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ABSTRACT: The synthesis of free-standing PMMA thin films by a green
chemistry route and embedding them with Au and Ag nanoparticles is demon-
strated. The fabrication involves the use of leaves of three different plants
(Syzygium cumini, Bauhinia purpurea, and Cymbopogon (lemon grass)) on which
the Ag- and Au-based precursors are deposited to realize the corresponding
noble metal nanoparticles (NPs). The nanoparticle sizes are on the order of
10−20 nm. To achieve the free-standing films, the metal precursor is coated on
leaf substrate followed by spin coating of a solution of PMMA polymer. After a
short period of drying at room temperature, the polymer is peeled off from the leaf surface to get the free-standing thin film of
noble metal−PMMA. Free-standing films of dimensions of 1.5 cm × 2.5 cm and thicknesses of several micrometers have been
fabricated. The resultant films are shown to exhibit interesting plasmonic and catalytic properties.
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■ INTRODUCTION

Self-supported and free-standing thin films are extremely imp-
ortant for extending the applications of nanostructured
materials. It has been shown that free-standing films can be
used in a variety of technologies such as nanomembranes,
supercapacitors, solar cells, energy storage, and photonics.1−5

Apart from these, flexible electronics is another area where free-
standing films will have a great impact.6−10 Many of the reports
involve very elaborate processes to realize the free-standing
films. There is, thus, a need to develop facile synthesis routes to
fabricate free-standing thin films for a variety of applications.
A number of techniques for the formation of noble metal−

PMMA nanocomposites have been reported recently.11−20

However, green chemistry routes for the synthesis of nano-
particles of noble metals (Au or Ag) and their nanocomposites
with PMMA have also been the focus of intense research
interest over the past few years because they afford the pos-
sibility of tuning plasmon resonances of the noble metals
surface enhanced Raman spectra and also provide a platform
for catalysis.21−32 In fact, poly(methyl methacrylate) (PMMA)
is a very popular material because it is both a thermoplastic and
transparent plastic. It is frequently used as a low cost replace-
ment for glass and is also preferred because of its moderate
properties, ease of handling and processing. PMMA has there-
fore found application in medicine as lens implants, hard con-
tact lenses, dentures, and electronics as an electron beam
resist.33−37 Hence, the motivation of the current work was
fabrication of free-standing films of Au− and Ag−PMMA.
The objectives are to (1) synthesize free-standing PMMA

thin films by a green chemistry route, without harsh processing
conditions, and (2) embed Au and Ag nanoparticles on the
PMMA surface. The fabrication involves leaves of three
different plants (Syzygium cumini, Bauhinia purpurea, and

Cymbopogon (lemon grass)) to synthesize the metal (Au and
Ag) NPs. The metal precursor is coated on leaf substrate
followed by spin coating of the PMMA polymer on the leaf
surface. The polymer becomes dry after a short period of drying
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Figure 1. Flowchart of the process used to obtain the free-standing films.

Figure 2. Photographs of the Au− and Ag−PMMA free-standing films.
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at room temperature at which point it is peeled off from the leaf
surface to get the free-standing thin film. The resultant films are
then characterized for microstructure, structure, and optical
properties.

■ MATERIALS AND METHODS
Three different plants (Syzygium cumini, Bauhinia purpurea, and
Cymbopogon (lemon grass))) are used to synthesis the metal (Au and
Ag) NPs. Leaves are plucked from these plants and cleaned thoroughly
to removing the wax from the surface. To synthesize the Au nano-
particles, 200 μL of 0.5, 1, and 2 mM HAuCl4 and 200 μL of 2, 4, and
8 mM of AgNO3 solutions are taken for Ag nanoparticles. The metal
precursor (HAuCl4 for Au and AgNO3 for Ag) is then coated on leaf

substrate, which is stuck to a glass substrate to aid the coating process.
The coated surfaces are then covered with a black cloth and stored in a
dark room to avoid exposure to light. Upon drying, the leaf surface
changes from green to brown color, indicating the formation of metal
nanoparticles. This step is followed by spin coating of the PMMA
polymer layer on the leaf surface. Polymethyl-methacrylate (PMMA:
M.W.1, 20,000) solution was used for making a free-standing film with
1 g in 3 mL of chloroform (3.33 M). PMMA forms uniform film by
spin coating on a leaf (at 500 rpm for 10 s followed by 2000 rpm
for 10 s, using a Laurell Technologies Corporation Model WS-400B-
6BOO/LITE/13K photoresist spinner). After drying for 5−10 min at
room temperature, the polymer layer is peeled off along with the metal
nanoparticles to obtain the free-standing thin film. The flowchart of
the process to realize the free-standing film is shown in Figure 1. The
photographs of the Au− and Ag−PMMA free-standing films are
shown in Figure 2.

The films were then characterized for microstructure, structure,
optical, and catalyst behavior. Scanning electron micrograph imaging
was carried out with a field emission scanning electron microscope
(FE-SEM, Model Ultra55, Carl Zeiss, Germany) using a 30 keV elec-
tron beam. Transmission electron micrographs were obtained in a
Tecnai 20 G2 STwin, FEI electron microscope, operated at 200 kV.
Electron diffraction patterns (EDPs) were recorded with a Gatan CCD
camera. A 10 nm gold film deposited on the grid was used for purpose
of camera length calibration. The samples for TEM measurement were
prepared by scratching the film and transferring it onto the grid.
The optical absorption spectra were recorded in a UV−vis−NIR
spectrophotmeter (JASCO Model V570) in the wavelength range
between 190 and 2500 nm (only the relevant portions of the spectra
are, however, presented). The free-standing film of Au and Ag films
were stuck to a glass surface of 1.5 cm × 2.5 cm dimensions. The
atomic force microscopy (AFM) images were then obtained on these
surfaces in a NT-MDT Solver Pro M AFM in sem-contact mode using
a cantilever with a force constant of 5.5−22.5 N/m. The gold-coated
silicon probes had the following dimensions: chip size, 3.6 × 1.6 ×
0.4 mm; radius of curvature, 10 nm; tip height, 10−15 μm.The images
were analyzed by using Nova software. Metal-coated PMMA films
were stuck to the glass surface and fixed to a sample stub. X-ray
diffraction data was collected in a diffractometer (Bruker D8 advance
X-ray diffractometer) using Cu Kα radiation (λ = 1.5406 Å) at 40 kV

Figure 3. FE-SEM images of Au and Ag nanoparticles synthesized on
the surface of (a,d) S. cumini, (b,e) B. purpurea, and (c,f) Cymbopogon
leaf surfaces.

Figure 4. SEM images of the (a) Au−PMMA and (b) Ag−PMMA
free-standing films.

Figure 5. TEM images of Au and Ag nanoparticles transferred to the PMMA from the surface of (a,d) S. cumini, (b,e) B. purpurea, and (c,f)
Cymbopogon leaf surfaces.
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and 30 mA over a 2θ range from 5° to 100°. Fourier transform infrared
(FTIR) spectra were recorded in the range 4000 to 400 cm−1 in a
Thermo Scientific Nicolet 380 spectrometer.

■ RESULTS AND DISCUSSION
Microstructure and Structure. The morphological

evolution of the Au and Ag nanoparticles is critically dependent
on the substrate surface. The FE-SEM images shown in
Figure 3 clearly demonstrate that there is clustering of Au nano-
particles on the Syzygium surface, whereas on the Bauhinia
surface the wetting is very poor leading the nanoparticles with
very large interparticle distance and consequently low surface
coverage. On the surface of the Cymbopogon leaf, in contrast,
there is uniform coverage of the particles. The differences
in particle size, shape, and density can be attributed to the
differences in the contact angle for wetting between the

Figure 6. TEM images of (a) 0.5, (b) 1, and (c) 2 mM concentration
of Au and (d) 2, (e) 4, and (f) 8 mM concentration of Ag nano-
particles on PMMA surfaces.

Figure 7. Variation of mean size and surface density of nanoparticles of (a) Ag and (b) Au with concentration.

Figure 8. HRTEM images of (a) 0.5, (b) 1, and (c) 2 mM concen-
tration of Au and (d) 2, (e) 4, and (f) 8 mM concentration of Ag
nanoparticles on PMMA surfaces.

Figure 9. FTIR spectra of the three leaf surfaces (a) Cymbopogon, (b)
S. cumini, and (c) B. purpurea.
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precursor solution and different leaf surfaces. Presumably,
the contact angle is high in the case of the Syzgium surface
and lowest in the case of the Cymbopogon leaf for the gold
precursor. A similar situation applies for the Ag precursor as
shown in Figure 3d−f. The SEM images of the Au and Ag
PMMA surfaces are shown in Figure 4a and b, respectively.
The role of the leaf surface on Au and Ag nanoparticle size

and shape is demonstrated in the TEM images displayed in
Figure 5a−f. The Au particles transferred from the Syzygium
surface continue to be spherical with sizes of the order of
10−20 nm. The particles transferred from the Bauhinia surface
appear to agglomerate leading to an increase in their size to
30−40 nm. In the case of Cymbopogon leaf, the particle shape
changes to large triangles, some of which are almost 100 nm
on side. Evidently, there is a memory effect of the initial
substrate surface on the Au particle shape and size when they
are transferred onto the PMMA surface. In the case of Ag, how-
ever, as shown in Figure 5d−f, the particle shape is spherical,
and the size is between 10 and 20 nm in all cases. The dif-
ference in behavior can be attributed to the differences between
the Ag−leaf and Au−leaf interface.
The possibility of controlling size and shape of the particles

by varying concentration is demonstrated in Figure 6a−c for Au
and Figure 6d−f for Ag nanoparticles. In the case of Au, as
shown in Figure 6a−c, with an increase in concentration from
0.5 to 2 mM, there is an increase in average size of nano-
particles from 2 to 35 nm. It is apparent that there is clustering
of particles as a consequence of the increase in concentration.
Another result of the clustering is also the crystallization of the
nanoparticles as evidenced from the selected area electron
diffraction (SAED) pattern displayed in the inset of Figure 6c.
The average size of nanoparticles at 0.5, 1.0, and 2 mM con-
centration is 18.6 (±1.5), 19.8 (±1.5), and 16.5 (±3.5) nm,
respectively.

Similar to Au, even in the case of Ag nanoparticles, there
is an increase in size with an increase in concentration as
observed from Figure 6d−f. However, there are some sig-
nificant differences. First, the size of the Ag nanoparticles at
2 mM concentration is much larger (20−30 nm) in com-
parison to the Au nanoparticles. The mean sizes of the nano-
particles are 31.6 (±0.5), 29.6 (±0.6), and 28.9 (±0.9) nm at 2,
4, and 8 mM concentrations, respectively.
Second, a further increase in concentration results not only

in an increase in the number of larger-sized (to 50−60 nm)
particles but also in a change in shape into nanorods. At 8 mM
concentration, the particles increase in size to >100 nm, and the
particles change shape into hexagons and large spheres. This is
accompanied by a decrease particle density leading to the
inference that changes in shape can be attributed to clustering
as a result of an increase in concentration. The crystallinity of
the Ag nanoparticles is evident from the SAED pattern dis-
played in the inset of Figure 6f. The variation in the mean
particle size and surface density with concentration is made and
shown in Figure 7a and b for Ag and Au, respectively. It is
evident that there is a strong correlation between the con-
centration and size as well as surface density in both cases.
Closer examination of the particles by high resolution TEM in
Figure 8a−c for Au and Figure 8d−f for Ag, show that there is
faceting of the particles with an increase in concentration. In
the case of Au, the particles are conical at 0.5 mM with a large
ellipsoidal base and short apex. With a further increase in con-
centration, the shapes change to pentagonal and hexagonal
pyramids at 1 and 2 mM, respectively. In the case of Ag
particles, again the conical particles initially transform into
layered triangles at 4 mM and finally into nanorods at 8 mM.
To identify the possible functional groups involved in the

bioreduction, FT-IR spectra of the leaf surfaces used as sub-
strates were recorded, and these are displayed in Figure 9(a−c)

Figure 10. Optical absorption spectra of (a) Au nanoparticles on different leaves, (b) Ag nanoparticles on different leaves, (c) different
concentrations of Au nanoparticles on S. cumini, and (d) different concentrations of Ag on S. cumini.
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for Cymbopogon, S.cumini, and B. purpurea, respectively.
However, only the peak positions for S. cumini are indicated
in the figure. The FT-IR spectra show the presence of absorption

bands around 3402 cm−1 due to the stretching of the N−H
group of amino and hydroxyl(−OH) group. Strong absorption
peaks at wavenumbers around 2860 and 2931 cm−1 represent the
C−H bonded stretching of alkanes. The shoulder at 1731 cm−1

is characteristic of carbonyl stretching in ketones, aldehydes, and
carboxylic acids. The absorption peaks at 1616 and 1452 cm−1

represent the aromatic CC stretching in carboxyl coupled to
the amide linkage of amide I. The shoulder around 1326 cm−1

represents the asymmetrical stretching of nitro compounds.
The peaks at 1024 and 1178 cm−1 are due to the stretching of C−
O for the secondary alcohols, ethers, carboxylic acid, and ester
groups present. The above-mentioned wavenumbers correspond
to S. cumini only, and it is pertinent to note that there is a slight
shift in the wavenumbers on the other leaf surfaces.
It is evident from the results presented that the synthesis

process allows tunability of shape and size of particles over a
large range. Two applications of the free-standing films (1) for
surface plasmon resonance-based devices and (2) catalysis are
demonstrated in the next two sections

■ SURFACE PLASMON RESONANCE
Surface plasmon resonances (SPR) of noble metal particles
are known to be extremely sensitive to both shape and size of

Figure 12. AFM images and X-ray diffraction patterns, respectively, of (a),(b) PMMA surface, (c),(d) Au−PMMA, and (e),(f) Ag−PMMA free-standing films.

Figure 11. Schematic of the process to form a “dip catalyst”.
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particles. The SPR spectra of the Au particles deposited on the
three different leaf surfaces is shown in Figure 10a. The
resonance peak occurs at 545 nm for Au nanoparticles on all
the three leaves. The SPR peak is broad and weak. In the case
of Ag on the different leaves (Figure 10b) on S.cumini and B.
purpurea, it occurs around 480 nm, whereas on Cymbopogon
(lemon grass) the peak is very weak. After formation of the
Au−PMMA free-standing film, the SPR peak shows a strong
dependence on concentration with a broad peak centered
around 570 nm at a concentration of 0.5 mM (Figure 10c).
This peak blue shifts to 550 nm with an increase in con-
centration to 2 mM. Thus, with an increase in concentration,
there is a narrowing of peak width that is accompanied by a
blue shift in the peak position. In the case of Ag, as observed in

Figure 10c, the 2 mM concentration films displays a very weak
resonance that with an increase in concentration to 8 mM
shows a blue shift and well-defined resonance at 450 nm. At 8
mM concentration, there is a further blue shift and narrowing
of the peak that is now centered around 430 nm.
Clearly, the SPR can be tuned and the variations can be

correlated with changes in shape and size of particles. The large
width of the peak and blue shift, although there is increase in
size, indicates that the variations are shape related. The effect
of different dielectric environments around the nanoparticles
can also be responsible for the observed changes. It has been
reported by other workers that localized SPR peak positions are
more sensitive to changes in shape than differences in size.37

■ CATALYTIC PROPERTIES

The catalytic behavior of the Au− and Ag−PMMA free-
standing films is demonstrated by studying the reduction of
4-nitrophenol to 4-aminophenol. The schematic of the process
to synthesize the free-standing films as “dip catalysts”38,39 is
shown in Figure 11.
The atomic force microscopy images of the PMMA surface

and Au− and Ag−PMMA free-standing films along with the
corresponding X-ray diffraction patterns are shown in Figure
12a−f. The bare PMMA surface is smooth and amorphous
(Figure 12a).
Both the Au− and Ag−PMMA free-standing films show

submicrometer-sized aggregates with porosity that could be
useful for catalytic applications. The X-ray diffraction patterns
indicate that Au and Ag crystallize even at room temperature,
which is significant from the perspective of applications
The free-standing Au− and Ag−PMMA films are immersed

in the reaction mixture, and the reaction rate is then monitored
by successive UV−vis absorption measurements by recording
the intensity of the peak at 380 nm. It is evident from
Figure 13a that the reduction in the case of Au is completed
within 24 min as evidenced by the disappearance of the 430 nm
SPR peak and appearance of the 380 nm absorption peak. In
contrast, in the case of the Ag−PMMA film, the conversion is
completed within 14 min as observed from Figure 13b.
To determine the rate constant of the variation in absorbance

of the 4-NP ion, ln(At/A0) is plotted as a function of time
for Au and Ag nanoparticles extracted from the S. cumini leaf
(Figure 14a and b), and the calculated rate constants are
tabulated in Table 1. A good linear correlation is obtained both
in the case of Au and Ag nanoparticles for all the concentrations
studied, indicating that the reaction can be considered as a
pseudo-first-order reaction. The calculated values of the
catalytic rate constant (k) for Au and Ag shown in Table 1
show that the time for reaction to complete decreases with an
increase in metal concentration, while the rate constant values
increase as expected. There are many reports in the literature
that state that both 4-nitrophenol and the reducing agent BH4

Figure 13. Variation in intensity of the 380 nm peak as a function of
time for (a) Au and (b) Ag.

Figure 14. Variation of ln(At/A0) (as defined in the text) as a function
of time for (a) Au and (b) Ag at different concentrations.

Table 1. Catalytic Reaction Parameters Extracted from Figures 13 and 14

particle core size
(nm)

size of the
film

time for completion of reaction
(min)

first-order rate constant
(k, min−1)

p-nitroaniline conversion
(%)

Au−PMMA 0.5 mM 18.6 1.5 × 2.5 cm 30 2.3 × 10−2 76

1 mM 19.8 28 3.5 × 10−2 79.4

2 mM 16.5 24 9.3 × 10−2 91

Ag−PMMA 2 mM 31.6 1.5 × 2.5 cm 30 2.5 × 10−2 78.6

4 mM 29.6 20 2.8 × 10−2 84.2

8 mM 28.9 14 4.9 × 10−2 90
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are adsorbed on the surface of the metal nanoparticles. The sur-
face hydride ions are then transferred to 4-nitrophenol thereby
facilitating the reduction reaction. The rate constant values
compare very favorably with those reported earlier in literature.40

■ SUMMARY
In summary, a facile synthesis method for the fabrication of
large-area free-standing films of Au− and Ag−PMMA has been
demonstrated. The process does not involve high temperatures
or harsh environments. It consists of forming the noble metal
nanoparticles on leaf surfaces followed by spin coating of the
PMMA leading to free-standing films by peeling off the noble
metal−PMMA surface. The free-standing films are shown to
exhibit interesting plasmonic and catalytic properties.
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