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Abstract Surface gold–poly (dimethylsiloxane) nano-
composites are a special category of composites, with gold
nanoparticles segregated in a polymer’s sub-surface layer.
In this work, sub-surface nanocomposites were created by
the in situ synthesis of gold, by using the solution of a gold
precursor. The in situ reduction of gold ions by the poly-
mer’s cross-linking agent (a vinyl silicon compound) and
the subsequent diffusion of gold nanoparticles into the
PDMS matrix through heat treatment are investigated,
principally, by UV-Vis spectroscopy, scanning electron
microscopy (SEM), atomic force microscopy (AFM), X-
ray diffraction (XRD), and X-ray photoelectron spectros-
copy (XPS). It is shown that the diffusion stabilizes the
freshly formed gold nanoparticles into the sub-surface
layer, where they form small aggregates. The kinetics of
the in situ reduction reaction at the solution-film interface is
studied. The interplay between the reduction of gold ions
and the cross-linking agent’s continuous diffusion toward
the surface is also discussed in detail. Further, the effect of
the sub-surface segregation of gold nanoparticles and their
subsequent spatial distribution on the nanocomposite’s
sensing capability is discussed as well.

Keywords PDMS . Surface nanocomposites . In situ
reduction . Sub-surface segregation . Sensor

Introduction

Nanoparticle-polymer composites are advanced functional
materials, with nanoparticles integrated into a polymer
matrix. Therefore, nanocomposites have the outstanding
electrical, optical, and magnetic properties of their metal
components in addition to the polymers’ transparency and
processability properties. Optical nonlinearities and infra-
low/ultra-high refractive indices, suitable for ultrathin color
filters, UV absorbers, tunable optical filters, optical sen-
sors, waveguides, optical strain detectors, and thermo-
chromic materials, are only some of the potential applica-
tions of nanocomposites that originate from the properties
of nano-sized noble metals (Algorri et al. 2016; Beecroft
and Ober 1997; Faupel et al. 2010; Caseri 2000, 2009;
Carotenuto et al. 2006; Camargo et al. 2009; Althues et al.
2007; Li et al. 2010a). The design, fabrication, and char-
acterization of conducting polydimethylsiloxane (PDMS)
with metallic powder for microheaters and temperature
sensors have also been reported (Chuang and Wereley
2009). Stretchable PDMS structures doped with gold
nanoparticles have been prepared and suggested for strain
sensors (Cataldi et al. 2012). Gold (Au) and silver (Ag), as
well as their nanocomposites, have also been used for
water purification, targeted drug release, antimicrobial
coatings, antibiotics, analysis of environmental pollutants,
and immunosensing experiments (Li et al. 2010b; Nicolais
and Carotenuto 2014; Scott et al. 2010; De Jesús et al.
2004; Ahmadivand et al. 2019; Ahmadivand et al. 2020).

The gold and silver nanoparticles have strong local-
ized surface plasmon resonance (LSPR) bands in the
visible spectrum and their nanocomposites can also be
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used for sensing applications. Generally, nanocompos-
ites’ biosensing properties depend on the parameter
related to their preparing conditions, pivotal for the
distribution of metal nanoparticles in the polymer ma-
trix. Since the spatial distribution of (AuNPs) deter-
mines the biosensing properties, it is essential to develop
mechanisms and methods to control it (Kumar and
Krishnamoorti 2010).

Nanocomposites can be synthesized either by in situ
methods in which a polymer reacts with a metal precur-
sor to create nanoparticles or by ex situ methods, in
which prefabricated nanoparticles are embedded into
the polymer matrix. Besides, physical techniques such
as chemical vapor deposition, ion implantation, and
thermolysis were successfully used to prepare gold on
the surface of the nanocomposites (Stepanov and
Khaibullin 2004; Niklaus and Shea 2011).

In some cases, depending on the polymer’s softening
temperature, nanoparticles are embedded just below the
polymer’s surface, where they reach a metastable state
with minimum Gibbs free energy (Kovacs and Vincett
1984). The limited movement of nanoparticles (from the
surface to the sub-surface layer) is accounted for by the
tendency to reduce their high surface energy. Despite
the efforts to prepare nanocomposites with appropriate
morphologies and enhanced surface properties, the con-
trol of nanoparticles’ spatial distribution remains still at
an emerging stage (Ramesh et al. 2009).

Generally, when nanoparticles are well-dispersed in
the polymer matrix, the nanocomposite will have only
the individual components additive properties in the
absence of nanoparticle-nanoparticle interactions. But,
if the polymer is structured, entirely new properties
would emerge. For example, in PDMS’s particular case
with a segregated layer, nanoparticles are formed and
concentrated in the segregated layer(s), and the new
properties originate from their closeness (Giesfeldt
et al. 2005). These special categories of nanocompos-
ites, called surface nanocomposites, have a three-
dimensional distribution of the AuNPs, and they were
found suitable, mostly, for surface-enhanced Raman
scattering (SERS) applications (Hasell et al. 2008;
Bonyar et al. 2018; Bonyár et al. 2018; Firestone et al.
2015).

An ordered structural design, such as the segregated
layer, can be used to control the degree of nanoparticle
aggregation within the polymer in the case of PDMS.
PDMS is a polymer used for the fabrication of
microfluidic devices. It has received utmost attention

due to its ease of preparation, low cost, good transpar-
ency, and non-toxicity to biomolecules.

The cross-linking of PDMS is obtained by
hydrosilylation, where vinyl groups of one component
(the pre-polymer) react with hydrosilane groups of the
second component (the curing agent, a vinyl silicon com-
pound) in a Pt-catalyzed reaction (Deshmukh and
Composto 2007; Simpson et al. 2003) as shown in Eq. (1).

Cross−linkerð Þ−Si−Hþ CH2 ¼ HC−Si− polymerð Þ
Pt catalyst

→
heat

−Si−CH2−CH2−Si− 3D networkð Þ

ð1Þ

Many authors (Batch et al. 1991; Simpson et al.
2004) have studied the kinetics of the hydrosilylation
reaction catalyzed by a platinum complex but only for
the case of bulk reaction between vinyl-terminated
PDMS and silane cross-linkers. For thin films or coat-
ings, the cross-linking reactions’ kinetics is different
from the bulk behavior because of segregation, either
at the interface or the atmosphere or substrate. In this
way, the migration toward the surface decreases the
cross-linker and Pt catalyst concentration in bulk.

Zhang et al. and Goyal et al. have suggested that, in
the case of in situ synthesis of gold, the curing agent’s
excess may act as a reducing agent of gold ions (Zhang
et al. 2008; Goyal et al. 2009). Zhang investigated the
effect of changing the curing (cross-linking) agent to
monomer ratio (η), that is, the curing agent concentra-
tion. The optical and thermoplasmonic response of the
in situ reduced AuNPs have been measured (Berry Jr
et al. 2012), and various applications of the in situ
prepared Au-PDMS nanocomposite have been reported
(Ryu et al. 2011; Massaro et al. 2011).

Our group has systematically studied the in situ syn-
thesis of gold and silver nanocomposites of PDMS,
especially for microfluidic sensing applications
(SadAbadi et al. 2012; Ozhikandathil et al. 2012;
Badilescu and Packirisamy 2012; Fanous et al. 2018).
To develop in situ nanocomposite for various applica-
tions, it is essential to systematically investigate the in
situ surface nanocomposites prepared by reducing gold
ions by the excess of cross-linking agents in thin self-
standing PDMS films. In particular, we are interested in
how (i) the cross-linking agent concentration influences
the distribution and the in situ synthesis of gold nano-
particles after a specific synthesis time as shown in the
schematic of Fig. 1a, and (ii) how the thermal budget
drives the AuNPs from the sub-surface layers of the
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polymer deeper as shown in the schematic of Fig. 1b. In
the case of free-standing films, the precursor molecules’
diffusion occurs simultaneously through all six sides of
the sample. As the focus of this work is to find out the
suitability of this nanocomposite for sensing applica-
tions, we were interested in the agglomeration state of
AuNPs in the surface segregated layers and their diffu-
sion into PDMS during the annealing process. This
work represents an attempt to establish how the distri-
bution of AuNPs affects the nanocomposite’s sensing
capability. The work is also pertinent to the general topic
of the diffusion of nanoparticles in polymer films
(coatings) and its effect on nanocomposites’ properties.

Experimental

Materials

Gold (III) chloride trihydrate (HAuCl4.3H2O), isopro-
pyl alcohol, dimethylformamide, chloroform, toluene,
and anisole were purchased from Sigma-Aldrich. The
Sylgard® 184 elastomer kit for the PDMS fabrication
was purchased from Dow Corning. De-ionized (DI)
water with a resistivity of 18 MΩ, used in all the exper-
iments, was obtained from the NANO pure ultrapure
water system (Barnstead). Ethanol was purchased from
Fisher Chemicals.

Synthesis of the gold-PDMS nanocomposite

The gold precursor solution is prepared by dissolving
gold (III) chloride trihydrate (HAuCl4.3H2O) in ethanol.
The concentration of the precursor solution was 0.6%
(wt/v). The PDMS samples were prepared with two
concentrations of base to cross-linking agents, namely
4:1 and 10:1. For the synthesis of Au-PDMS nanocom-
posites, the prepared PDMS films were immersed ver-
tically in the gold precursor solution and incubated for
around 48 h. Figure 2a illustrates the immersed film in
the precursor solution, and Fig. 2b shows the nanocom-
posite after the completion of the reaction (the PDMS
film is shown slightly slanted for clarity). In the follow-
ing sections, this nanocomposite will be referred to as an
“as-prepared sample” (meaning the sample was taken
out after a synthesis time of 48 h at room temperature
and was not heat-treated (tsynth = 48 h, no heat treat-
ment). After the in situ synthesis, the morphology of
formed gold nanoparticles aggregates in the as-prepared

sample is altered by heat treating the Au-PDMS nano-
composite samples at 200 °C for 30 min. These samples
will be referred to as “heat-treated samples” (tsynth =
48 h, Temp = 200 °C, 30 min heat treatment).

Characterization methods

The Au-PDMS nanocomposites were characterized by
UV-Visible spectroscopy, scanning electron microsco-
py (SEM), atomic force microscopy (AFM), X-ray dif-
fraction (XRD), and X-ray photoelectron spectroscopy
(XPS). For all the spectral measurements, Perkin Elmer
lambda 650 UV-Visible spectrometer was used. The
SEM images were captured using Hitachi S 3400N.
AFM images were captured in tapping mode by scan-
ning an area of 20 × 20 μm, using scanning probe mi-
croscopy. XRD measurements were obtained using a
PANalytical X’Pert PRO system. XPS analysis was
performed using a VG Scientific ESCALAB MKII
spectrometer with Ar+ sputtering energy of 1 keV, and
estimated sputtering rate of 3.4 nm/min on a surface area
of 2 mm× 3 mm is sputtered and analyzed until to a
depth without any gold signal. Also, the sensitivity of
the synthesized nanocomposite for sensing was mea-
sured using solvents with different refractive indices.
The sensitivity measurements were performed by mea-
suring the nanocomposite samples absorption spectra
after immersing them in a quartz cuvette, filled with
the solvent, for 1 h.

Results and discussion

Assessment of the distribution of AuNPs

For visual analysis of the distribution of AuNPs after the
in situ synthesis, a portion of the sample with a thickness
of 1 mm was sliced, using a sharp blade. Out of the six
faces of the sample, four were sliced, except the top and
the bottom faces, as shown in the schematic of Fig. 2c.

Further, for a qualitative assessment of how AuNPs
were distributed in the polymer matrix, the samples
were cut as described in the experimental part.
Figure 2d and e show the images of the sliced 1-mm
Au-PDMS nanocomposites for both the as-prepared and
heat-treated samples. The same qualitative assessment
has been done for nanocomposites prepared with a
higher concentration of the precursor as well, and the
results were found to be the same. This confirmed that,
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under the experiment’s conditions, no matter the con-
centration of the gold precursor, nanoparticles are in situ
formed and concentrated only at the interfaces. This
qualitative observation prompted us to undertake a de-
tailed investigation of Au-PDMS nanocomposites using
various methods suitable for their characterization to
quantify the influence of cross-linking agents and ther-
mal budget.

In situ synthesis of AuNPs on the surface of the polymer

During the in situ synthesis, the precursor solution’s
gold ions are reduced to AuNPs by the excess of curing
agent in PDMS. The amount of curing agent present in
PDMS and the precursor solution’s concentration will
determine the rate of AuNPs formation. In other words,
by increasing the amount of curing (cross-linking) agent
in PDMS, by keeping the concentration of the precursor
molecule constant, more AuNPs will be formed at the
interface(s) of the polymer. Therefore, it is expected to
have more gold ions reduced in 4:1 PDMS samples,
where the reductant is in a higher concentration than in
the 10:1 sample. In previous work, we have found that
the in situ synthesis of nanoparticles in the PDMS
matrix, using the ethanol solution for the precursor, is
faster than in the aqueous solution (SadAbadi et al.
2013). This was accounted for by the high rate of
permeation of the ethanol-based precursor solution. To
study the kinetics of the reaction, the evolution of the
absorption spectra of nanocomposites prepared in etha-
nol solution (0.6% wt/v) has been examined and shown
in Fig. S1a, S1b.

3
j
Si
j
−Hþ 3

2
H2Oþ 2AuCl−4→

3

2
−

j
Si
j
−O−

j
Si
j
−2Au

þ 8Cl− þ 6Hþ ð2Þ
The reaction of the formation of gold nanoparticles is

shown in Eq. (2). To better understand the kinetics of the
in situ reduction, the variation of absorbance values of
the Au LSPR bands at each time interval is shown in
Fig. S1a, S1b. From these results, under the

experiment’s conditions, the reduction process seems
to be completed after 80 h in the case of the 4:1 sample.
More gold results when the curing agent’s concentration
is higher (4:1 samples).

The maximum absorbance of the Au LSPR band is
shown against the time for the concentrations of cross-
linking agents, namely 4:1 and 10:1. Figure 3a shows
the three phases that describe kinetics’ progress: induc-
tion, the actual formation step, and saturation. As shown
in Fig. 3a, the induction step is around 5 h in both cases,
while the actual formation step takes about 100 h in the
case of the 4:1 sample and 140 h for the 10:1 sample.
After this time, very few new gold nanoparticles are
formed (saturation). The shorter time of saturation, in
the case of the 4:1 ratio sample, is due to the higher
reaction rate because of the relatively higher concentra-
tion of the reductant.

From the evolution of the AuNP’s plasmonic band, it
can be presumed that the precursor solution continues to
enter the PDMS film, and the gold ions are reduced,
forming AuNPs until the whole surface area is filled.
After this, AuNPs start to aggregate inside the film,
giving rise to a broad absorption peak in the UV-
Visible spectrum. The Au LSPR band’s broadening
reflects the nanoparticles aggregated state, after around
100 h of reaction. The evolution of the aggregation of
gold nanoparticles is shown in Fig. 3b. It can be seen
that, in the case of the 4:1 sample, where the rate of the
reduction is faster, the width of the band shows a steady
increase, but this is not the case for the 10:1 sample,
where the amount of the reductant is significantly lower.

Morphology of the Au-PDMS surface composites

The SEM images shown in Fig. 3c–h confirm that the
gold nanoparticles start to aggregate as the synthesis
progresses, in agreement with the evolution of the
band’s absorbance and width, as seen in Fig. 3a, b.
Simultaneously, the formation of large aggregates is
reflected in the widening of the absorption bands, as
shown in the images. The SEM images of the 10:1
sample at 48 h and 96 h do not display any particles
on the surface of PDMS, but at 216 h, a few

Fig. 1 Illustration of diffusion of gold nanoparticles and the effect of heat treatment on a nanocomposite sample: (a) Schematic showing
AuNPs in the as-prepared sample. (b) Heat-treated sample (only the upper portion of the sample is shown for simplicity)
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nanoparticles can be seen. From the images, it can be
inferred that the rate of in situ synthesis is considerably
lower in the 10:1 sample than in the 4:1 sample, as the
amount of the reducing agent is less in the 10:1 sample.
The SEM images confirm the formation of significantly
more AuNPs in the samples prepared with a higher
concentration of curing agent (4:1; Fig. 3c–e) compared
to the (10:1; Fig. 3f–h) samples.

In previous work, we have prepared and char-
acterized several gold-polymer surface nanocom-
posites (Massaro et al. 2011). Morphology inves-
tigations of these samples have revealed that as-

prepared nanocomposites always had gold aggre-
gates on the surface. The heat treatment, in gen-
eral, reduced the size of the aggregates or even
disaggregated them completely, releasing indi-
vidual nanoparticles. To better observe nanopar-
ticle aggregates morphological changes, AFM
studies have been carried out on both the as-
prepared and heat-treated nanocomposite samples
of 10:1 and 4:1 composition. In the case of the
in situ prepared Au-PDMS nanocomposites, by
comparing the AFM images of as-prepared and
heat-treated samples in Fig. 4a, b, it can be seen

Fig. 2 In situ synthesis and slicing of the sample: (a) Schematic of
in situ synthesis; the PDMS film, immersed in the gold precursor
solution (b) Au-PDMS nanocomposite (red), after 48 h. (c)

Schematic of slicing the Au-PDMS nanocomposite sample. (d)
Image of sliced 1-mm-thick as-prepared sample. (e) Image of
sliced 1-mm-thick heat-treated sample at 200 °C for 30 min
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that the aggregates are present on the surface
and a complete disaggregation through the heat
treatment process does not happen.

Figure 4a shows the phase contrast image with its
topography image (inset) of 10:1 as-prepared aggregat-
ed samples with particle sizes ranging from hundreds of
nanometers to several microns on the surface of the
nanocomposite. The topography image clearly shows
that the aggregates seem to be covered with a thin layer
of PDMS. As the heat treatment process changes the
morphology, the aggregates appear to be re-organized
and distributed on the surface, as shown in Fig. 4b.
Figure 4b shows the presence of smaller aggregates,

even after the heat treatment. The same tendency, but
with a higher amount of gold nanoparticles, is observed
in the phase contrast and topography images of the 4:1
PDMS sample, as shown in Fig. 4c, d.

Sensitivity measurements of the platforms

The refractive index sensitivity of 1-mm-thick 10:1 and
4:1 nanocomposite sample for as-prepared treated and
heat-treated at 200 °C was measured using various
solvents as mentioned in the “Experimental” section.
Figure 5 shows the corresponding sensitivity plots.

Fig. 3 Evolution of the in situ reduction reaction for two concen-
trations of the cross-linking agent: (a) Evolution of absorbance
around 540 nm against synthesis time (tsynth). (b) The bandwidth
measured at 90% of the spectral peak corresponding to two con-
centrations of the cross-linking agent. (c–h) SEM images of 1-

mm-thick samples at different synthesis time, along with their
absorption bands (inset) (images (c–e) 4:1 sample at 48 h, 96 h,
and 216 h, and images (f–h) 10:1 sample at 48 h, 96 h, and 216 h,
respectively)
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From the plots, it can be clearly seen that the sensitivity
of all the nanocomposite platforms is relatively low.

The low refractive index sensitivity found for the Au-
PDMS nanocomposite samples confirms the presence
of most nanoparticles under the surface, covered by a
thin polymer layer, as shown in the topography image
(inset) of Fig. 4a, c, that is, not available for sensing
while the gold nanoparticles, prepared by ex situ syn-
thesis, or physical deposition methods such as chemical
vapor deposition, ion implantation, and thermolysis are
located on the surface of the film (Stepanov and

Khaibullin 2004; Niklaus and Shea 2011). In contrast,
in the case of in situ synthesis, the Au nanoparticles are
submerged under the surface, surrounded by the poly-
mer chains, and, therefore, are not in direct contact with
the analyte. Even after heat treatment, when more nano-
particles diffuse into the polymer, there are no particles
on the surface. This would explain the low sensitivity of
the platform in the case of in situ synthesized Au NP.
Furthermore, for this platform, the FoM has been calcu-
lated, and it is in the order of 13.31, 10.94 for 10:1 as-
prepared, and heat-treated samples, respectively. In

Fig. 4 AFM phase contrast images: (a–b) 10:1 as-prepared
(tsynth = 48 h, no heat treatment) along with the topography image
(inset) and heat-treated (tsynth = 48 h, T = 200 °C, 30 min heat

treatment) PDMS sample (c–d) 4:1 as-prepared, along with the
topography image (inset) and heat-treated PDMS sample
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contrast, for the 4:1 as-prepared and heat-treated sam-
ples, it is 11.14 and 9.06, respectively.

Distribution of AuNPs in the polymer film

The distribution of AuNPs in the depth of the Au-PDMS
nanocomposite was analyzed by XPS. Figure 6a shows
the elemental composition of the as-prepared ethanol
nanocomposite sample (4:1 ratio), plotted against the
binding energy of the corresponding atomic orbital. The
distribution of AuNPs, along with the depth of the
nanocomposite sample, was analyzed. The gold atomic
percentage was plotted against the depth, as shown in
Fig. 6b, c for the as-prepared and heat-treated samples,
respectively.

It can be observed from the XPS analysis in Fig. 6b–
d that most of the reduced gold nanoparticles are just
below the surface layer, concentrated in a strip of around
100 nm, in the case of both as-prepared and heat-treated
samples. However, gold at an atomic concentration of
about 0.9% was found in the heat-treated 10:1 sample
until a depth of around 1 μmwhile, in the case of the 4:1
sample, the concentration of gold, right under the sur-
face, was found higher (about 3.5%) but decreased
abruptly with depth. In the heat-treated sample, the strip
of AuNPs is found deeper, and some more AuNPs can
be seen in the sample’s depth.

A part of the AuNPs has diffused to a depth of almost
700 nm in the as-prepared samples of 10:1 and 4:1 ratios
and a depth of more than 1200 nm in the heat-treated
samples of 10:1. The XPS measurements show that the
morphology is changed when the samples are heat-
treated at 200 °C (see the AFM images Fig. 4b, d).

The aggregates become smaller, and the nanoparticles
are redistributed over the surface and in depth. Figure 6d
shows the schematic of the re-distribution of AuNPs and
the gold atomic percentage in the sub-surface of the as-
prepared and heat-treated samples with 10:1 and 4:1
composition.

The schematic shows the diffusion of AuNPs into the
sample’s depth when their kinetic energy is increased by
heating. The schematic is a simplified view of diffusion
from only the top of the sample. In reality, as AuNPs are
formed at each interface of the free-standing sample, the
diffusion is not unidirectional, and the trajectories of
AuNPs may intersect with those of the particles in the
vicinity, coming from the sides of the sample. The
results show that the AuNPs from the sub-surface layers
are redistributed upon heat treatment. It can be inferred
that the curing agent in self-standing thin films is con-
centrated on the surfaces of the films (in contact with the
atmosphere) and that the reduction reaction is taking
place exclusively there and not inside the film.

To better understand the synthesis of AuNPs on the
surface of the PDMS sample, a schematic of the in situ
synthesis of AuNPs on the polymer’s surface is shown
in Fig. 7a–e. The excess of the free cross-linking agent
migrates toward the interfaces and reduces the incoming
gold precursor molecules. After the nucleation, the
growth of AuNPs, and aggregates formation, the gold
structure will embed in the polymer. Heat treating the
nanocomposite sample at 200 °C for 30min would drive
more cross-linker molecules to the surface, and addi-
tional AuNPs will be formed at the interfaces.

When the nanocomposite’s sensitivity is com-
pared with the XPS results, it is very clear that the
sensitivity of the nanocomposite depends on the
amount of gold present in the sample. Table 1 shows
the amount of gold synthesized represented by the
area under the curves for the as-prepared and heat-
treated samples of the composition 10:1 and 4:1. If
the Autotal of 10:1 as-prepared is set as a reference,
considering the curves from Fig. 6b, c and normal-
ized to 100%, the process of heat treatment at
200 °C for 30 min results in the formation of more
gold, that is, 2.06 times more than in the as-prepared
sample. By analyzing the Autotal and the XPS curve
pattern, it is clear that the heat treatment is not only
increasing the amount of gold synthesized but it is
also driving the gold nanoparticles deeper into the
surface of the nanocomposite. For this reason, the
sensitivity of the 10:1 heat-treated sample is reduced
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Fig. 5 Sensitivity measurements of a 1-mm-thick 10:1 and 4:1
nanocomposite sample, as-prepared (tsynth = 48 h, no heat treat-
ment) and heat-treated (tsynth = 48 h, T = 200 °C, 30 min heat
treatment) (n = 6)
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when compared to the 10:1 as-prepared. A similar
trend is observed in the case of the 4:1 as-prepared
and heat-treated samples. Also, the normalized
Autotal shows that the 4:1 as-prepared sample has a
2.52 times higher percentage of gold than that of the
10:1 as-prepared sample because of the higher

amount of cross-linking agent present in the 4:1
sample. Thus, due to the higher percentage of gold
in 4:1 as-prepared samples, the sensitivity is higher
than the 10:1 as-prepared sample. Therefore, if a
given application requires a higher sensitivity, the
cross-linking agent to the PDMS base ratio has to be
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Fig. 6 Analysis of gold atomic percentage as a function of depth,
in the case of as-prepared (tsynth = 48 h, no heat treatment) and
heat-treated (tsynth = 48 h, Temp = 200 °C, 30 min heat treatment)
samples: (a) XPS spectrum showing the elements present in the

Au-PDMS nanocomposite, (b) 1-mm-thick 10:1 sample, (c) 1-
mm-thick 4:1 sample. (d) Schematic showing the distribution of
AuNPs and gold atomic percentage in the sub-surface of samples
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4:1 or more. If the application needs further distri-
bution of nanoparticles in the nanocomposite, heat
treatment could be considered as well.

In addition to sensing applications, Au(Ag)-PDMS
nanocomposites, with the addition of carbon nanotubes,
can be used for shielding from electromagnetic interfer-
ence (Ozhikandathil et al. 2015; Raju et al. 2020).

Mechanism of formation of sub-surface segregated
AuNPs

Unusual sub-surface structures, prepared by vacuum
deposition onto heat or solvent vapor-softened ther-
moplastic polymer substrates, have been reported
(Kovacs and Vincett 1982; Kovacs et al. 1983;

Kovacs and Vincett 1983). For example, silver crys-
talline aggregates and other metal structures have
been observed by SEM at a depth of several particles
below the polymer surface. The detailed calculation
of surface and interfacial tension forces demonstrated
that the completely embedded sub-surface structures
are thermodynamically the most stable. We hypothe-
sized that the gold nanoparticles formed at the surface
by in situ synthesis would also diffuse and completely
embed in PDMS.

The surface free energy associated with a particle is:

Fs ¼ A γ1 ð3Þ

Fig. 7 Schematic of in situ formation, sinking, and re-distribution
of AuNPs: (a) The excess of cross-linking agent migrates to the
interfaces. (b) Reduction of gold ions (Au3+). (c) In situ formed
AuNPs sink under the surface. (d) New cross-linking molecules
migrate toward the interfaces and reduce the remaining gold

precursor molecules during heat treatment at 200 °C for 30 min.
(e) A larger amount of (additional) AuNPs is formed in the sub-
surface and some migrate inside the polymer due also to the
migration of cross-linking agent during heat treatment

Table 1 Relation between the concentrations of cross-linker, the atomic percentage of synthesized gold, and their sensitivity

Nanocomposite sample type Total gold synthesized
(Autotal % * nm)

Normalized amount
of gold (%)

Sensitivity
(nm/RIU)

10:1 as-prepared sample (tsynth = 48 h, no heat treatment) 158.83 100 46.6

10:1 heat-treated sample (tsynth = 48 h, T = 200 °C, 30 min heat treatment) 327.10 206 38.3

4:1 as-prepared sample (tsynth = 48 h, no heat treatment) 400.63 252 55.7

4:1 heat-treated sample (tsynth = 48 h, T = 200 °C, 30 min heat treatment) 1374.52 865 40.8

tsynth, synthesis time; T, heat treatment temperature, Autotal, gold nanoparticles synthesized over 1200 nm in %

21    Page 10 of 13 J Nanopart Res (2021) 23: 21



where γ1 is the surface tension of the particle and A is its
surface area.

When the particle is embedded, the surface free en-
ergy change will be:

ΔFs ¼ A γ12−γ1ð Þ ð4Þ

where γ12 is the interfacial tension and Aγ12 is the
interfacial free energy.

Embedding is favorable, that is, ΔFs < 0 when the
surface tension of the particle is larger than the interfa-
cial free energy so that the sinking process will be
energetically favorable.

The interfacial tension (γ12) between PDMS and the
gold nanoparticles has been reported to be around
4.0 mN/m (Borrell and Gong 2007). In comparison,
the surface tension of AuNPs (γ1) was calculated to be
8.78 N/m (Nanda et al. 2008) and γ1 = 6.3 N/m for
AuNP in a polymer matrix (Lamber et al. 1995). Ac-
cording to these data, the interfacial tension is inferior to
the surface tension of the gold nanoparticles (weak Au-
PDMS interactions), and consequently, the thermody-
namic criterion for sinking is fulfilled.

Conclusions

The distribution of in situ prepared AuNPs on the sur-
face of PDMS self-standing films has been investigated
by SEM, AFM, XRD, XPS, and UV-Visible spectros-
copy. It was found that nanoparticles are formed by in
situ reduction of gold ions on the film’s surface by the
curing (cross-linking) agent, and, right after formation,
they are segregated in the sub-surface layer of PDMS,
and only a few nanoparticles in depth. The distribution
pattern at room temperature and after heat treatment at
200 °C was studied with the curing agent’s amount in
the PDMS composition. It is inferred that in thin self-
standing PDMS films, the excess of curing agent mi-
grates toward the interfaces with the atmosphere and
reduces the incoming gold ions. The influence of the
amount and distribution of AuNPs in PDMS on the
nanocomposite platform’s refractive index sensitivity
is discussed. The results show that the Au-PDMS sur-
face nanocomposite film’s sensing capability is low due
to the polymer layer covering the AuNPs. The formation
of the sub-surface structure in a thin self-standing nano-
composite film is accounted for by the weak Au-PDMS

interfacial interactions, permitting the gold to sink under
the surface and embed it in the polymer.
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