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a  b  s  t  r  a  c  t

Layered  �-zirconium  phosphate  (�-ZrP)  was  prepared  by  reflux  method  using  ZrOCl2.8H2O  and  H3PO4

as precursor.  The  �-ZrP  material  was  pillared  with  Zr-oxyhydroxy  nanoclusters  to  prepare  Zr-pillared  �-
zirconium  phosphate  (ZZP).  An  enhancement  in interlayer  spacing,  surface  area  and  porosity  was noticed
as a  result  of  Zr-pillaring.  The  cesium  exchanged  phosphotungstic  acid  (CsxH3-xPW12O40) nanoparticles
were  dispersed  in  the  porous  matrix  of  ZZP  material  to prepare  CsxH3-xPW12O40-ZZP  nanocomposite
systems.  The  nanocomposites  were  characterized  using  XRD,  FTIR,  UV–vis-DRS,  TGA-DTA,  XPS,  N2 sorp-
tion, TPD,  FESEM  and  HRTEM  techniques.  The  expansion  in  layer  structure  of  �-ZrP upon  pillaring  and
its  subsequent  retention  in  the  composite  material  was  noticed  from  XRD.  UV–vis  and  FTIR  study  indi-
cated  structural  integrity  of the  CsxH3-xPW12O40 nanoclusters  in  the  ZZP  interlayer.  The  surface  area  of
the  composite  materials  was  in  the  range  of  80–130  m2 g−1.  The  composite  materials  contained  sig-
nificantly  higher  amount  of medium  and strong  acidic  sites  compared  to the  ZP  and  ZZP materials.
Microscopic  study  suggested  the  presence  of hierarchical  nanospheres  with  diameter  between  150  and
200 nm.  The  presence  of  well  dispersed  CsxH3-xPW12O40 nanoparticles  with  size  between  8 and  15  nm

was  confirmed  from  HRTEM  study.  The  nanocomposite  materials  were  used  as  efficient  heterogeneous
catalyst  for  synthesis  of spirooxindoles  by multicomponent  one  pot  condensation  of  isatin,  malonon-
itrile,  naphthol/1,3-diketones.  Structurally  diverse  spirooxindole  derivatives  were  synthesized  in high
yield and  purity  in  short  span  of  time  using  the CsxH3-xPW12O40-ZZP  nanocomposites  as  catalyst  under
mild  conditions.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Zirconium phosphates (ZrP) are a class of versatile materials
sed in many advanced applications such as proton conducting
embrane, ion exchanger, solid state gas sensor, adsorbent and

s substrate for immobilization of biological materials [1–3]. These
aterials possess surface acidic functionality which are water tol-

rant, thermally stable and hence are suitable for application in
cid catalyzed organic transformations [4]. Among different struc-

ural forms of zirconium phosphates, �-zirconium phosphate is the

ost widely investigated material in catalysis [1,2]. In recent years,
fforts have been devoted to prepare engineered catalytic materi-

∗ Corresponding author.
E-mail addresses: brajam@nitrkl.ac.in, bgmcat@rediffmail.com (B.G. Mishra).

ttps://doi.org/10.1016/j.mcat.2017.12.013
468-8231/© 2017 Elsevier B.V. All rights reserved.
als by modification of the interlayer space and layer composition of
the ZrP material. Several organomodified ZrP materials have been
reported in literature and studied for selective drug delivery and
catalysis [1,3]. The other important characteristics of ZrP material
are the exfoliation of the layers in polar solvents and presence
of exchangeable interlayer protons. These properties have been
exploited to ion exchange the protons with surfactant molecules,
inorganic cationic nanoclusters as well as bulky organic moieties
to form expanded structures with porosity and high surface area
[2,5–10]. The pillared �-ZrP materials prepared by intercalation of
inorganic cationic clusters of Al, Ti, Cr, Fe-Cr, Zr and Si into the
interlayer space are a class of promising materials for catalysis
[8–17]. The intercalation of these inorganic nanoclusters imparts

structural rigidity and significantly improves the surface area and
pore volume of �-ZrP. The pillared materials also exhibit enhanced
surface acidity which is reflected in their higher catalytic activity

https://doi.org/10.1016/j.mcat.2017.12.013
http://www.sciencedirect.com/science/journal/24688231
http://www.elsevier.com/locate/mcat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mcat.2017.12.013&domain=pdf
mailto:brajam@nitrkl.ac.in
mailto:bgmcat@rediffmail.com
https://doi.org/10.1016/j.mcat.2017.12.013
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or acid catalyzed reactions [8–15]. In addition to their application
s heterogeneous acid catalyst, the pillared �-ZrP materials due
o their high surface area and uniform porosity have been used
s support for catalytically active phases. For example, the alu-
ina pillared �-ZrP material has been used an efficient support

or the Ni-Mo hydrodesulfurization catalyst [16] and Cu catalyst
or reduction of NO with propane [17]. Although there are reports
n the catalytic application of the pillared �-ZrP material, there is
o study dealing with the catalytic application of these materials

or synthesis of biologically important molecules. In this work, we
ave used the porous matrix of Zr-pillared �-ZrP material as carrier

or catalytically active CsxH3-xPW12O40 nanoparticles and studied
heir catalytic application for synthesis of biologically important
pirooxindoles.

The metal insoluble salts of heteropoly acids (HPAs) obtained
y partially exchanging the labile protons of HPA with large mono-
alent ions such as Cs+, NH4

+, K+, Ag+ are attractive materials
or application in heterogeneous catalysis [18–23]. These mate-
ials possess improved physicochemical characteristics such as
igh surface area, evolved porosity and enhanced acidity com-
ared to the parent HPA. In recent years, the Cs+ exchanged
hosphotungstic acid (CsxH3-xPW12O40) has been studied widely
s a promising heterogeneous catalyst for acid catalyzed reactions.
he CsxH3-xPW12O40 material exhibits superior catalytic activ-

ty for Beckmann rearrangement, alkylation/acylation reactions,
ydration of olefins, hydrocracking of extra-heavy oil, transesterifi-
ation reactions, esterification of fatty acids and biodiesel synthesis
19–24]. These materials are known to exhibit composition depen-
ent surface properties. Particularly, the CsxH3-xPW12O40 material
ith x = 2.0–2.5, display higher catalytic activity than the parent
3PW12O40 [20,21]. The catalytic utility of CsxH3-xPW12O40 mate-

ials has been further enhanced by dispersing them on high surface
rea support [24–27]. The CsxH3-xPW12O40 material dispersed over
atalytically active functional supports such as ZrO2, SnO2 have
een studied recently for unsymmetrical ether synthesis and car-
onolysis and etherification of glycerol [25–27]. A synergistic effect
etween the acidic sites of the support and the active phase has
een invoked to explain the higher catalytic activity of the sup-
orted system.

Indole has been widely discovered as a pharmacophore, which
epresents many natural isolates of diverse biological activity [28].
n the past, several natural products containing indole nucleus
articularly 3-substituted indoles and spirooxindoles have been

solated [28,29]. The heterocyclic spirooxindole ring is found in a
umber of pharmaceutical compounds including horsfiline, alston-

sine, coerulescine, spirotryprostatins A and elacomine [30]. It
as also been observed that spirooxindole compounds containing
ubstituted fused 4H-chromenes display a wide range of useful
iological properties, including spasmolitic, diuretic, anticoagu-

ant, anticancer, and antianaphylactic activities [31–33]. In view
f the therapeutic properties and biological relevance, the syn-
hesis of these compounds has received considerable attention
rom synthetic chemists. The most effective route for synthesis
f spirochromene derivatives involves the catalytic multicompo-
ent condensation of isatin, active methylene compound, and
,3-dicarbonyl compounds [34]. Several catalytic protocols have
een developed in the recent past for the synthesis of these bio-

ogically important compounds which include the use of InCl3,
odium stearate, sulfamic acid, triethylbenzylammonium chloride
TEBA), Fe3O4@SiO2-imid-PMA, amino-functionalized SBA-15, ZnS
anoparticles, nano MgO  and guanidine functionalized magnetic
e3O4 nanoparticles as catalyst [33–40]. However, many proto-

ols use homogeneous catalysts at elevated temperatures giving
oderate to good yield of the product. Although the investi-

ated heterogeneous catalytic protocols offer advantages in term of
eusability of the catalyst, some protocols involve complex catalytic
 Catalysis 446 (2018) 58–71 59

system requiring multiple steps and costly chemicals for their syn-
thesis. Keeping in mind the merits and demerits of the developed
methods; we feel that there is scope to develop novel heteroge-
neous catalytic protocol for synthesis of spirooxindole under mild
conditions. In this work, we have used CsxH3-xPW12O40 nanoparti-
cles dispersed in the porous matrix of Zr-pillared �-ZrP material as
efficient catalyst for synthesis of structurally diverse spirooxindole
derivatives.

2. Materials and methods

Zirconyl chloride (ZrOCl2·8H2O), phosphoric acid (H3PO4),
phosphotungstic acid (H3PW12O40) and cesium carbonate (Cs2CO3)
were procured from Hi media Chemicals Pvt. Ltd., India. All chem-
icals used in this study were of AR grade (>99.9% purity) which
was used directly in the experiments without further purification.
Deionized water prepared in the laboratory was used for material
synthesis.

2.1. Preparation of ˛-zirconium phosphate (ZP)

The �-zirconium phosphate material was prepared using
the procedure described in the literature [7,8]. Briefly, 10 g of
ZrOCl2·8H2O was  added to 100 ml  of 12 M H3PO4 solution and
refluxed at 100 ◦C for 24 h. The obtained white precipitate was fil-
tered, washed repeatedly with hot water to remove Cl− ions and
centrifuged at 5000 rpm. The solid material was subsequently dried
in a hot air oven at 90 ◦C for 24 h to obtain the ZP material.

2.2. Preparation of Zr-pillared ˛-zirconium phosphate (ZZP)

2.2.1. Preparation of Zr-pillaring solution
A 0.1 M ZrOCl2·8H2O solution was prepared by dissolving the

required amount of the salt in deionized water. The solution was
subsequently refluxed for 24 h to prepare the pillaring solution.

2.2.2. Pillaring process
2 g of ZP was  dispersed in 200 ml  of 0.1 M n-butylamine solu-

tion and stirred for 24 h to prepare a well dispersed exfoliated
colloidal suspension. Required amount of Zr-pillaring solution
(ZP:ZrOCl2·8H20 molar ratio 1:30) was  then added dropwise
(50 ml  h−1) to the colloidal suspension and refluxed at 100 ◦C for
24 h under constant stirring. After completion of the intercala-
tion process, the solid material was recovered by centrifugation
at 5000 rpm and washed repeated with hot water to remove the
amine and chloride ions. The solid material was  subsequently dried
in a hot air oven at 80 ◦C for 12 h and calcined at 350 ◦C for 2 h to
obtain the ZZP catalyst.

2.3. Preparation of CsxH3-xPW12O40 dispersed over Zr-pillared
˛-zirconium phosphate (CPxZZP)

The 20 wt% CsxH3-xPW12O40 supported over ZZP material was
prepared by ion exchange of H+ with Cs+ ions followed by wet
impregnation. In a typical procedure, 2 g of ZZP material was dis-
persed in 20 ml  water by sonication for 20 min. To this aqueous
dispersion, 0.4 g of H3PW12O40 was  added and stirred for 2 h. Sto-
ichiometric amount of 0.5 mmol  Cs2CO3 solution was  then added
dropwise to this suspension and stirred for 6 h at room temper-
ature. The temperature was  then raised to 90 ◦C and was heated
continuously under stirring to remove the excess water. The result-

ing material was  dried in air at 120 ◦C for 6 h followed by calcination
at 350 ◦C for 2 h to obtain the CsxH3-xPW12O40/ZZP material. Using
this procedure 20 wt% Cs1H2PW12O40 and Cs2H1PW12O40 sup-
ported over ZZP material were prepared. These supported materials
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thickness of �-ZrP sheets to be 6.5 Å [1], these materials exhibit
interlayer gallery height between 21.0 and 22.5 Å. The observed
result suggests a clear enhancement in the interlayer free space as a
0 S. Pradhan, B.G. Mishra / Mol

re referred to as CPxZZP in the subsequent text, where x repre-
ent the number of moles of Cs+ ions replacing the H+ ions from
3PW12O40.

.4. Characterization techniques

The powder XRD patterns of the CPxZZP materials were
ecorded with a Rigaku Ultima IV multipurpose X-ray diffraction
ystem using CuK� (� = 1.5418 Å) radiation in the 2� range of 2–50◦

ith a scan speed of 2◦ min−1. The specific surface areas were
etermined by BET method using N2 adsorption/desorption at 77 K
n a Quantachrome autosorb gas sorption system. The composite
amples were degassed at 150 ◦C for 6 h prior to the sorptometric
tudies. Thermogravimetric analysis was performed using a Perkin-
lmer TGA-7 apparatus in air atmosphere (30 ml  min−1) with a

inear heating rate (10 ◦C min−1) from room temperature to 700 ◦C.
icroscopic analysis was carried out using FESEM (Nova Nano

EM/FEI microscope) and HRTEM (TECNAI 300kV) techniques. The
V–vis-DR spectra of the composite materials were recorded using

 Jasco V-650 spectrometer. The FTIR spectra were obtained in
ransmittance mode using a Perkin-Elmer infrared spectrometer
ith a resolution of 4 cm−1, in the range of 400–4000 cm−1. The X-

ay photoelectron spectra of CP2ZZP sample was  recorded using
PECS make (Germany) spectrophotometer with 150 mm hemi-
pherical analyzer at band pass energy of 12 eV. Monochromatic
lK� radiation of 1486.74 eV was used as X-ray source. Binding
nergy corrections due to electrostatic charging was  made rela-
ive to the C1s peak at 284.6 eV. The number of acidic sites was
stimated by ammonia TPD experiments using a Micromeritics
utoChem II 2920 chemisorption apparatus equipped with a TCD
etector. Prior to NH3 adsorption, approximately 250 mg  of sample
as treated at 350 ◦C for 2 h under flowing He and then cooled to

oom temperature under He environment. Subsequently, the sam-
le was exposed to flowing ammonia gas mixture (5% NH3 in He)

or 1 h, and then purged by He gas for 30 min  to remove excess
hysisorbed ammonia. The NH3-TPD profiles were recorded from
oom temperature to 700 ◦C at a rate of 10 ◦C min−1. The 1H NMR
pectra were recorded with Bruker 400 MHz  NMR  spectrometer
sing TMS  as internal standard.

.5. Catalytic study for synthesis of spirooxindoles

The synthesis of spirooxindole was carried out by one pot
ondensation of isatin, naphthol/1,3-diketones and malononitrile
sing CPxZZP catalyst. In a typical procedure, 1 mmol  each of isatin,
- naphthol and malononitrile was dissolved in 5 ml  of acetoni-

rile to which 50 mg  of CP2ZZP catalyst was added. The reaction
ixture was stirred for 1.5 h at 60 ◦C. The progress of the reac-

ion was monitored using TLC. After completion of the reaction,
he catalyst particles were filtered from the reaction mixture and
he crude product was recovered. The crude product was further
ecrystallized from hot ethanoic solution to get the pure product.

. Results and discussion

.1. Characterization of CsxH3-xPW12O40 dispersed over
r-pillared ˛-zirconium phosphate (CPxZZP) materials

The XRD patterns of the CPxZZP materials together with the ZP,
ZP, H3PW12O40 and Cs2H1PW12O40 (Cs2PWA) are presented in
igs. 1 and 2. In the 2� range of 2–10◦, the ZP material does not
how any well-defined XRD peak. The peak at 2� value of 11.8◦
orresponds to reflection from the (002) planes with an interlayer
pacing of 7.5 Å (Fig. 1a). This value is in agreement with earlier lit-
rature reports and indicates alignment of the �-ZrP sheets along
he axial direction [1,2]. Upon pillaring with the Zr-polycations,
Fig. 1. Low angle XRD patterns of (a) ZP, (b) ZZP, (c) CP1ZZP and (d) CP2ZZP materials.

considerable expansion of the interlayer structure is observed. The
ZZP material exhibits a broad XRD peak with d spacing value of
34.0 Å (Fig. 1b). The intercalation of the Zr-oligomeric clusters into
the �-ZrP interlayer has moved apart the ZrP sheets resulting in
an enhanced interlayer space. The low angle XRD feature has been
found to be preserved in the CPxZZP material indicating the reten-
tion of the layer structure (Fig. 1c &d). The CPxZZP materials exhibit
basal spacing in the range of 27.5–29.0 Å. Assuming the layer
Fig. 2. XRD patterns of (a) ZP, (b) ZZP, (c) CP1ZZP, (d) CP2ZZP, (e) Cs2PWA  and (f)
PWA  materials.
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Table  1
Physicochemical characteristics of CPxZZP materials.

Material Specific surface area (m2 g−1) Pore volume (cm3 g−1) Crystallite size of CsxPWA  (nm) NH3 desorption (mmol g−1) Total acidity (mmol  g−1)

<250 ◦C 250–450 ◦C >450 ◦C

ZP 46.8 0.09 – 0.12 0.07 0.04 0.23
ZZP  133.9 0.19 – 0.10 0.14 0.08 0.32
CP1ZZP 96.4 0.11 18.1 0.06 0.20 0.15 0.41
CP2ZZP 107.7 0.14 9.2 0.08 0.24 0.16 0.48
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Fig. 3. FTIR spectra of (a) ZP, (b) ZZ

esult of intercalation of Zr-oligomeric clusters. Zr4+ions are known
o form stable tetrameric clusters [Zr4(OH)8(H2O)16]8+ with size
.9 × 8.9 × 5.8 Å3 in dilute acidic solutions. At elevated temperature,
urther hydrolysis and condensation of these tetrameric clusters
nto larger clusters have been reported [41]. In the present study,
he increase in the basal spacing can be ascribed to the intercala-
ion of larger Zr-oligomeric clusters into the �-ZrP interlayer. In the
� range of 20–50◦, the �-ZrP material displays a series of discrete
nd well defined XRD peaks with d spacing values of 7.5, 4.46, 4.41,
.54, 3.51, 2.63 and 2.61 Å (Fig. 2a). These peaks correspond to the
eflections from the (002), (−111), (200), (−113), (202), (020) and
−311) planes of monoclinic Zr(HPO4)2(H2O) (space group- P21/n,
CPDS-ISDD No.-70-0561). The ZZP and CPxZZP materials display
road and less intense peaks in comparison to the �-ZrP phase
Fig. 2b–d). This observation indicates a partial loss of crystallinity
ue to pillaring and subsequent dispersion of CsxPWA  particles.
uring the pillaring process, complete exfoliation of �-ZrP sheets

akes place due to intercalation of n-butyl amine as a layer expan-
ion agent. When the sheets are reassembled in presence of the
r-oligomeric clusters the stacking of the �-ZrP sheets is favored
long the z-direction. However, the long range ordering along other
rystallographic directions is affected due to the inclusion of the

r-oligomeric clusters. Commercially procured H3PW12O40·xH2O
PWA) shows highly intense and narrow XRD peaks with d spacing
alue of 8.4, 4.86, 3.41, 2.96, 2.53, 2.32 Å corresponding to the sec-
CP1ZZP, and (d) CP2ZZP materials.

ondary cubic crystalline structure (space group-Pn3m, JCPDS ISDD
No-75-2125) (Fig. 2f). The XRD profile of Cs2H1PW12O40 (Cs2PWA)
material is presented in Fig. 2e. No peaks corresponding to the
free acid could be detected for the Cs2PWA  sample. The peaks are
usually broad and shifted to higher 2� values in comparison to
the H3PW12O40. Similar XRD features are also noted for CP1ZZP
and CP2ZZP materials (Fig. 2c & d). The shift in the peak position,
in comparison to the parent H3PW12O40 phase, can be assigned
to the formation of a distinct body-centered cubic structure of
Cs3PW12O40 salt consistent with earlier observation [19,42]. It has
been reported that the Cs exchanged H3PW12O40 with different
degree of substitutions contain a core of ultrafine crystallites of
Cs3PW12O40 salt over which the free acids are deposited epitaxially
[19,42]. In the present study, the similarity in the XRD features of
CP1ZZP and CP2ZZP materials with Cs2PWA  phase indicates that the
CPxZZP materials contain Cs3PW12O40 salt as a distinct phase. The
average crystallite size of the supported CsxPWA phase is calculated
from the Fourier line profile analysis of the broadened XRD pro-
files using Warren-Averbach method using Bredth software [43].
The volume average crystallite size distribution of the supported
CsxPWA phase along with pure Cs2PWA  is presented in Fig. S1.
The crystallite size distribution is quite broad for CP1ZZP materials

whereas comparable narrow distribution is observed for Cs2PWA
and CP2ZZP materials. The average crystallite sizes calculated from
the initial slope of As ∼ L plot (Fig. S2) are presented in Table 1. The
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s2PWA  material contains crystallite with average size of 4.8 nm.
ith increase in Cs content in the supported material the crystallite

ize of the CsxPWA phase is found to decrease.
The FTIR spectra of ZP, ZZP and CPxZZP materials are presented

n Fig. 3. In the stretching frequency region, the ZP material exhibits
iscrete peaks at 3591 and 3512 cm−1, corresponding to the PO H
tretching vibration of structural hydroxyl groups (Fig. 3I a). The
eak at 3150 cm−1 can be assigned to O H stretching of inter-

ayer water molecules [7]. After pillaring with the Zr-polycations
nd subsequent dispersion of CsxPWA  species, broad and intense
R bands are observed in this spectral region (Fig. 3I b–d). The broad-
ess of the stretching bands is due to the presence of different types
f O H species originating from the �-ZrP layers, Zr-pillars and
he dispersed CsxPWA  species interacting with each other through
ydrogen bonding. In the spectral region of 1500–2000 cm−1

, all
aterials exhibit a strong IR band at 1625–1630 cm−1, the intensity

f which increases upon pillaring and modification with CsxPWA
pecies (Fig. 3II). This band has been assigned to the O H bending
ibration of structural water as well as water molecules present in
he primary coordination sphere of the Zr-nanopillars [41]. In the
nger print region of 400–1400 cm−1

, the �-ZrP material shows
 series of discrete IR bands at 1251, 1050, 962 and 595 cm−1

Fig. 3III a). The peaks at 1251 and 595 cm−1 can be assigned to the
 OH stretching and in plane deformation vibrations whereas the
050 and 962 cm−1 peaks are characteristic vibrations of phosphate
roups [7,14,15]. In this spectral region, the ZZP material retains all
he vibrations of �-ZrP (Fig. 3III b). After dispersion of the CsxPWA
pecies, new IR bands are observed at 1070, 885 and 800 cm−1

orresponding to the �as(P O), �(W Oc W)  and �(W Oe W)
ibrations from the Keggin heteroply structure (Fig. 3III c & d)
19,20,25]. The FTIR study confirms the structural integrity of the
sxPWA  and �-ZrP species in the composite materials.

The UV–vis-DR spectra of CPxZZP materials along with the
ure components are presented in Fig. 4. Pure �-ZrP material
xhibits a low intense UV band with maxima at 233 nm due to
he O → P charge transfer transition (Fig. 4I a). Upon pillaring with
r-oxyhydroxy clusters a strong UV absorption feature is noticed
t 208 nm along with a broad shoulder at 290 nm (Fig. 4I b). The
08 nm peak can be assigned to O2− → Zr4+ charge transfer tran-
ition of the zirconia pillars present in the �-ZrP interlayer [41].
irconia is a direct band gap insulator which shows an interband
ransition in the UV region of the spectrum. Among the polymor-
hic form of ZrO2, the octacoordinated tetragonal phase shows
bsorption maxima in the range of 205–215 nm whereas the hep-
acoordinated monoclinic phase shows maxima at 245 nm [44,45].

ith decrease in the number of coordinating O2− ions from 8 to
 the absorption maxima progressively shifts towards the lower
nergy side. Thus the peak at 208 nm can be assigned to the pres-
nce of octacoordinated t-ZrO2 nanoclusters as pillars [41]. The
90 nm peak arises due to presence of defect centers in the t-ZrO2
anocrystallites. Such features have been observed earlier for ZrO2
anocrystallites which have been ascribed to the presence of local-

zed state between valence and conduction bands [45]. The UV–vis
pectra of pure H3PW12O40 show three absorption maxima with
bsorption edge near 400 nm (Fig. 4II b). The absorption maxima
t 215, 260 and 310 nm can be assigned to the P5+ ←− O2− and

6+ ←− O2− charge transfer from the edge and corner shared WO6
ctahedra of H3PW12O40 [46]. The essential absorption features
f the phosphotungstic acid are retained in the Cs2PWA  material
Fig. 4II a). The individual absorption peaks have broadened prob-
bly due to the structural rearrangement due to Cs+ ion exchange.
he CPxZZP material on the other hand exhibit distinct absorption

eatures (Fig. 4I c & d). The absorption edge has shifted towards
he higher energy side (commence near 350 nm)  along with a sig-
ificant reduction in intensity of the W6+ ←− O2− charge transfer
ransition. The decrease in the intensity of the W6+ ←− O2− charge
 Catalysis 446 (2018) 58–71

transfer transition can be ascribed to strong interaction between
the ZZP support and the CsxPWA  clusters through W O bond
resulting in grafting of these species in the intra-particle pores as
well as the open surfaces of the �-ZrP sheets. The shift in the band
edge to lower wavelength can be ascribed to quantum confine-
ment effect due to small crystallite size of the CsxPWA particles. It
has been observed earlier that the Cs exchanged heteropoly acids
contains small crystallites; display enhanced surface area and pos-
rity [19–24]. This observation is further corroborated by TEM and
Fourier analysis data where the crystallite size of the CsxPWA is
observed in the range of 8–15 nm.

The thermal transformation behavior of the CP2ZZP material
along with pure ZP and ZZP materials is studied using combined
TG-DTA technique (Fig. 5). The �-ZrP material shows 13% weight
loss in the temperature range of 100–250 ◦C. In this temperature
range, two  endothermic peaks are observed in the DTA profile cor-
responding to the removal of the physisorbed interlayer water
molecules as well as the coordinated water molecules (Fig. 5I)
[14]. The water molecules in the coordination sphere of the phos-
phate ions are more strongly bonded and hence desorbs at higher
temperature. Beyond 250 ◦C, the weight loss is more gradual up
to 470 ◦C. The weight loss of 6.5% observed in the temperature
range of 470–600 ◦C can be assigned to the degradation of the
layer structure of �-ZrP leading to formation of pyrophosphates
(Fig. 5I). Such thermal transformation behavior has been noted ear-
lier for the �-ZrP material [6]. The ZZP and CP2ZZP material exhibits
similar low temperature weight loss feature with the exception
that the weight loss is more pronounced for ZZP material (35 wt%)
(Fig. 5II). This observation indicates a significant improvement in
water retention capacity of the �-ZrP matrix as a result of pil-
laring. The pillaring process increases the interlayer spacing and
porosity of the �-ZrP which is responsible for the improved water
retention capacity. In the high temperature region, the ZZP mate-
rial exhibits an exothermic peak at 320 ◦C due to the combustion of
the residual intercalated n-butyl amine (Fig. 5II). Beyond 400 ◦C, the
gradual weight loss feature corresponds to the thermal transforma-
tion of the pillars [14,15]. In addition to the low temperature weight
loss feature, the CP2ZZP material exhibits a second weight loss of
3 wt% between 500 and 600 ◦C. This weight loss corresponds to the
decomposition of the primary structure of the Keggin ions (Fig. 5III)
[24]. The TGA-DTA study indicates that the CP2ZZP material is stable
up to 500 ◦C.

The oxidation state of the elements and their chemical envi-
ronment was  probed using XPS study. The XPS spectra of CP2ZZP
material is presented in Fig. 6. The survey spectrum displays the
characteristic features of Zr, P, W,  Cs, O and S present in the compos-
ite sample (Fig. 6a). In the high resolution Zr 3d spectrum, two  peaks
are observed at 182.2 eV and 184.4 eV (Fig. 6b). These peaks corre-
spond to the photoelectron emission from 3d3/2 and 3d5/2 energy
states of tetravalent Zr(IV) species [47]. In the W4f  region, a doublet
is observed at 35.8 and 37.9 eV corresponding to the 4f7/2 and 4f5/2
energy states of W6+ species of the Keggin ions (Fig. 6c) [23]. The O1s
spectrum is centered at 531.8 eV and is quite broad and asymmetric
(Fig. 6d). The peak can be deconvoluted into three spectral regions
with maxima at 531.2, 532.1 and 533.2 eV. The peak at 531.2 eV
arises due to the combined contribution from W O W and the
ZrO2 pillars. ZrO2 is known to exhibit O1s peak at 530.2–530.7 eV
[48]. Hence, it is likely that the O from the ZrO2 can contribute to this
peak. The Keggin ions are known to exhibit an O1s peak at 532.6 eV
due to photoemission from W O P and terminal oxygen (W O)
of the Keggin ion structure [49]. This peak appeared at 532.1 eV
in the present study. This is probably due to the strong interac-

tion of the terminal oxygens with the Zr4+ ions of the �-ZrP sheets.
Zr4+ being more electropositive can increase the electron density
around the terminal oxygen lowering their binding energy. This
is further corroborated from UV study where a significant decrease
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Fig. 4. UV–vis-DRS spectra of (a) ZP, (b) ZZP, (c) CP1ZZP, and (d) CP2ZZP (panel I) and (a) Cs2PWA  and (b) H3PW12O40 (panel II).

Fig. 5. TG-DTA profiles of (I) ZP, (II) ZZP and (III) CP2ZZP materials.
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Fig. 6. XPS spect

n W6+ ←− O2− charge transfer transition has been observed for the
upported species. The third O1s peak at 533.2 eV can be assigned
o the phosphate ions of the �-ZrP sheets in line with the litera-
ure observation [47,50]. In the P2p region, a broad peak centered
t 133.8 eV is characteristics of pentavalent tetracoordinated phos-
horous (P5+) (Fig. 6e). This peak arises due to the phosphate ions of

he �-ZrP sheets and PO4 species of the Keggin ions [47]. The occur-
ence of Cs+ ions in CP2ZZP material is confirmed from the spectral
oublet at 724.2 and 738.2 eV corresponding to the photoemission

rom the 3d5/2 and 3d3/2 energy states of Cs+ ions (Fig. 6f) [19].
P2ZZP material.

The surface area and pore volume of the CPxZZP materials is
evaluated using N2 sorption at 77 K. The N2 sorption isotherms of
the CPxZZP material together with ZP and ZZP materials are pre-
sented in Fig. 7. The sorption isotherm for ZP material exhibits
behavior between those of type-II and IV isotherm according to the
BDDT classification (Fig. 7a) [12–15]. The amount of N2 adsorption
at low pressure range is quite less indicating very little porosity

in micropore range. The observed hysteresis is H3 type according
to the IUPAC classification indicating the presence of slit shaped
pores or pores with space between parallel plates [51]. The pore
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Fig. 7. N2 sorption isotherm and pore size distribution curves of ZP (a, e), ZZP (b, f), CP1ZZP (c, g) and CP2ZZP (d, h) materials.

s
d
U
i
(
m

ize distribution calculated using NLDFT method indicates a broad
istribution profile with pore size in the range of 1.5–4 nm (Fig. 7e).

pon pillaring with Zr-polycation, the initial nitrogen adsorption

s rapidly enhanced indicating an increase in the microporosity
Fig. 7b). The ZZP material show narrow pore size distribution with

axima at 1.9 nm (Fig. 7f). The adsorption features of CsxZZP mate-
rials are similar to that of ZZP material (Fig. 7c & d). The pore
size distribution is broader compared to ZZP probably due to gen-

eration of secondary pore structures in presence of the CsxPWA
moieties (Fig. 7g & h). It has been reported that the ion exchanged
heteropoly acid display high surface area and porosity due to the
reorganization of the interstitial voids in the ion exchanged sam-
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Table 2
Catalytic activity of CPxZZP materials towards synthesis of spirooxindoles.

Catalyst Catalytic activity Conversion of �-naphtholb TOF (h−1)

Time (h) Yielda (%)

ZP 5 35 39 6
ZZP 5 52 55 7
CP1ZZP 2 75 79 19
CP2ZZP 1.5 86 88 25

a Refers to pure ad isolated yield.
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Table 3
Catalytic activity of CP2ZZP material for synthesis of structurally diverse
spirooxindoles.

Sl No1,3-diketone/NaphtholProduct Time (h)Yield (%)MP (◦C)

1 1.5 86 223–224

2  1.5 81 231

3  2 75 240

4 1.5 82 236

5  2 80 230–231

6  1.5 88 269–270

7  2 82 277–278

8  2 85 260–262

9 2 78 271–272

10  2 84 262–263

11  2 76 169–170
b �-Naphthol conversion in the reaction mixture calculated using gas chromatog-
aphy.

les [19–24]. The surface area and pore volume of the materials
re presented in Table 1. The surface area varies in the order
P < CP1ZZP < CP2ZZP < ZZP.

The temperature programmed desorption profiles of CPxZZP
aterial along with ZP and ZZP materials are presented in Fig. 8.

hree ammonia desorption regions in the range of 100–200 ◦C,
00–350 ◦C and 350–450 ◦C could be observed for the ZP materials
Fig. 8a). These desorption peaks can be assigned to the pres-
nce of weak, medium and strong acidic sites in this material.
he low temperature desorption peak is most prominent for this
aterial indicating the presence of a large fraction of weak acidic

ites. The total number of acidic sites calculated for this material
s 0.23 mmol  g−1. The Zr-P material exhibits two broad asymmet-
ic desorption peaks in the range of 150–350 ◦C and 400–600 ◦C
Fig. 8b). The low temperature peak can be deconvoluted into two
eaks. In comparison to ZP material, the ZZP material show an

ncremental but significant rise in high temperature ammonia des-
rption indicating generation of new acidic sites of higher strength
Table 1). As observed from UV–vis study, the ZZP material con-
ains zirconia nanoclusters with structural defects as pillars. These
illars can act as potential new acidic sites. The CPxZZP materials
lso exhibit two ammonia desorption peaks. However, a substan-
ial increase in the high temperature ammonia desorption peaks
re observed for these materials (Fig. 8c &d). This observation sug-
ests that dispersion of CsxPWA species in the ZZP lattice results
n generation of new medium and strong acidic sites. In order to
ule out the contribution of desorbed water and/or possible sur-
ace decomposition products to this high temperature peak, blank
PD experiments were conducted without ammonia adsorption for
P2ZZP material (Fig. S3). The TPD profile of the blank experiment
oes not show any appreciable desorption peak upto 600 ◦C. This
bservation indicates that the high temperature NH3 TPD peak is
ue to desorbed ammonia from the strong acidic sites of the com-
osite materials. The acidity of the CsxPWA materials has been
tudied earlier using TPD and calorimetry techniques [19–24]. It
as been noticed that the Cs substitution increases the surface area,
orosity as well as number of accessible strong acidic sties on the
urface. Moreover, with increase in Cs content, the amount of strong
cidic sites is increased in the CsxPWA material reaching a maxi-
um  value with x = 2.00–2.5 [19,21]. Hence, the improvement in

he acidity observed for the composite material can be ascribed
o a synergistic effect between the acidity of the host lattice and
he CsxPWA material. The total number of acidic sites varies in the
rder CP2ZZP > CP1ZZP > ZZP > ZP (Table 1).

The morphological features and particle sizes of the CPxZZP
aterials are studied using FESEM and HRTEM techniques. The

ESEM images of the CPxZZP material together with the ZP and ZZP
aterials are presented in Fig. 9. The �-ZrP material shows plate

ike particles with typical length and breadth between 180 and
50 nm and 120–160 nm,  respectively (Fig. 9a). The layer to layer

rientation of the �-ZrP platelets seems to be the favored orienta-
ion which is resulting into the plate like morphology. Pillaring with
r-oligomeric cluster significantly alters the particle morphology.
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Fig. 8. TPD profiles of (a) ZP, (b) ZZ

he ZZP material contains agglomerated spherical particles with
iameter in the range of 30–60 nm (Fig. 9b). The insertion of Zr-
illars imparts structural rigidity to the �-ZrP lattice. Moreover, the
resence of Zr-pillars reduces the face to face interaction and facili-
ates edge to face and edge to edge interactions resulting in particle
olding and generation of spherical particles. The spherical mor-
hology of the particles is retained in the CPxZZP materials (Fig. 9c

 d). The CP1ZZP and CP2ZZP materials show spherical particles
ith diameter in the range of 150–200 nm.  The transmission elec-

ron micrographs of the CP2ZZP material are presented in Fig. 10.
he low magnification image shows a typical spherical particle with
iameter 156 nm (Fig. 10a). The presence of folded �-ZrP sheets
nd their hierarchical organization into the spherical structure can
e inferred from this TEM image. The CP2ZZP material contains
ell dispersed Cs2PWA  particles with size in the range of 8–14 nm

Fig. 10a & b). The microscopic observation is further corroborating
he Fourier analysis data where presence of 8–15 nm CsxPTA parti-
les has been observed. The EDX pattern of the CP2ZZP material is
resented in Fig. 10c. The presence of Cs, W,  Zr, P and O of required
toichiometry can be inferred from EDX study. The W/Zr atomic
atio calculated from XPS study is 0.35, which is higher than the
alue of 0.21 calculated from EDX measurement. This observation
uggests that the CS2PWA  particles are present in a well dispersed
tate on the surface of ZZP matrix. The elemental mapping anal-
sis images of the CP2ZZP material are presented in Fig. 10d–h.
niform distribution of the Cs and W at microscopic level can be
nferred from the elemental mapping study. The EDS image clearly
ndicates that the Cs2PWA  nanoparticles are finely dispersed in the
ZP matrix to form the CP2ZZP composite materials.
CP1ZZP, and (d) CP2ZZP materials.

3.2. Catalytic activity study for synthesis of spirooxindoles

The catalytic activity of the CPxZZP materials has been studied
for the one pot synthesis of spirooxindoles by multi-component
condensation of isatin, malononitrile and naphthol/1,3-dicarbonyl
compounds (Scheme 1). Initially, the condensation of isatin, mal-
ononitrile and �-naphthol is taken as a model reaction and different
composite catalytic systems were studied for their catalytic activity
at 60 ◦C using 5 ml  of acetonitrile as solvent (Table 2). Pure �-ZrP
material produced 35% product yield after 5 h of reaction time.
The weak acidic sites on �-ZrP material are unable to expedite
the spirooxindole synthesis. The product formation is marginally
improved after pillaring with Zr-polycation (Table 2). The CPxZZP
materials, on the other hand, show improved yield of the product
in short reaction time. Among the CPxZZP materials, the CP2ZZP
material exhibits 86% yield of the product in a short time span
of 1.5 h. Since the composite materials display different surface
area and acidity, we calculated the turnover frequency in h−1 by
estimating the �-naphthol conversion from the reaction mixture
using GC analysis (Fig. S4). Among the different catalyst formula-
tion studied for the reaction, the CP2ZZP material exhibits highest
turnover frequency indicating its suitability for this multicompo-
nent reaction (Table 2). The higher catalytic activity observed for
CP2ZZP material can be correlated to the improvement in number
of acidic sites which show ammonia desorption in the temperature
range of 250–450 ◦C. In order to evaluate the role of the support

(�-ZrP) on the catalytic activity, the catalytic tests are also car-
ried out using unsupported Cs1H2PW12O40, Cs2H1PW12O40 and
H3PW12O40 materials. The results of these catalytic experiments
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Fig. 9. FESEM images of (a) ZP, (b) ZZP, (c) CP1ZZP, and (d) CP2ZZP materials.

Scheme 1. CP2ZZP catalyzed multicomponent one pot synthesis of spriooxindoles.
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Fig. 10. HRTEM images (a, b), EDX spectra (c) an

re presented in Table S1. For an identical loading amount, the
P2ZZP material exhibits higher yield of the product compared to
he pure Cs2H1PW12O40 material. Moreover, the CsxH3-xPW12O40
pecies are more active compared to the parent H3PW12O40 mate-
ial. These observations suggest that the partial exchange of H+

ons with Cs+ ions is beneficial in terms of higher activity and the
-ZrP as support further enhances its catalytic activity by maxi-
izing the dispersion of the active phase in its porous matrix. The

P2ZZP material also exhibits higher catalytic activity compared to

he Cs2H1PW12O40 species supported over SiO2 and ZrO2 (Table
1). The phosphate functionality of the support seems to be impor-
ant in enhanced adsorption of the polar reactant species on the
atalyst surface through van der Waal type interactions. Based on
ental mapping study (d–h) of CP2ZZP material.

the data described in Tables Table 2 and S1, the CP2ZZP material is
selected for further catalytic study. The CP2ZZP catalyzed reaction
protocol is optimized by varying the catalyst amount, solvent and
temperature (Fig. 11). For reaction involving 1 mmol of the reac-
tants, 50 mg  of the catalyst is sufficient for condensation of the three
components. Further increase in catalyst quantity only marginally
improves the yield (Fig. 11II). The reaction temperature is varied
between 40 and 82 ◦C in an incremental step of 10 ◦C. The prod-
uct yield is found to improve significantly with temperature up to

60 ◦C. Increase in temperature beyond 60 ◦C, does not have much
impact on the yield of the product (Fig. 11I). To evaluate the effect of
reaction media on catalytic activity, solvents with different polar-
ity are used in the optimized protocol. In general, better yields of
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ig. 11. Optimization of reaction parameters for the model reaction using CP2ZZP c
acetonitrile, 60 ◦C), and (III) effect of reaction media (50 mg  catalyst, 60 ◦C).

he product are noticed in polar solvents. Among different solvent
tudied for the reaction, best yield of spirooxindole is obtained in
cetonitrile (Fig. 11III). Hence, acetonitrile is used as a solvent for
urther study.

After optimizing the reaction conditions, we studied the scope
nd limitation of the optimized protocol by employing istain,
alonitrile/ethyl cyanoacetate and 1-naphthol/2-naphthol in ace-

onitrile media at 60 ◦C (Table 3). Under similar experimental
ondition, all reactions proceed smoothly to give the corresponding
piro(tetrahydrochromene- 4,3′-indole) in high yield and purity.
he CP2ZZP catalyzed reaction protocol is extended further to three
omponent coupling of istain, malonitrile/ethyl cyanoacetate and
icarbonyl compounds. A variety of dicarbonyl compounds includ-

ng dimedone, ethyl acetoacetate and methyl acetoacetate reacted
fficiently under the optimized condition to form the correspond-
ng spirooxindole derivatives (Table 3). The recyclability of the
P2ZZP catalyst is evaluated for three consecutive cycles. After each
atalytic cycle, the catalyst particles are filtered from the reaction
ixture, washed with ethanol (5 ml  portions 3 times) and then

eat treated at 250 ◦C for 2 h. The CP2ZZP catalyst exhibits stable
atalytic activity for three consecutive cycles without any signifi-
ant decrease in the yield of the product (Table 3, entry 1, yields,
6.0%, 1st; 85%, 2nd; 83%, 3rd). The mechanism of spiroxyindole
ormation has been described in literature [34,38]. The reaction
nvolves a cascade process, where the initial Knoevenagel con-
ensation of isatin with malononitrile results in the formation of

satylidene malononitrile. In the second step, the ortho C-alkylation
f �-naphthol takes place by reaction with the electrophilic C C

ouble bond of isatylidene malononitrile. The final step involves the
ucleophilic addition of the phenolic OH group moiety to the cyano
oiety to form the spiroxyindole. The nature of acidic sites on the

omposite sample has been probed using FTIR study of adsorbed
t (I) effect of temperature (acetonitrile, 50 mg catalyst) (II) Effect of catalyst amount

pyridine for the ZZP and CP2ZZP materials (Fig. S5). The FTIR spec-
tra show IR bands at 1439, 1489, 1544 and 1610 cm−1. The intense
peak observed at 1544 cm−1 corresponds to pyridine adsorbed on
Brønsted acidic site as pyridinium ions [52]. The peak at 1489 cm−1

is due to pyridine adsorbed on both Brønsted and Lewis acid sites
where as the peak at 1439 and 1610 cm−1 can be assigned to Lewis
acidic sites [52–55]. The host Zr-pillared �-ZrP lattice can contain
Zr O P and coordinatively unsaturated zirconium ions as Lewis
acidic sites [52,53]. The isatin molecule can be activated on surface
low coordinated Zr4+ sites. The phosphate ions in the composite
catalyst can enhance the adsorption of the polar reactant species
through van der Waal interactions. Moreover, the �-naphthol can
be activated on the catalyst surface by interaction through the �
electron which can react with adsorbed isatylidene malononitrile
to form the product. These features of the composite catalyst can
expedite the catalytic reaction on its surface.

4. Conclusion

In this work, we have prepared a novel composite catalytic
system by dispersing cesium exchanged phosphotungstic acid
(CsxH3-xPW12O40) nanoparticles in the micropores of Zr-pillared
�-zirconium phosphate (ZZP) and used as catalyst for synthesis of
structurally diverse spirooxinole derivatives containing chromene
moieties. The pillared �-ZrP materials displayed enhanced gallery
height, higher microporosity and acidity compared to the parent
�-ZrP. The increased porous nature of the pillared material is suc-
cessfully utilized to disperse CsxH3-xPW12O40 nanoparticles. The

structural integrity and grafting of the CsxH3-xPW12O40 species
over the ZZP material is confirmed from FTIR and UV–vis-DRS
study. Study of the thermal transformation behavior of the compos-
ite materials revealed that these materials are stable upto 500 ◦C.
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icroscopic investigation suggested the presence of well dispersed
sxH3-xPW12O40 particles with size in the range of 8–14 nm in the
omposite materials. The pillaring with Zr-polycations and subse-
uent dispersion of the CsxH3-xPW12O40 in the �-ZrP lattice results

n generation of new medium and strong acidic sites in the compos-
te. The composite materials exhibited excellent catalytic activity
or synthesis of spirooxindoles containing fused chromene moieties
y multicomponent one pot condensation of isatin, malononitrile
nd naphthol/1,3-dicarbonyl compounds. A variety of spirooxin-
ole derivatives are synthesized in high yield and purity within a
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