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Abstract. Novel ﬁlm catalysts of the polystyrene (Ps) and trimethyl phosphate (P) nanoparticles were
synthesized on glass substrates by soft chemistry using doctor blade method. Subsequently, the prepared Ps–P
ﬁlm catalysts were characterized by various techniques, including fourier transform infrared spectroscopy
(FTIR), nuclear magnetic resonance (NMR), density (d), polarizing microscope (PM), X-ray diffraction
(XRD) and thermal analysis. According to the results, the structure and morphology of ﬁlm catalysts were
conﬁrmed by all analyses. The Ps–P ﬁlms, as heterogeneous solid catalysts, have demonstrated strong activity
for Knoevenagel condensation, producing alkenes of high purity. The recovered yields are excellent, up to
96% in solvent-free conditions at room temperature. Further, the ﬁlm catalysts have showed high stability,
good reusability (up to ﬁve times) while maintaining their efﬁciency and productivity.
Keywords. Film catalyst; doctor blade; heterogeneous catalyst; Knoevenagel condensation; solvent-free.

1. Introduction
The use of polymer materials in ﬁlm preparation1 is
widely spread across various scientiﬁc and technological processes. However, extensive studies have
been performed on polymer ﬁlms using various
experimental techniques.2 Further, the polymer ﬁlms
are increasingly used in many modern technologies
and nanotechnologies for: ﬂame retardants,3 solar
cells,4 optoelectronic,5 photovoltaic,6 antibiotic
desalination,7 separation of plant pigments,8 optical
and photoconductive applications.9 To optimize the
use of polymer ﬁlms, an effective method is desired to
improve their stability.10,11 The stability of the polymer ﬁlms is related to the interfacial interactions of
polymer substrate,12 thickness of the ﬁlms, surface
heterogeneity and molecular weight of polymers.13
Therefore, to improve the polymer ﬁlms stability,

many theoretical and experimental studies have been
developed for polystyrene ﬁlms.14 Moreover, the
polystyrene is a material of choice in the ﬁled of
sciene and technology,15–17 due to its favorable
properties18 (transparent, rigid and hard), low cost
and easy to process. The introduction of inorganic
particles in polystyrene chains is widely used in
different technological ﬁelds.19,20 However, these
ﬁllers reinforce the polymer matrix by increasing its
performance and functionality, which are closely
related to the quality of the interface between the
organic particles and polymer. Also, among the
inorganic particles, those based on phosphate, phosphorus21,22 is potentially able to form more compounds than carbon. Further, the interest on
phosphoric compounds has increased during the last
decade for various scientiﬁc and technological reasons. According to the studies carried out, these
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phosphorus compounds have recently shown a major
interest in catalysis23 and photocatalysis.24
The Knoevenagel condensation reaction25 is the
most important and useful method in the formation of
carbon–carbon bonds by the reaction of carbonyl with
activated methylene compounds. Generally, it is catalyzed by a Lewis acid26 or a homogeneous base27 in
an organic solvent upon heating. Moreover, these
catalysts have not solved the Knoevenagel reaction
problems, which concern the separation of products,
selectivity and reuse of the catalysts. In light of this,
there is a strong demand for the improvement of a new
catalyst that is free from these problems. According to
the above-mentioned considerations, we have synthesized a novel solid heterogeneous catalyst in a ﬁlm
form based on polystyrene–phosphate (Ps–P) which
resolves the problems of Knoevenagel reaction.
In this study, new Ps–P ﬁlm catalysts were synthesized by soft chemistry using doctor blade
method28, and characterized. The structural properties, surface morphology and intermolecular interactions of Ps–P ﬁlm catalysts were studied with
different analysis. The ﬁlm catalysts are homogeneous, stable, requires 20–60 min for their synthesis
and which is carried out in three steps. Moreover, this
synthesis is inexpensive and allows energy saving as
compared to other catalysts described in the literature.
On the other hand, this work presents an invention
which evaluates the catalytic activity of ﬁlm catalysts
for the Knoevenagel condensation of different aldehyde derivatives under solvent-free conditions at
room temperature. Moreover, it presents an important
and convincing industrial utility for the Knoevenagel
reaction.

2. Experiment
2.1 Materials
The polystyrene (CH2-CH (Ph))n (Mw = 250,000) and trimethyl phosphate ((CH3)3PO4 [ 97%) were obtained from
Acros Organics. The chloroform (CHCl3 [ 95%) was purchased from Prolabo, Fontenay. The polymer and the solvents were used as received. The Ps–P ﬁlms were deposited
on glass substrates. All chemicals of catalytic reaction were
purchased from Merck and Fluka Chemical Companies.
The known products were identiﬁed by comparing their
melting points and spectral data with those reported in the
literature. The progress of the reaction was monitored by
thin-layer chromatography (TLC) using silica gel SIL
G/UV254 plates. Melting points were recorded on a Koﬂer
hot stage apparatus and were uncorrected.
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2.2 Preparation of glass substrates and Ps–P ﬁlm
catalysts
The glass substrates were initially cleaned with a mixture of
deionized water and nitric acid (7:3, v/v) for 1 h. Then, they
were washed several times with deionized water and dried
in an oven. All substrates were cleaned before the preparation of the ﬁlms.
The Ps–P ﬁlm catalysts were deposited on glass substrates using doctor blade method (Figure 1). The Ps–P
solutions were prepared using different concentrations of
trimethyl phosphate in chloroform at room temperature
under stirring. Four samples were prepared with different
molar ratios R of P/Ps: 0 (F0), 0.6 (F1), 1.2 (F2) and 2.4 (F3).
These solutions were clear and stable, indicating the miscibility and interaction of phosphate with the polystyrene
matrix. For the repeatability of results, several tests were
performed.
After deposition of the Ps–P ﬁlms, they were dried in an
oven at 60°C and stored under ambient conditions. The
thickness of the ﬁlms was 240 lm and was measured by
micrometry.

2.3 Catalytic activity test of synthesized ﬁlms
The Knoevenagel condensation was carried out in different
solvents at room temperature (25°C to 30°C) in the absence
and presence of the Ps–P ﬁlm catalyst (m = 0.01 g). The
model reaction was the condensation of benzaldehyde-1a (1
mmol) with malononitrile (1 mmol) (Scheme 1) under
agitation for appropriate times. After completion of the
reaction, dichloromethane was added, stirred for 1 min, then
ﬁltered and dried. The resulting solid was recrystallized
from absolute ethanol. To seek the optimal conditions of the
reaction, we studied the inﬂuence of different parameters
that control the reaction’s evolution, namely: solvent, mass
and reuse of the ﬁlm catalyst.

2.4 Characterization of Ps–P ﬁlm catalysts
2.4a Fourier transform infrared spectroscopy (FTIR): The
determination of the Ps–P ﬁlm catalysts structure and the
identiﬁcation of functional groups were performed using
infrared spectroscopy. All infrared spectra were recorded in
the 4000-400 cm-1 region. The FTIR was performed on a
Bruker Tensor 27 spectrometer (Bruker, Germany).
2.4b Nuclear magnetic resonance spectroscopy (NMR): The
NMR spectroscopy was performed on a Bruker AVANCE
300 MHz. The 13C-NMR spectroscopy has informed about
the distribution of carbon skeletons. The arrangement of
hydrogen atoms 1H in the structure of Ps–P ﬁlm catalysts
has been investigated. The 31P-NMR was also studied to
show the inﬂuence of addition of phosphate on polystyrene
matrix.
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Figure 1. Synthesis of Ps–P ﬁlm catalysts by doctor blade method.

Scheme 1. Knoevenagel condensation reaction in the presence of ﬁlm catalysts.

2.4c Density: The density (d) of Ps–P ﬁlm catalysts was
measured by the pycnometer method29 at room temperature.
The solvent used for this measurement was dimethyl sulfoxide (DMSO). To calculate the density on an adapted
balance, we have realized the following three weightings: m1, pycnometer ﬁlled with solvent; m2, Ps–P ﬁlm
mass ? pycnometer ﬁlled with solvent; m3, pycnometer
ﬁlled with solvent and containing the Ps–P ﬁlm catalyst.
d¼

m2  m1 qliquid

:
m2  m3 qwater

2.4d The polarizing microscope (PM): The surface appearance
of the Ps–P ﬁlm catalysts was carried out by the PM using Leitz
Laborlux 11 Pols with a magniﬁcation of 50 lm and 20 lm.
2.4e X-ray diffraction analysis (XRD): The structural
properties of Ps–P ﬁlm catalysts were examined by the
XRD method using a diffractometer X’Pert3 Pro MPD
PANalytical, with CuKa radiation.
2.4f Thermal analysis: Thermal decomposition of Ps–P ﬁlm
catalysts was followed by thermogravimetric analysis (TGA)
coupled with differential thermal analysis (DTA). The DTATGA was performed on a Labsys provided by SETARAM
instrumentation. The heating rate was 10°C/min from 25°C to
600°C.

3. Results and Discussion
3.1 Fourier transform infrared spectroscopy
(FTIR)
The infrared spectra of the Ps–P ﬁlm catalysts (F0, F1, F2
and F3) are shown in Figure 2. The absorption spectrum of
the Ps–P ﬁlm (F0) showed a set of absorption bands. The

broad bands around 3470–3656 cm-1 belonged to O–H
vibration band.
The absorption bands at 3100–2850 cm-1 were
assigned to the =C–H stretching vibrations groups and
-CH2- asymmetric stretching vibration of polystyrene.30 All ﬁlm catalysts showed the strong peaks at
vicinities 1475–1625 cm-1 for C=C stretching bonds
vibration of aromatic ring.31 Several characteristic
absorption peaks were observed at 760 cm-1 corresponding to =CH deformation vibration of aromatic
polystyrene bonds.32
Moreover, the spectra of the Ps–P ﬁlm catalysts
(F1, F2 and F3) showed new absorption bands in 1300 to
400 cm-1 frequency region. A strong band at 1279 cm-1
was assigned to P=O stretching vibration.33,34 The mas
(P–O) stretching vibration appeared at 1184 cm-1. In
addition, a broad absorption band at 1043 cm-1 was
attributed to the mas(P–O–C) vibration. The peak for
ms(P–O–C) stretching vibration was observed at 848
cm-1.35 The das(P–O–C) bending was assigned to peak
at 450 cm-1.36 The comparison of the FTIR spectra of
pure polystyrene and Ps–P ﬁlms showed clearly the
appearance of new bands corresponding to the interactions of trimethyl phosphate with the polystyrene matrix,
and these results were also conﬁrmed by the NMR
analysis.
3.2 Nuclear magnetic resonance spectroscopy
(NMR)
The 1H NMR spectra of pure Ps and Ps–P ﬁlm catalysts
are shown in Figure 3. The small peak at 0.85–0.90 ppm
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Figure 2. Infrared spectrum of the pure Ps (F0) and Ps–P ﬁlm catalysts (F1, F2 and F3).

of pure Ps ﬁlm (a) is assigned to the methyl group of
polystyrene (CH3).37 All the 1H NMR spectra showed a
peak at 5.33 ppm corresponding to CD2Cl2 solvent.
The signal appearance at around 1.29 ppm is attributed
to CH2 methyl protons. Moreover, the peak at 1.50–1.74
ppm is ascribed to the CH of polystyrene. A peak
observed at 7.07–7.09 ppm is assigned to the characteristic signals of hydrogen of the aromatic benzene ring.
In addition, when trimethyl phosphate was added,
we observed the appearance of protons 1H between
3.73–3.77 ppm corresponding to a phosphate,38 and
disappearance of methyl (CH3) of polystyrene for all
the ﬁlm catalysts (F1, F2 and F3) (Figure 3).30
According to the spectral assignments, after the
addition of phosphate to the polystyrene matrix, the
changes in signal shapes, intensity and difference in
the structural organization of the ﬁlm catalysts can be
detected.
As a result, in the 13C NMR spectra (Figure 4), the
disappearance of methyl group has been conﬁrmed for
all ﬁlm catalysts F1, F2 and F3. Therefore, this disappearance of methyl group is explained by the formation of P–O–C bonds between the phosphate and
polystyrene molecules.
All the 13C NMR spectra showed a peak at 54 ppm
in the CD2Cl2 solvent. After addition of trimethyl
phosphate, the peak (54 ppm) intensity increased,

which means that the carbon of trimethyl phosphate
appeared in the same signal as CD2Cl2.38
For the 31P NMR spectra, the signal at 2.24 ppm
showed only one peak corresponding to a phosphate
group PO4 of trimethyl phosphate (Figure 5).39
Indeed, all the ﬁlm catalysts (F1, F2 and F3) showed a
single peak at the same value (2.24 ppm).

3.3 Density
The density of pure Ps and Ps–P ﬁlm catalyst was
measured using a pycnometer40 with DMSO as an
immersion liquid. The results showed that the density
of Ps–P ﬁlm catalysts decreased with addition of
trimethyl phosphate (Table 1). On one hand, the
density depends on the molecular architecture and on
the other hand, the main factor determining the
density is the mass of the atoms constituting the
polymer.41 It is obvious that more the molecular
mass, denser is the polymer. The second factor is the
nature of the chemical bonds and their more or less
directionality.
According to the results, the decrease in density of
ﬁlm catalysts is probably due to the fact that the
molecular architecture of the Ps–P ﬁlms becomes
more ordered after the creation of new bonds between
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H NMR spectra of pure Ps ﬁlm F0 (a) and Ps–P ﬁlm catalysts F1 (b), F2 (c) and F3 (d).

polystyrene and phosphate, which increases the space
between the main chains of ﬁlm catalysts.
3.4 The polarizing microscope (PM)
The surface morphology of Ps–P ﬁlms was studied
using a polarizing microscope under ambient conditions. It gives clear images of certain physical properties of the polymer. As shown in Figure 6, the
surface of pure Ps ﬁlm (F0) shows that the molecular
chains are randomly and disorderedly arranged. Further, this image provides information on the amorphous state of the polystyrene and the irregular
surface, causing random arrangement of the molecular
chains which shows the absence of interactions with
the polystyrene molecule.

After the insertion of trimethyl phosphate alkoxide
into the polystyrene matrix (F1, F2 and F3), the
molecular structure became more orderly and organized (Figure 7).
The surface appearance of the ﬁlms was relatively
smooth and transparent, indicating the great stabilization of polystyrene matrix in the presence of
phosphate alkoxide. Therefore, this change conﬁrmed
the creation of new chemical bonds between polystyrene and phosphate.
3.5 X-ray diffraction analysis (XRD)
The XRD analysis of ﬁlm catalysts F0, F1, F2 and F3
are shown in Figure 8. Pure polystyrene is an amorphous material42 and has no characteristic peak in
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C NMR spectra of pure Ps ﬁlm (a) F0 and Ps–P ﬁlm catalysts (b) F1, (c) F2 and (d) F3.

Table 1. Density of pure Ps (F0) and Ps–P (F1, F2
and F3) ﬁlm catalysts.

Figure 5.
and F3).

31

P NMR spectra of Ps–P ﬁlm catalysts (F1, F2

Film catalysts

Density

F0
F1
F2
F3

1.6848
1.5044
1.3003
1.2636

XRD, only two broad peaks (halo) are seen as it has no
long-term crystal structure.43
As shown in Figure 8, pure Ps and Ps–P ﬁlms
exhibited two broad diffraction peaks44 located at
different diffraction angles 2h between 9° and 10°, and
19° and 20°. Moreover, the presence of broad peaks in
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Figure 6. Polarizing microscope images of pure Ps ﬁlm catalyst. (a) Surface of the Ps ﬁlm catalyst in polarized light;
(b) surface of the Ps ﬁlm catalyst in natural light.

Figure 7. (a) Polarizing microscope images of Ps–P ﬁlm catalysts. (b) Surface of Ps–P ﬁlm catalysts in natural light;
(c) Surface of Ps–P ﬁlm catalysts in natural light.

atom, which means that the correlations become
increasingly weak. Indeed, in our case, this decrease is
due to the correlations between phosphate atoms and
polystyrene, which became increasingly strong.
Therefore, the effects of the intermolecular interaction
of phosphate with polystyrene are predominant.

Intensity (a.u.)

Pure Ps Film (F0)
Ps-P Film catalyst (F1)
Ps-P Film catalyst (F2)
Ps-P Film catalyst (F3)

3.6 Thermal analysis

10

20

30

40

50

2 theta (degree)

Figure 8. X-ray diffraction patterns of the Ps (F0) and Ps–
P ﬁlm catalysts (F1), (F2) and (F3).

the XRD patterns of ﬁlms is an indication of the
existence of intermediate range order in these materials.45 After insertion of trimethyl phosphate in the
polystyrene matrix (F1, F2 and F3), the full width at
half maximum and peak areas were decreased with
increase of phosphate concentration (Table 2).
According to the literature data, the width of the
peaks increased with the order of the neighboring main

The thermal analysis is an important analytical method
in understanding the structure-property relationships
and thermal stability of polymers.46 The polystyrene is
thermally degraded into organic compounds such as
phenol, quinine and naphthalene at the experimental
temperature of 350–450°C.47 To study the thermal
stability of ﬁlm catalysts, the TG and dTG tests were
conducted and is illustrated in Figure 9.
As shown in Figure 9, all the ﬁlm catalysts F1, F2
and F3 have a higher decomposition temperature Tdec
than pure polystyrene F0. The Tdec temperature
increased with increasing trimethyl phosphate concentration. For all ﬁlm catalysts, the ﬁrst stage of
weight loss at 133–140°C corresponds to the loss of
adsorbed water and organic solvent residues (Figure 9). The pure Ps ﬁlm (F0) degraded almost completely (98.7% at 303–425.1°C) (Figure 9a). This
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Table 2. X-ray diffraction results of pure Ps (F0) and Ps–P (F1, F2, and F3) ﬁlm catalysts.
Position [°2Th]
Film catalysts
F0
F1 (R = 0.6)
F2 (R = 1.2)
F3 (R = 2.4)

Full width and half maximum (°)

Area (a.u.)

First peak

Second peak

First peak

Second peak

First peak

Second peak

9.4654
9.4774
9.4553
9.3395

19.3054
19.0501
19.0224
19.0118

2.9198
2.8832
2.4233
1.5984

3.9801
3.8909
3.7134
3.6350

1889.69
1014.50
976.32
187.58

3639.32
3052.93
2093.69
1725.33

Figure 9. Curves of dTG (%.min–1) and TG (%) of pure Ps and Ps–P ﬁlm catalysts. (a) Ps ﬁlm F0, (b) Ps–P ﬁlm F1,
(c) Ps–P ﬁlm F2, and (d) Ps–P ﬁlm F3. Tbds, temperature of brutal degradation start; Tmd, temperature of maximum
degradation.

thermal decomposition is mainly due to the
depolymerization of the polystyrene molecules. It is
accompanied mainly by exothermic energy
phenomena.48
The weight loss of the ﬁlm catalyst F1 (Figure 9b) is
particularly noticeable at 150–215.6°C (about 6.5%),
and it is due to the reaction between polystyrene and
phosphate. The total ﬁlm weight loss (96.7%) is high
at 314–430°C. According to the results of F2

(Figure 9c) and F3 ﬁlm catalysts (Figure 9d), the
degradation start temperature is raised to 332°C for the
ﬁlm F2 and to 330.4°C for the ﬁlm F3 and is mainly
due to the depolymerization of polystyrene. Further,
after the addition of phosphate, the degradation temperature of the polystyrene (97.7%) improved to
332–450.7°C for the ﬁlm catalyst F2 and to
330.4–447.3°C for the ﬁlm F3, indicating that the
presence of phosphate in the polystyrene matrix has
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reduced the rate of ﬁlm catalysts degradation by
increasing their thermal stability.48

Table 4. Optimization of reaction medium for the condensation Knoevenagela.
Entry

3.7 Catalytic activity
The catalytic effect of the synthesized ﬁlms (F0, F1, F2
and F3) is tested for the Knoevenagel condensation
reaction. Therefore, the reaction of benzaldehyde-1a
(1 mmol) with malononitrile (1 mmol) is carried out in
ethanol at room temperature for 60 min in the absence
and presence of 0.01 g of ﬁlm catalyst to yield the ﬁnal
product, alkene 3a.
The blank experiment gives the product 3a in only
8% yield. However, in presence of the ﬁlm catalysts,
the yields obtained are 65% for F0 ﬁlm catalyst, 90%
for F1, 77% for F2 and 75% for F3 (Table 3).
According to our analysis, the most suitable ﬁlm
catalyst for this reaction is F1 ﬁlm. To ﬁnd the optimal
conditions of the reaction in presence of F1 ﬁlm catalyst, we have studied the inﬂuence of catalyst amount
and solvent. Reuse of ﬁlm catalyst was also
performed.
3.7a Effect of the solvent: Preferably, to study the
solvent inﬂuence on the chemical reaction and to
evaluate the activity of the F1 ﬁlm catalyst, we studied
the effect of different solvents on the Knoevenagel
condensation. The results obtained are shown in
Table 4.
The catalytic activity of F1 ﬁlm catalyst was
remarkably inﬂuenced by the solvents. The reaction in
EtOH has given the best yield (90%), whereas the
reaction in MeOH, butanol, isopropanol and solventfree has given 85%, 80%, 78% and 80% yields,
respectively.
No clear correlation between the solvent polarity
and catalytic activity was observed. This result can be
attributed to speciﬁc interactions between the solvent
and the transition state on the one hand and between

87

1
2
3
4
5

Solvent

Time (min)

Yieldb (%)

EtOH
MeOH
Butanol
Isopropanol
Solvent-free

60
60
60
60
60

90
85
80
78
80

a

Reaction conditions: benzaldehyde (1 mmol), malononitrile (1 mmol), 0.01 g catalyst, solvent (3 mL), room temperature (25–30°C), 60 min. The interest of the catalyst ﬁlm
in the absence of solvent compared to other solvents is in
bold.
b
Isolated yield.

solvents having one or more heteroatoms on the other
hand.
3.7b Effect of the mass of F1 ﬁlm catalyst in solventfree conditions: It is ideal to use this catalyst under the
most ecological conditions, namely the reaction
without solvent. To determine the possible inﬂuence of
ﬁlm catalyst, we carried out the condensation of
malononitrile with benzaldehyde using different masses of ﬁlm catalyst F1 in solvent-free conditions. The
yields obtained after 60 min of the reaction at room
temperature (25–30°C) are shown in Figure 10.
It shows clearly that the yield of product and the
catalytic activity were remarkably inﬂuenced by the
amount of catalyst. Interestingly, the yield of 3a product was signiﬁcantly increased to 84% by using 0.17
mol % (0.018 g) of catalyst.
3.7c Reuse of F1 ﬁlm catalyst: The study of ﬁlm catalyst reuse is an important step in catalysis. For this, the
reuse of F1 ﬁlm catalyst in Knoevenagel reaction is
studied under optimal conditions (F1 with a mass of
0.018 g, solvent-free). The results are shown in
Figure 11. The present catalyst can be used up to ﬁve
times while maintaining its efﬁciency and productivity.

Table 3. Effect of various ﬁlm catalysts on the condensation Knoevenagela.
Entry
1
2
3
4
5

Catalyst

Time (min)

Yieldb (%)

–
F0
F1
F2
F3

60
60
60
60
60

8
65
90
77
75

a

Reaction conditions: benzaldehyde (1 mmol), malononitrile (1 mmol), 0.01 g catalyst, EtOH (3 mL), room temperature (25–30°C), 60 min. Best ﬁlm catalyst is in bold.
b
Isolated yield.

Figure 10. Effect of the F1 ﬁlm catalyst mass on the
Knoevenagel reaction yield.
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greater than 84% (84% for R = H, 94% for R = –Cl,
96% for R = –Me and 94% for R = –NO2). Further,
these ﬁlm catalysts have several advantages: the solid
state of ﬁlms makes them easily reusable, the composition contains no toxic products, and the absence of
solvent in the catalysis reactions is environment
friendly. The characteristics of new ﬁlm catalyst
(yield, mass, reaction time, reuse, absence of solvent
and simplicity of isolation) make it easily usable in the
industry.
Figure 11. The reuse of F1 ﬁlm catalyst in Knoevenagel
condensation reaction.

3.7d Catalytic activity of F1 ﬁlm for the synthesis of
other alkenes: We have previously deﬁned the optimal
conditions for catalysis of Knoevenagel reaction
(model). To test the catalytic activity of F1 ﬁlm catalyst, we studied its catalytic capacity for the synthesis
of other alkenes. The method consists of carrying out
the condensation of activated malononitrile on aldehydes as a function of time to determine the ideal time
for the formation of each alkene (Scheme 2).
The obtained results are shown in Table 5.49 From
these results, we ﬁnd that the reaction times vary
according to the nature of the aromatic aldehydes.
The F1 ﬁlm catalyst has shown that it is a good
catalyst for Knoevenagel condensation of aromatic
aldehydes with malononitrile. The obtained yields are

3.7e Evaluation of catalytic activity of F1 ﬁlm catalyst
with the earlier reported systems: To demonstrate the
merits of our work, it seemed interesting and necessary
to compare our results for the synthesis of 3a-d
products by Knoevenagel condensation in the presence
of F1 ﬁlm catalyst compared with some other catalysts
cited in the literature.
The comparison of F1 ﬁlm catalyst efﬁciency with
other reported catalyst for the present reaction is given
in Table 6.
The results shown in Table 6 reveal that the catalytic capacity of our F1 ﬁlm catalyst is more efﬁcient
and it has some advantages than those reported in the
literature in terms of shorter reaction time, low mass of
ﬁlm catalyst, high yields in solvent-free and in ambient conditions. Moreover, our catalyst is inexpensive,
nontoxic, effective, easy to handle and to recover, and
it acts both as catalyst and as support.

Scheme 2. Synthesis of alkenes 3a-d in the presence of F1 ﬁlm catalyst R = H, -Cl, -Me, -NO2.

Table 5. Solvent-free condensation of Knoevenagel reaction in presence of F1 ﬁlm catalyst.
Melting point (°C)
Entry
3a
3b
3c
3d
a

R

Ar

Time (min)a

Yieldb (%)

Found

Reported

H
-Cl
-Me
-NO2

C6H5
p-ClC6H4
p-MeC6H4
p-NO2C6H4

60
6
9
5

84
94
96
94

80–81
158–159
118–119
161–162

80–8149
159–16049
118–12049
160–16149

Time reported in min monitored by TLC. bIsolated yields.
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Table 6. Comparison of catalytic activity of the F1 ﬁlm catalyst for the Knoevenagel condensation with other reported
compounds.
Catalyst

Reaction conditions

CAU-1-NH2

Time

Yield (%)

7h

80–91

50

6h

89–99.9

51

5h

80–97

52

3h

99

53

1h

85–98

54

1h

91–99

55

1h

94–96

56

20–80 min

90–95

57

20 min

88

58

10 min

98.6

59

5–12 min

98

60

5 min–1 h

84–96

This work

Aldehyde (1 mmol), malononitrile (1 mmol),
catalyst (0.025 g), EtOH, 40°C
([Zn(Py2TTz)(2-NH2BDC)](DMF))n
Ni2(pca)2(H2O)62H2O

Aldehyde (1 mmol), malononitrile (2 mmol),
catalyst (0.02 mol), solvent-free, 60°C
Aldehyde (1 mmol), malononitrile (1 mmol),
catalyst (6 mol %), solvent-free, 50°C

Zn-Bp-BTC
Aldehyde (1 equi), malononitrile (1.1 equi),
catalyst (0.06 mol), MeOH, 60°C
Chitosan
Aldehyde (1 mmol), malononitrile (1 mmol),
catalyst (0.025 g), EtOH, 40°C
[Cd3(tipp)(bpdc)2]DMA9H2O
Aldehyde (1 mmol), malononitrile (2 mmol),
catalyst (0.006 mmol), solvent-free, 60°C
ZrKP-MePh
K11H[P2W18O68(HOSnIVOH)3].
20H2O
CdO ? [CdNa2 (l-L2)]n.6.34 H2O

Aldehyde (1 mmol), malononitrile (1 mmol),
catalyst (2 mol %), solvent-free, Rt
Aldehyde (1 mmol), malononitrile (1.2 mmol),
catalyst (0.010 g), EtOH, Rt
Aldehyde (1 mmol), malononitrile (1 mmol),
catalyst (0.15 ? 0.01 mol), solvent-free, Rt

n-Fe3O4/PVAm nanocomposite
Aldehyde (1 mmol), malononitrile (1 mmol),
catalyst (0.030 g), Solvent-free, 40°C
Clay A, PC-A

Reference

Aldehyde (2 mmol), malononitrile (2 mmol),
catalyst (0.1 g), EtOH/H2O, 40°C
Film catalyst F1
Aldehyde (1 mmol), malononitrile (1 mmol),
catalyst (0.018 g)(0.17 mol %), solvent-free,
Rt
Rt, room temperature.

4. Conclusion
In the present work, the Ps–P ﬁlm catalysts have been
successfully prepared on glass substrates by soft chemistry route using the doctor blade method. The structure
and properties of the prepared ﬁlm catalysts were characterized using FTIR, NMR, density, PM, XRD and TGDTA analyses. The catalytic activities of these ﬁlm
catalysts were studied for Knoevenagel condensation
and the ﬁlm catalyst F1 was selected for detailed study.
The F1 ﬁlm has demonstrated an excellent catalytic
activity (up to 96%) for Knoevenagel condensation in
solvent-free conditions. Indeed, we have established a
solid heterogeneous catalyst, effective, non-toxic,

inexpensive, easily usable, and reusable up to ﬁve
times. This study also highlights the great potential of
F1 ﬁlm catalyst for a suitable industrial application.
Supplementary Information (SI)
The color, melting point, 1H NMR and 13C NMR spectra of
all synthesized products by Knoevenagel condensation
reaction in presence of ﬁlm catalysts are available at www.
ias.ac.in/chemsci.

Acknowledgements
We thank Dr Mrabet Souad for their assistance in the
polarizing microscope analysis.

87

Page 12 of 13

J. Chem. Sci. (2020)132:87

References
1. Luo R, Li H, Du B, Zhou S and Zhu Y 2020 A simple
strategy for high stretchable, ﬂexible and conductive
polymer ﬁlms based on PEDOT: PSS-PDMS blends
Org. Electron. 76 105451
2. Karim A and Kumar S 2000 In Polymer surfaces,
interfaces and thin ﬁlms (World Scientiﬁc Publishing
Company) p. 304
3. Yin X, Zhang Z, Wu M, Zhang J and Xu G 2018
Toward transparent composite ﬁlms with selective solar
spectral, ﬂame retardant and thermal insulation functions Mater. Chem. Phys. 216 365
4. Mohammed M I, El-sadek M S A and Yahia I S 2020
Optical linearity and bandgap analysis of RhB-doped
PMMA/FTO polymeric composites ﬁlms: a new
designed optical system for laser power attenuation
Opt. Laser Technol. 121 105823
5. Bathula C, Khadtare S, Buruga K, Kadam A, Shrestha N
K and Noh Y 2018 Selenophene based benzodithiophene polymers as potential candidates for optoelectronic applications Dye. Pigment. 149 639
6. Raﬁque S, Abdullah S M, Badiei N, McGettrick J, Lai K
T, Roslan N A, Lee H K H, Tsoi W C and Li L 2019 An
insight into the air stability of the benchmark polymer:
Fullerene photovoltaic ﬁlms and devices: A comparative study Org. Electron. 76 105456
7. Wang Z, Guo S, Zhang B and Zhu L 2019 Hydrophilic
polymers of intrinsic microporosity as water transport
nanochannels of highly permeable thin-ﬁlm nanocomposite membranes used for antibiotic desalination J.
Memb. Sci. 592 117375
8. Ismayil K M M, Manaf O, Sujith A and Antony R 2019
Polymer thin ﬁlms for chromatographic separation of
plant pigments Mater. Lett. 252 321
9. Ali F M, Ashraf I M and Alqahtani S M 2017 Promising
Cu-doped polyvinyl alcohol ﬁlms for optical and photoconductive applications Phys. B Condens. Matter 527 24
10. Pangpaiboon N, Traiphol N, Promarak V and Traiphol
R 2013 Retardation the dewetting dynamics of ultrathin
polystyrene ﬁlms using highly branched aromatic
molecules as additives Thin Solid Films 548 323
11. Oluwaleye O, Madhuku M, Mwakikunga B and Moloi S
J 2019 Studies of lattice structure, electrical properties,
thermal and chemical stability of cobalt ion implanted
Indium Tin Oxide (ITO) thin ﬁlms on polymer
substrates Nucl. Instruments Methods Phys. Res. Sect.
B Beam Interact. Mater. Atoms 450 267
12. Xue L and Han Y 2011 Pattern formation by dewetting
of polymer thin ﬁlm. Prog. Polym. Sci. 36 269
13. Li Z, Zhong W, Ying L, Liu F, Li N, Huang F and Cao
Y 2019 Morphology optimization via molecular weight
tuning of donor polymer enables all-polymer solar cells
with simultaneously improved performance and stability Nano Energy 64 103931
14. Arinda P S, Santjojo D J D H, Masruroh M and Sakti S
P 2019 Stability of polystyrene ﬁlm surface wettability
modiﬁed using oxygen plasma Mater. Today Proc. 13
24
15. Mouhamad Y, Mokarian-Tabari P, Jones R A L and
Geoghegan M 2019 Application of mean-ﬁeld theory to
the spin casting of polystyrene and poly (methyl

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

methacrylate) blend ﬁlms from toluene Polymer 178
121578
Das S and Mahalingam H 2019 Dye degradation studies
using immobilized pristine and waste polystyrene-TiO2/
rGO/g-C3N4 nanocomposite photocatalytic ﬁlm in a
novel airlift reactor under solar light J. Environ. Chem.
Eng. 7 103289
Jalal N M, Jabur A R, Hamza M S and Allami S 2019
Preparation, microstructure and morphology of electrospun sulfonated polystyrene ﬁlms for proton exchange
membrane hydrogen fuel cell Energy Proc. 157 1494
Sabet M, Soleimani H, Mohammadian E and Hosseini S
2019 Impact of inclusion graphene oxide nanosheets on
polystyrene properties Int. J. Plas. Technol.1–9
Bhavsar S, Patel G B and Singh N L 2018 Investigation
of optical properties of aluminium oxide doped polystyrene polymer nanocomposite ﬁlms Phys. B Condens.
Matter 533 12
James J, Unni A B, Taleb K, Chapel J P, Kalarikkal N,
Varghese S, Vignaud G and Grohens Y 2019 Surface
engineering of polystyrene–cerium oxide nanocomposite thin ﬁlms for refractive index enhancement NanoStruct. Nano-Obj. 17 34
Chouryal Y N, Sharma R K, Acharjee D Gnguly T,
Pandey A and Ghosh P 2019 Inﬂuence of ionic liquids
and concentration of red phosphorous on luminescent
Cu3P nanocrystals J. Chem. Sci. 131 93
El Aadad H, Rair D and Chahine A 2019 Synthesis and
characterization of novel organic–inorganic hybrid
nanocomposites of phosphate–benzimidazole by soft
chemistry route in aqueous media SN Appl. Sci. 1 1474
Mncwabe Z, Farahani M D and Friedrich H B 2019
Switching between oxidation types using molybdenum
phosphate catalysts for parafﬁn activation using doped
fe as surface acidity modiﬁer and MoO x as an oxygen
insertion tool Catal. Lett. 1
Omer K M, Mohammad N N and Baban S O 2018 Upconversion ﬂuorescence of phosphorous and nitrogen
co-doped carbon quantum dots (CDs) coupled with
weak LED light source for full-spectrum driven photocatalytic degradation via ZnO-CDs nanocomposites
Catal. Lett. 148 2746
Jadhav A L and Yadav G D 2019 Clean synthesis of
benzylidenemalononitrile by Knoevenagel condensation
of benzaldehyde and malononitrile: effect of combustion fuel on activity and selectivity of Ti-hydrotalcite
and Zn-hydrotalcite catalysts J. Chem. Sci. 131 79
Prajapati D, Lekhok K C, Sandhu J S and Ghosh A C
1996 Lithium bromide as a new catalyst for carbon–
carbon bond formation in the solid state J. Chem. Soc.
Perkin Trans. 9 959
Brufola G, Fringuelli F, Piermatti O and Ferdinando
P 1997 Efﬁcient one-pot synthesis of 7-azacoumarins by
Knoevenagel reaction using water as reaction medium
Heterocycles. 45 1715
Berni A, Mennig M and Schmidt H 2004 Doctor blade
In Sol-gel technologies for glass producers and users
p.89
Degallaix S and Ilschner B 2007 In Caractérisation
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