In the case of PdNPs-SBA-15-PNIPAM/PMAA,
the intensity of all the three peaks decreased again, suggesting
that the nanoparticles are incorporated to the mesopores of
SBA-15 through the coated polymers. The wide angle X-ray
diffraction (XRD) patterns of SBA-15-PNIPAM/PMAA and
PdNPs-SBA-15-PNIPAM/PMAA are depicted in Fig. S1.† Unlike
the SBA-15-PNIPAM/PMAA, the PdNPs-SBA-15-PNIPAM/PMAA
exhibited diffraction peaks typical of PdNPs at 39�, 45�, 67�,
and 80� due to the (111), (200), (220), and (311) face-centred
cubic (fcc) planes of the PdNPs.25

The thermal stability of the synthesised samples was detec-
ted by the thermogravimetric analysis (TGA) curves. Fig. 3 shows
the individual TGA curves of SBA-15, SBA-15-TMSPM, and SBA-
15-PNIPAM/PMAA. The observed weight loss below 200 �C was
caused by the evaporation of the physically absorbed water or
solvent.29 SBA-15 showed a weight loss of 1% due to the phys-
isorbed water moiety and condensation of silanol groups. The
weight loss of TMSPM-modied SBA-15 was found to be 5%,
attributed to the decomposition of the TMSPM. Aer the poly-
merisation with PNIPAM and PMAA, the corresponding weight
loss due to the decomposition of the polymers was �30%. The
TGA indicates the graing of PNIPAM and PMAA onto SBA-15.

Nitrogen adsorption–desorption isotherm analysis was con-
ducted to compare the mesopore structures of SBA-15, SBA-15-
TMSPM, and SBA-15-PNIPAM/PMAA (Fig. 4). In all the three
Table 1 Textural properties of SBA-15, SBA-15-TMSPM, and SBA-15-
PNIPAM/PMAA

Sample
Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

SBA-15 666 0.96 7.1
SBA-15-TMPSM 545 0.64 6.2
SBA-15-PNIPAM/PMAA 356 0.39 5.4

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 FE-SEM images of SBA-15 (a and b) and PdNPs-SBA-15-PNIPAM/PMAA (c and d). FE-TEM images of SBA-15 (e and f) and PdNPs-SBA-15-
PNIPAM/PMAA (g and h).
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samples, we can observe a type IV isotherm with characteristic
H1 hysteresis loops in the relative pressure region between 0.4
and 0.8, which conrms that the mesoporous nature of SBA-15
was maintained even aer the modication and polymerisa-
tion. The surface area calculated using the Brunauer–Emmett–
Teller (BET) method was 666 m2 g�1, 545 m2 g�1, and 356 m2

g�1 for SBA-15, SBA-15-TMSPM, and SBA-15-PNIPAM/PMAA,
Fig. 6 HAADF-TEM and EDX mapping images of the PdNPs-SBA-15-PN

This journal is © The Royal Society of Chemistry 2020
respectively. The cumulative pore volumes and average pore
sizes calculated using the Barret–Joyner–Halenda (BJH) method
were 0.96 cm3 g�1 and 7.07 nm for SBA-15, 0.64 cm3 g�1 and
6.2 nm for SBA-15-TMSPM, and 0.39 cm3 g�1 and 5.4 nm for
SBA-15-PNIPAM/PMAA, respectively (Table 1). Compared with
SBA-15, the surface area, pore volume, and pore size decreased
aer modication and polymerisation, indicating the
IPAM/PMAA catalyst.

RSC Adv., 2020, 10, 28193–28204 | 28197
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Fig. 7 (a) Survey scan spectra of SBA-15-PNIPAM/PMAA and PdNPs-SBA-15-PNIPAM/PMAA, (b) C1s XPS spectrum, (c) O1s XPS spectrum, (d)
Si2p XPS spectrum, (e) N1s XPS spectrum, and (f) Pd3d XPS spectrum of the PdNPs-SBA-15-PNIPAM/PMAA catalyst.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/2
0/

20
26

 4
:4

2:
42

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
successful modication of TMSPM and PNIPAM/PMAA on SBA-
15. The reductions in pore size and pore volume demonstrated
the presence of polymers both inside and outside the SBA-15
mesopore.30

The morphology and microstructure of the SBA-15 and
PdNPs-SBA-15-PNIPAM/PMAA were studied using eld-
emission scanning electron microscopy (FE-SEM) and eld-
emission transmission electron microscopy (FE-TEM) analysis
(Fig. 5). The FE-SEM images of SBA-15 (Fig. 5a and b) reveal the
hexagonal block shape with a uniform particle size of 910 nm.
Compared to bare SBA-15, the PdNPs-SBA-15-PNIPAM/PMAA
(Fig. 5c and d) exhibits some agglomeration behaviour with
a rugged surface caused by the imprinted polymer layer and
PdNPs. The FE-TEM analysis was conducted to obtain
Fig. 8 Hydrodynamic diameter (Dh) of PdNPs-SBA-15-PNIPAM/PMAA a
25 �C.

28198 | RSC Adv., 2020, 10, 28193–28204
information about the shape, size, and distribution details of
the hybrid materials. The FE-TEM images of SBA-15 (Fig. 5e and
f) conrm its uniform hexagonal pore structure, which indi-
cates the successful formation of the SBA-15.31 Aer polymeri-
sation with PNIPAM and PMAA, the average particle size
increased to 970 nm. The black dots present in the inner pore
channels of the PdNPs-SBA-15-PNIPAM/PMAA are attributed to
the PdNPs, which conrms the incorporation of PdNPs into the
SBA-15-PNIPAM/PMAA. The average particle sizes of the PdNPs
were found to be in the range 2–3 nm. The high-angle annular
dark-eld (HAADF)-TEM image with energy-dispersive X-ray
spectroscopy (EDX) mapping reveals the uniform distribution
of the PdNPs in the PdNPs-SBA-15-PNIPAM/PMAA, and the
PdNP content was found to be 1.07% (Fig. 6). The EDXmapping
s a function of various temperatures (a) at pH 6 and different pH (b) at

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 The SMC reaction of aryl halides with phenylboronic acid.
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also revealed the presence of other elements, such as Si, C, O,
and N, which further indicates the successful polymerisation of
PNIPAM and PMAA onto the SBA-15 surface.

The oxidation state and chemical composition of the PdNPs-
SBA-15-PNIPAM/PMAA were examined by XPS analysis. Fig. 7a
displays the survey scan spectra of SBA-15-PNIPAM/PMAA and
PdNPs-SBA-15-PNIPAM/PMAA. Compared with SBA-15-
PNIPAM/PMAA, an additional peak was observed in the
PdNPs-SBA-15-PNIPAM/PMAA catalyst, which corresponded to
the PdNPs, and this conrmed the successful incorporation of
PdNPs into the catalyst. Fig. 7b shows the C1s spectrum of the
PdNPs-SBA-15-PNIPAM/PMAA catalyst, where the curve is tted
into four corresponding peaks at the binding energies of
284.6 eV (C–C/C–H), 286 eV (C–N), 287.9 eV (C]O), and 289.1 eV
(COOH), individually.32 The O1s spectrum (Fig. 7c) displays the
characteristic peak at the binding energy of 532.2 eV, the
characteristic Si2p spectrum (Fig. 7d) at 103.1 eV, and the N1s
spectrum (Fig. 7e) at 399.5 eV.26,32 For further details on the
chemical structure and oxidation state of the PdNPs, high-
resolution core-level Pd3d spectra were acquired (Fig. 7f),
which exhibits a doublet Pd3d5/2 at 335 eV and Pd3d3/2 at
340.4 eV. The energy gap between the spin-coupled core levels
was 5.4 eV, which suggested that the PdNPs in the catalyst are in
Fig. 9 (a) Effect of different solvents, (b) effect of different bases, (c) effec
reaction between bromobenzene and phenylboronic acid. Reaction con
0.5 mmol, base ¼ 3 mmol, catalyst ¼ 3 mg, and solvent ¼ 5 mL. The co

This journal is © The Royal Society of Chemistry 2020
a zero oxidation state.25 The composition of PdNPs from the XPS
analysis was found to 1.21%, which was close to that of the
which aforementioned EDX data.

The temperature- and pH-responsive behaviours of the
PdNPs-SBA-15-PNIPAM/PMAA catalyst were evaluated by the
changes in the hydrodynamic diameter with different temper-
atures and pH. Fig. 8a displays the temperature-responsive
behaviour of the catalyst by a variation in hydrodynamic
diameter corresponding to the temperature at pH 6. An abrupt
decrease in hydrodynamic diameter was observed at tempera-
tures between 30 and 40 �C due to the LCST phase transition
behaviour of the PNIPAM moiety.25,33 Below this temperature,
the catalyst becomes hydrophilic and swells in an aqueous
solution. Above the phase transition temperature, it becomes
hydrophobic and shrinks in an aqueous solution. The pH-
responsive behaviour of the catalyst was investigated in the
pH range 2–8 at 25 �C (Fig. 8b). The DLS results show a sharp
increase in the hydrodynamic diameter at pH between 4 and 6.
When the pH exceeds the pKa value (pH 4), the COOH group in
the methacrylic acid becomes protonated, which further creates
a repulsive force between them, resulting in the swelling of
catalyst.26,34 These results highlight the dual-responsive behav-
iour of the PdNPs-SBA-15-PNIPAM/PMAA catalyst.
Catalytic activity

As described in Scheme 2, the catalytic activity of the syn-
thesised dual-responsive PdNPs-SBA-15-PNIPAM/PMAA catalyst
towards the SMC reaction of aryl halides and phenylboronic
t of temperature, and (d) results of controlled experiments on the SMC
ditions: aryl halide ¼ 1 mmol, phenylboronic acid ¼ 1.3 mmol, TBAB ¼
nversion was determined by GC.

RSC Adv., 2020, 10, 28193–28204 | 28199
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acid in an aqueous medium in the presence of TBAB at room
temperature was investigated. Most coupling reactions are
conducted using organic solvents at high temperatures. Thus,
developing a new protocol for these reactions that could work at
room temperatures in an aqueous medium should be
challenging.

Signicantly, to understand the role of the supporting
material and to optimise the reaction conditions, we have
explored the effects of variable parameters, such as solvents,
bases, and temperatures. To nd suitable solvents, we used
dimethylformamide (DMF), ethanol, water, and their mixtures,
and found that the ethanol–water (1 : 4) mixture was the most
promising (Fig. 9a). Wei et al. reported 99% conversion for an
SMC reaction using a DMF–water mixture at 90 �C.35 In this
study, we optimised the reaction using the ethanol–water
mixture which is considered a green solvent with excellent
conversion (94%) and selectivity (100%). Using the solvent
mixture, ethanol enhances the solubility of organic moieties
and water enables the swelling nature of catalyst collectively,
leading to a good conversion among the individual solvents.

The base is an essential element for the activation of aryl
halide and phenylboronic acid in coupling reactions. Thus, we
inspected different bases, such as K2CO3, Na2CO3, KOH, and
Table 2 SMC reactions of various aryl halides with phenylboronic acid o

Entry R–X Product T

1 3

2 3

3 9

4 6

5 6

6 3

7 3

8 3

9 9

a Reaction conditions: Aryl halide¼ 1 mmol, phenylboronic acid ¼ 1.3 mm
H2O/EtOH (4 : 1). Conversion and selectivity were determined by GC.

28200 | RSC Adv., 2020, 10, 28193–28204
NEt3, and observed that K2CO3 showed higher activity than the
other bases and resulted in a good conversion of 94% (Fig. 9b).
The relatively low activity of the organic base NEt3 and inorganic
base KOH could be attributed to the excess alkalinity, which
results in homo-coupling of phenylboronic acid in water.36 The
order of the bases for the reactivity between bromobenzene and
phenylboronic acid was K2CO3 > Na2CO3 > NEt3 > KOH. The
optimised catalyst amount was found to be 3 mg. When the
catalyst amount increases, there is no signicant difference in
the rate of the reaction (Fig. S2†).

Next, impact of temperature on the SMC reaction was
examined (Fig. 9c). As discussed, at 25 �C (below LCST), the
conversion was found to be effective and reached 94%, whereas,
at 50 �C (above LCST), the conversion decreased from 94% to
77%. As anticipated by the law of Arrhenius, the rate of the
reaction is directly proportional to the temperature.37 However,
the activity of the catalyst was reduced further, and when the
temperature was increased, there was an improvement in the
catalytic activity towards the LCST behaviour of the PNIPAM
moiety bound to the catalyst. During the reaction, below the
LCST, the organic polymer on the catalyst exists in a swollen
state; in this state, the reactant molecules can easily penetrate
through the polymers and get adsorbed on the PdNP active sites
ver the PdNPs-SBA-15-PNIPAM/PMAA catalysta

ime (h)
Conversion
(%)

Selectivity
(%)

Isolated yield
(%)

96 99 88

94 99 83

25 99 19

43 93 31

69 88 47

94 95 80

92 98 84

80 96 69

52 97 45

ol, TBAB ¼ 0.5 mmol, K2CO3 ¼ 3 mmol, catalyst ¼ 3 mg, solvent ¼ 5 ml

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 The proposed mechanism for the SMC reaction.
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that are incorporated in the mesopore. Meanwhile, above LCST,
the catalyst gradually shrinks by ejecting the water molecule,
which leads to a collapsed state of the polymer that restricts the
reactants from interacting with the active site. As the reaction
temperature was increased further from 50 �C through 75 �C to
100 �C, the catalyst collapsed completely, and the rate of
conversion was not very effective on the catalytic pathway. Since
we used K2CO3, the pH of the reacting system was around 10,
and the PMAA moiety in the catalyst existed in the fully
extended state because of the deprotonation of the COOH
group. The synergetic effect of both temperature and pH leads
to the relatively high activity of the catalyst at room
temperature.

Aer optimising the base, temperature, and solvent, we
performed controlled experiments to reveal the effect of the
active site and the supporting material in the catalyst. Initially,
we carried out the reaction in the absence of the catalyst and
Table 3 Comparison of the catalytic activity of the PdNPs-SBA-15-PNIPA
reactionsa

Entry Catalyst Temperatu

1 D-2PA-Pd(II)@SBA-15 120
2 Pd-diimine@SBA-15 80
3 Pd@SBA-15/ILDABCO 80
4 Pd0/SBA-15 110
5 SBA-15/di-urea/Pd 70
6 Pd-PS-co-PAEMA-co-PMAA 90 (H2O)
7 Pd-PNIPAM-GPs RT
8 PdNPs-SBA-15-PNIPAM/PMAA RT (H2O/Et

a RT: room temperature, D-2PA-Pd(II)@SBA-15: cycloaddition reaction b
propynylamine (D-2PA) followed by the complexation with PdCl2,
mesoporous silica SBA-15, Pd@SBA-15/ILDABCO: functionalization of SBA
(CPTMS) and incorporated with Pd, Pd0/SBA-15: palladium (Pd) nanopart
immobilized on a silica support (SBA-15), SBA-15/di-urea/Pd: palladium
PAEMA-co-PMAA: Pd nanoparticles loaded into the pH-responsive collo
methacrylate-co-methyl acrylic acid] (PS-co-PAEMA-co-PMAA), Pd-PNIPAM
particles (GPs).

This journal is © The Royal Society of Chemistry 2020
found that no expected products were formed. Additionally,
replacing PdNPs-SBA-15-PNIPAM/PMAA with a PTC (TBAB)
during the reaction showed no conversion, and the rate of
conversion improved to 94% in the presence of both TBAB and
the catalyst, whereas in the absence of TBAB, the conversion
was 72%. The SBA-15, PdNPs-SBA-15, SBA-15-PNIPAM/PMAA,
and PdNPs-SBA-15-PNIPAM/PMAA catalysts showed conver-
sions of 0%, 9%, 0%, and 94%, respectively, in the presence of
TBAB at room temperature (Fig. 9d). The PTC plays a vital role
during coupling, and it increases the dissolution of the organic
scaffolds in the aqueous medium.38 In addition, TBAB anchored
the PdNPs in the solution, prevented them from leaching, and
caused maximum interaction between the substrate and
PdNPs.39

Inspired from the above results, the catalyst was used to
develop various substituted coupled products. To study the
electronic and steric effects, a variety of aryl halides and phe-
nylboronic acid were reacted in the presence of K2CO3 as a base
and in an ethanol–water medium at room temperature. As
illustrated in Table 2, among the aryl halides, bromobenzene
and iodobenzene exhibited kinetically higher activity than
chlorobenzene because the high electronegativity difference
between carbon and halides restricts C–Cl bond cleavage in the
order R–I > R–Br > R–Cl (Table 2, entries 1–3).40 On comparing
the electronic effect between the electron-releasing and
electron-withdrawing groups, electron-rich 4-bromoaniline and
4-bromotoluene gave poor conversions compared to electron-
decient 4-bromobenzoic acid and 4-bromobenzaldehyde
(Table 2, entries 4–7).41 In the experiments conducted to
understand the steric effect exerted by different electron-
withdrawing groups, p-bromobenzaldehyde was consumed
exceptionally well and gave excellent conversion compared tom-
bromo and o-bromobenzaldehyde (Table 2, entries 7–9).42

To study the mechanistic pathway, the combined effect of
SBA-15, PdNPs, and the stimuli-responsive polymers is
M/PMAA catalyst with that of the previously reported catalysts for SMC

re (�C) Time (h)
Yield
(%) Ref.

5 85 44
12 87 45
12 95 46
4 80.2 47
1 98 36
6 99 48

24 96 49
OH) 3 94 This work

etween azido-functionalized mesoporous SBA-15 and N,N-dimethyl-2-
Pd-diimine@SBA-15: Immobilizing Pd onto diimine-functionalized
-15 with double-charged DABCO with 3-chloropropyltrimethoxysilane
icles were synthesized using the dendrimer-template method and then
ions were anchored within the multidentate SBA-15/di-urea, Pd-PS-co-
id of core–shell microspheres of poly[styrene-co-2-(acetoacetoxy)ethyl
-GPs: PdNPs incorporated poly(N-isopropylacrylamide)-based hydrogel

RSC Adv., 2020, 10, 28193–28204 | 28201
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Fig. 10 (a) Reusability study of the PdNPs-SBA-15-PNIPAM/PMAA catalyst, (b) wide-angle XRD patterns, (c) FTIR spectra, and (d) FE-TEM images
of the PdNPs-SBA-15-PNIPAM/PMAA catalyst after the fifth cycle. Reaction conditions: bromobenzene ¼ 1 mmol, phenylboronic acid ¼
1.3 mmol, TBAB ¼ 0.5 mmol, K2CO3 ¼ 3 mmol, catalyst ¼ 3 mg, solvent ¼ water–ethanol (4 : 1). The conversion was determined by GC.
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explained by a plausible route, demonstrated in Scheme 3,
based on the above results and from the literature reports.36,43

This route consists of three steps: oxidative addition, trans-
metalation, and reductive elimination. Initially, the oxidative
addition of aryl halide to the Pd(0) complex to form an inter-
mediate product 1 in Pd(II) state. Next, under basic conditions,
transmetalation of the boronic acid compound produces
intermediate 2. Finally, the reductive elimination of interme-
diate 2 produces the nal product, and the PdNPs were again
regenerated into the active Pd(0) state. Table 3 presents the
comparative study of our synthesised PdNPs-SBA-15-PNIPAM/
PMAA with other previously reported Pd-supported catalysts
for the coupling of aryl halides with phenylboronic acid.36,44–49

Clearly, the catalyst reported herein showed comparable or
better catalytic activity than other reported catalysts in terms of
mild reaction conditions and green approaches.
Reusability of the catalyst

Another essential ability to consider for the heterogeneous
catalyst is the recyclability of the catalyst. Owing to the
economic and environmental factors, easy separation is crucial
for the industrial process to reduce waste discharge and facili-
tate recyclability. In this study, the catalyst was separated by
simple centrifugation, and recycling studies were performed for
the reaction between bromobenzene and phenylboronic acid in
28202 | RSC Adv., 2020, 10, 28193–28204
a 4 : 1 water–ethanol mixture at room temperature. The PdNPs-
SBA-15-PNIPAM/PMAA catalyst retained its catalytic activity over
the ve cycles (Fig. 10a). The reused catalyst was analysed by
wide-angle XRD aer the h cycle, and it revealed that the
catalyst completely maintains its structural integrity (Fig. 10b).
FTIR analysis conrmed the chemical integrity of the catalyst by
comparing it with the fresh catalyst (Fig. 10c). To realise the
stability of the catalyst, the FE-TEM (Fig. 10d) and TEM–EDX
(Fig. S3†) analyses were performed aer using the catalyst ve
consecutive times. The EDX data showed that less than 0.08% of
PdNPs was leached out aer the h wash. These results
illustrate the excellent stability and robustness of the catalyst,
which can be used multiple times in catalytic conversions.

Conclusions

In summary, a new heterogeneous PdNP-supportive smart
hybrid catalyst with dual-responsive behaviour was prepared,
and its responsiveness towards temperature and pH was char-
acterised by DLS. The synthesised catalyst exhibited maximum
swelling behaviour at relatively low temperatures and relatively
high pH. Accordingly, the catalyst showed high catalytic effi-
ciency and durability for the SMC reaction of less activated aryl
halides at room temperature in an aqueous medium. The
synergetic effect of the dual-responsive polymers and PdNPs
enhanced the catalytic activity and allowed the reaction to
This journal is © The Royal Society of Chemistry 2020
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proceed under mild conditions. The catalyst was separated by
simple centrifugation and reused ve times without losing its
catalytic activity and stability. The enhanced stability and
robustness of our catalyst with the use of a less toxic solvent at
room temperature suggest green and environment-friendly
applications of our catalyst. Moreover, the obtained results
also suggest that the simple tuning of pristine SBA-15 with dual-
responsive polymers and PdNPs can form an outstanding
material for the catalytic conversion in the SMC reaction. The
temperature-responsive effect on the coupling reaction revealed
that this system could be used as a temperature-programmable
heterogeneous catalyst.
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