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Maskless Preparation of Spatially-Resolved Plasmonic 
Nanoparticles on Polydimethylsiloxane via In Situ 
Fluoride-Assisted Synthesis

Stefano Mariani, Antonino Amedeo La Mattina, Alessandro Paghi, Lucanos Strambini, 
and Giuseppe Barillaro*

Here, a fluoride-assisted route for the controlled in-situ synthesis of metal 
nanoparticles (NPs) (i.e., AgNPs, AuNPs) on polydimethylsiloxane (PDMS) 
is reported. The size and coverage of the NPs on the PDMS surface are 
modulated with time and over space during the synthetic process, lever-
aging the improved yield (10×) and faster kinetics (100×) of NP formation in 
the presence of F− ions, compared to fluoride-free approaches. This enables 
the maskless preparation of both linear and step gradients and patterns 
of NPs in 1D and 2D on the PDMS surface. As an application in flexible 
plasmonics/photonics, continuous and step-wise spatial modulations of 
the plasmonic features of PDMS slabs with 1D and 2D AgNP gradients on 
the surface are demonstrated. An excellent spatially resolved tuning of key 
optical parameters, namely, optical density from zero to 5 and extinction 
ratio up to 100 dB, is achieved with AgNP gradients prepared in AgF solu-
tion for 12 minutes; the performance are comparable to those of commer-
cial dielectric/interference filters. When used as a rejection filter in optical 
fluorescence microscopy, the AgNP-PDMS slabs are able to reject the 
excitation laser at 405 nm and retain the green fluorescence of microbeads 
(100 µm) used as test cases.
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to functionalities (e.g., optical, electrical, 
mechanical, magnetic) that are often dif-
ficult to obtain otherwise.[2,3]

Two main routes, namely, ex situ and 
in situ, have been pursued to date to inte-
grate metal NPs in/with polymers. Ex 
situ approaches require pre-formation 
of NPs, which are mixed with a polymer 
in a solvent[4] or assembled via layer-by-
layer technique.[5] These methods have 
issues related to tedious protocols, NP 
aggregation, long-term stability, decreased 
adhesion, and limited density.[3] In situ 
approaches enabling the direct formation 
of metal NPs include metal salt reduc-
tion,[3] irradiation of the metal precursor 
in a polymer,[6] laser ablation,[7] or the 
decomposition of the metal precursor 
mixed with the polymer matrix.[8]

Most of these approaches exploit con-
centration, time, and temperature as 
parameters to control size and density of 
NPs deposited and/or formed on a mate-
rial. However, controlling the variation of 

the NP features in the same material, for example, to produce a 
continuous change in the NP size and/or distribution in a spe-
cific direction to achieve a linear NP gradient, further requires 
a suitable design of the surface chemistry. For instance, NP gra-
dients have been achieved by forming a chemical gradient of 
functional groups upon which the NPs will adsorb in a number 
density gradient[9–12] or a homogeneously functionalized surface 
(e.g., with amine or thiol groups) on which the NPs adsorb in 
a gradient given by diffusion and electrostatic interactions.[13–15]

Although tailoring the surface chemistry enables the design 
of NP gradients in advance, to some extent at least, this 
approach fails to provide the necessary flexibility to monitor 
and/or modify the gradient design in real-time during the 
processing and to design/fabricate complex NP patterns (e.g., 
non linear gradients, stepwise modulation, 2D gradients) in the 
same material. This limits the preparation of novel NP com-
posite materials with advanced functionalities.

Polydimethylsiloxane (PDMS) is extremely popular in mate-
rial science and technology thanks to the superior optical, 
mechanical, and chemical characteristics, as well as pro-
cessing versatility and competitive cost.[16,17] Applications 
include, but are not limited to, stretchable electronics[18] and 
photonics,[19] environmental cleaning,[20] and soft robotics.[21] 

1. Introduction

The fundamental properties of nanostructured materials 
depend not only on their size but also their collective distribu-
tion in a hosting material.[1] Control of the nanoparticle (NP) 
size and distribution in a macroscopic material provides access 
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Incorporation of metal NPs in PDMS via ex situ[22–23] and 
in situ[24–26] approaches have been also exploited to prepare 
PDMS composites with novel functionalities, among which,  
flexible plasmonic components with NPs supporting  
localized surface plasmon resonance (LSPR). Spatial control 
of the metal nanostructures/NPs on PDMS has been demon-
strated using ex-situ approaches by transfer-printing/stripping 
on PDMS of nanosized metal structures patterned on a host 
substrate.[17,27,28]

However, to our best knowledge, no reports on in situ spatial 
modulation of NP size and/or distribution on either PDMS or 
other polymeric materials have been reported so far.

This is likely due, at least for PDMS, to the slow kinetics of 
in situ synthetic approaches, such as the spontaneous reduc-
tion of Mn+ ions (salt or complex) at SiH bonds of (un)cured 
PDMS,[17,24] which hinders the control of NP size and distribu-
tion on the same substrate with time. It is useful to point out 
that fluoride-free approaches have been used for the synthesis 
of metal NPs in situ, to date.

Here we report a novel route for the real-time modula-
tion of size and coverage of metal NPs (i.e., AgNPs, AuNPs) 
synthesized via a fluoride-assisted in situ reduction of metal 
ions at the PDMS surface. We show that the presence of flu-
oride ions in the metal solution leads to an improved density 
(about 10×) and kinetics (100× faster) of the synthetic pro-
cess, with respect to state-of-the-art approaches that are flu-
oride-free. This makes possible the control of both size and 
filling factor of NPs formed on the PDMS surface with time 
and over space during the processing, enabling the real-time 
preparation and monitoring of unique NP gradients and pat-
terns in one and two dimensions on the same PDMS slab, 
not achievable with other in situ synthetic methods.

As a proof-of-concept application in flexible plasmonics/
photonics, we demonstrate the in situ preparation of contin-
uous and step-wise 1D and 2D NP gradients on PDMS slabs 
by controlling the insertion strategy and rate of the slab in 
the metal solution, enabling, in turn, the maskless fabrica-
tion of spatially-resolved plasmonic elements on PDMS; we 
further demonstrate the in situ 2D patterning of metal NPs 
on the PDMS surface by preliminary plasma inhibition of 
SiH bonds in specific areas of PDMS and successive mask-
less formation of NPs in the complementary PDMS areas; 
eventually, we exploite the excellent light filtering proper-
ties (optical density (OD) tunable from 0.5 to 5 and extinc-
tion ratio (ER) from 20 to 100 dB) of AgNP-decorated PDMS 
plasmonic slabs achieved via the fluoride-assisted method to 
demonstrate their application as rejection filters in fluores-
cence microscopy.

2. Results and Discussion

In situ fluoride-mediated synthesis of Ag and Au NPs on 
PDMS slabs were achieved as sketched in Figure  1a. PDMS 
slabs 1 cm × 1 cm in size and 2 mm thick were prepared and 
dipped in an ethanolic fluoride-rich metal solution (i.e., AgF 
or HAuCl4:NH4F) at room temperature (i.e., 20 °C). Ag and 
Au NPs were formed on the PDMS slabs by redox reaction 
occurring between unreacted SiH bonds (of the curing agent) 

available at the PDMS surface and metallic cations Ag+ and Au3+ 
available in the solution.[24] The PDMS slabs decorated with 
metal NPs were eventually dried under gentle nitrogen flow. 
Control experiments were carried out using fluoride-free eth-
anolic solutions of AgNO3 and HAuCl4, which are commonly 
used for the in situ synthesis of Ag and Au NPs on PDMS.[24] 
Ethanol was used as the solvent due to its higher (≈10×) per-
meation rate in PDMS (9.8 × 10−4 cm2 s−1) with respect to water 
(9.1 × 10−5 cm2 s−1).[29] It has been reported that the synthesis 
rate of metal colloids in ethanolic solutions is higher compared 
to that in aqueous solutions.[24,30]

Figure  1b shows different PDMS slabs decorated with Ag 
and Au NPs by immersion in fluoride-rich and fluoride-free 
(control experiment) ethanolic solutions of Ag and Au for dif-
ferent times, namely, from 1 to 270 min for AgNPs and from 
24 to 96 h for AuNPs. Other pictures for additional decoration 
times are given in Figure S1, Supporting Information. In both 
cases, the PMDS slabs appeared brownish[30] and red-violet[24] 
after decoration with Ag and Au NPs, respectively, with color 
intensity increasing with the decoration time; this was ascribed 
to the LSPR absorption of NPs with increased density and/or 
surface coverage as the immersion time increased. Remarkably, 
a comparison of the color intensity of the slabs decorated in 
fluoride-rich and fluoride-free solutions for a given immersion 
time immediately points out that the presence of fluoride ions 
in the solution greatly accelerates the kinetics and increases 
the density of metal NPs on the PDMS surface. Slabs deco-
rated in AgF for 1 and 4 min have similar intensities to those 
decorated in AgNO3 for 90 and 270 min, resulting in an about 
100× improvement of the synthesis yield in the presence of F− 
ions. Notice that, a total of 24 h of immersion in the AgNO3 
solution produces AgNP-decorated slabs with color intensity 
lighter than that of slabs decorated in the AgF solution for only 
8 min (Figure S1, Supporting Information). Similar results are 
achieved for AuNPs formed in the presence of fluoride ions, 
for example, compare slabs decorated in HAuCl4:NH4F for  
24 h vs. HAuCl4 for 96 h in Figure 1b. In agreement with the  
literature,[24,30] the synthesis of AuNPs is intrinsically slower 
than that of AgNPs; yet, the presence of fluoride ions in the 
solution significantly improves the process yield, reducing, in 
turn, the synthesis time.

We speculate that the acidic equilibrium constant (pKa) of 
chemical species generated upon metal reduction at the PDMS 
surface plays a key role in improving yield and kinetic of NP 
formation in fluoride-rich metal solutions.[31] The mechanism 
we propose for the fluoride-mediated synthesis of metal NPs is 
sketched in Figure  1c with specific reference to the formation 
of AgNPs. For both fluoride-rich and fluoride-free solutions, an 
Ag+ available in solution due to silver salt dissociation reacts 
with a SiH bond available at the PDMS surface (due to curing 
agent) producing metal silver Ag0 on PDMS and releasing an 
H+ ion as byproduct. The released H+ binds to an F− or NO3

− 
ion available in the AgF and AgNO3 solution, respectively, 
resulting in dissociated moieties of HF and HNO3. Given 
that HF and HNO3 have significantly different pKa values of 
3.17 and −1.37,[32] respectively, a much higher number of H+ 
ions couples with F− ions in the AgF solution with respect to 
that coupling with NO3

− in the AgNO3 solution.[32] This reduces 
the concentration of H+ ions in AgF solution by about 5 orders 
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of magnitude with respect to that in the AgNO3 solution. The 
lower H+ concentration in the fluoride-rich solution, com-
pared to the fluoride-free solution, accelerates the reduction 
kinetics of Ag+ ions to metallic Ag0 and, in turn, the synthesis 
of AgNPs on PDMS, according to the chemical equilibrium (Le 
Châtelier’s) principle.

Notice that, NP formation through silver auto-reduction in 
solution with AgF salt (i.e., Ag+ + F− → Ag0 + F•)[33] can be ruled 
out. Room-temperature auto-reduction of AgF is promoted in 
aprotic solvents (e.g., acetonitrile, benzonitrile, and DMSO), 
and de-activated in protic solvents,[33] as well as in water and 
ethanol.[34] This was also confirmed here by acquisition of the 
transmission spectrum of an ethanolic solution of 15 mM AgF 
(in cuvette) after 16 min, from which the plasmonic resonance 
peak typical of AgNPs occurring around 400 nm[35] was barely 
visible (Figure S2, Supporting Information).

The mechanism described in Figure 1c for AgNPs well applies 
to AuNPs formed in HAuCl4 solution with NH4F as an F− source. 
Reduction of Au3+ to Au0 mediated by SiH bonds at the PDMS 
surface generates H+ and Cl− ions according to the chemical reac-
tion reported by Zhang et al.[24] In a pure HAuCl4 solution, HCl 
is formed (pKa of HCl is −7)[32] upon reduction of Au3+ to metallic 
Au0; on the other hand, the presence of NH4F in the solution pro-
vides a source of F− ions that more efficiently bind to H+, com-
pared to Cl− ions, to generate HF moieties (pKa of HF is 3.7).[32]

A thorough morphological characterization of the PDMS 
slabs decorated with AgNPs both in fluoride-rich and fluoride-
free solutions was carried out by atomic force microscopy 
(AFM) and transmission electron microscopy with microanal-
ysis (TEM-EDX).

AFM maps of PDMS slabs decorated in ethanolic solutions 
of AgF at 1, 4, and 12 min and of AgNO3 at 30 and 90 min 
are shown in Figure 2a,b and Figure S3, Supporting Informa-
tion. AgNPs with average size of 8.8 to 14.5 nm were achieved 
in AgF solution as the decoration time increased from 1 to  
12 min (Figure  2c); NPs with larger size, of 11.2 and 15.8 nm 
were obtained after decoration for 30 and 90 min in AgNO3 
solution. Notice that, for both the solutions the size distribu-
tion of the AgNPs synthesized on the PDMS surface increased 
with the decoration time, though at significantly different  
timescales. Remarkably, a density of about 400–500 NPs per 
µm2 was achieved for the fluoride-rich solution, which is inde-
pendent of the decoration time, at least in the range 1–12 min 
investigated (Figure S4a, Supporting Information). This is a 
factor about 6× higher than the density obtained with the con-
trol fluoride-free solution, about 70–90 NPs per µm2, in spite of 
a much longer decoration time. Consistently, a higher surface 
coverage (about 7×) is achieved in the fluoride-rich solution, with 
respect to fluoride-free one; specifically, the surface coverage 
increases from 7 to 10% as the immersion time in AgF solution 

Figure 1.  Fluoride-assisted in situ synthesis of Ag and Au NPs on PDMS. a) Sketch of the in situ reduction of metal NPs on PDMS in an ethanolic 
fluoride-rich metal solution. b) Pictures of PDMS slabs decorated with: AgNPs in a fluoride-rich solution (i.e., 15 mM AgF) for 1, 4, and 12 min and 
in a fluoride-free solution (i.e., 15 mM AgNO3, control) for 30, 90, and 270 min; AuNPs in a fluoride-rich 15 mM HAuCl4:NH4F solution and in pure 
(fluoride-free) 15 mM HAuCl4 for 24, 48, and 96 h. A bare PDMS slab before NP synthesis (control) is also shown. c) Reaction mechanism explaining 
the fluoride-assisted synthesis of AgNPs on PDMS in an ethanolic solution of AgF: 1-Surface termination of the PDMS surface before immersion in 
the metal solution, highlighting the SiH bonds available at the PDMS surface; 2-an H+ ion is released upon Ag+ reduction to Ag0 at the SiH bond 
of the PDMS surface; 3-The released H+ ion binds to an F− ion available in the solution, generating HF molecules and reducing, in turn, the concentra-
tion of H+ in solution.
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increases from 1 to 12 min, consistently with the size increase 
of the AgNPs formed on the PDMS surface (Figure S4b, Sup-
porting Information).

The high resolution (HR) TEM-EDX analysis of PDMS 
slabs decorated for 12 min in the AgF solution confirmed the 
crystalline nature of AgNPs synthesized on the PDMS surface 
with average size around 15 nm (Figure  2d,e). The Ag crys-
talline planes can be clearly appreciated in the NP shown in 
Figure 2e. Figure 2f,g shows elemental maps, that is, Ag, O, 
Si, C, and Ag intensity signals of AgNPs decorated in AgF for 
12 min.

We further characterized the PDMS slabs decorated with Ag 
and Au NPs synthesized in fluoride-rich and fluoride-free solu-
tions by transmittance spectroscopy. Figure 3a shows transmit-
tance spectra (normalized to bare PDMS) of the PDMS slabs 
shown in Figure 1b and decorated with AgNPs in AgF solution 
at 1 to 12 min; for comparison, the transmittance spectrum 
of the slab decorated in AgNO3 for 270 min is also shown. A 
characteristic transmittance drop centered around 403 nm is 
observed for all the decorated slabs, which is compatible with 
the LSPR peak of AgNPs with size of about 10 nm.[36] Remark-
ably, the transmittance value at the plasmonic peak wavelength 
is 40 and 0.6% after only 1 and 4 min of immersion in AgF 
solution, respectively; additional 8 min of immersion in the 
solution further reduced the plasmonic peak transmittance 
well below 0.1%, together with a peak widening due to broader 
size distribution of AgNPs as the decoration time increased, in 

agreement with the AFM analysis (Figure 2a–c and Figures S3 
and S4, Supporting Information). The decorated slabs retained 
a high transmittance value outside the plasmonic resonance 
region, regardless of the decoration time; for instance, a trans-
mittance of 80 to 100% was measured at wavelengths >550 nm 
after 4 min of immersion in AgF solution.

Remarkably, control experiments in AgNO3 solution high-
lighted that 270 min are needed to lower the transmittance 
value at the LSPR peak wavelength down to 1%; such a trans-
mittance value is comparable to that achieved after 4 min in the 
AgF solution (Figure 3a) and confirms the much slower (<1/100) 
NP formation rate in a fluoride-free solution (Figure S5, Sup-
porting Information). These results are fully consistent with the 
color intensity analysis of the decorated PDMS slabs discussed 
in Figure 1.

Similarly, the presence of AuNPs on PDMS slabs synthesized 
in HAuCl4 solutions was corroborated by the occurrence of a 
transmittance drop at the plasmonic resonance peak of 530 nm 
(Figure S6, Supporting Information).[24] The presence of F− ions 
in the HAuCl4 solution containing NH4F leads to a reduced 
transmittance value at the plasmonic resonance wavelength for 
a given immersion time, with respect to pure HAuCl4, thus cor-
roborating the increased AuNP density/coverage on the PDMS 
surface in the fluoride-rich solution (Figure S6, Supporting 
Information). Figure S6, Supporting Information, shows that 
a synthesis of 4 h in the presence of a fluoride source (i.e., 
NH4F) results in a density of AuNPs sufficient to reduce the 

Figure 2.  Morphological characterization of AgNPs synthesized in situ on PDMS slabs in ethanolic solutions of AgF (fluoride-rich) and AgNO3  
(fluoride-free). a, b) AFM images at different magnifications of the surface of a PDMS slab decorated with AgNPs by immersion in an ethanolic solution 
of AgF 15 mM for 4 min. c) Size distribution of AgNPs synthesized on PDMS in ethanolic solutions of AgF 15 mM and AgNO3 15 mM (control) at dif-
ferent times. d,e) HR-TEM images at different magnifications of a PDMS slab decorated with AgNPs in an ethanolic solution of AgF 15 mM for 12 min. In  
e) the crystalline planes of the AgNP are visible. f,g) TEM-EDX analysis of the AgNP-decorated PDMS slab in d,e) showing elemental maps of Ag (cyan), 
Silicon (green), Oxygen (red), Carbon (yellow), and intensity of the Ag signal across a single NP.
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transmittance value at the plasmonic peak wavelength down 
to about 80%, to be compared with a value of 70% achieved 
after 24 h of synthesis in pure HAuCl4. More importantly, the 
standard synthesis with pure HAuCl4 (i.e., without a fluoride 
source) does not allow to achieve an NP density high enough to 
reduce the transmittance value at the plasmonic resonant wave-
length below 50%, regardless of the synthesis time (Figure S6c,  
Supporting Information, black squares); conversely, the  
addition of NH4F to the standard HAuCl4 solution leads to a 
significant improvement of the yield of the NP formation pro-
cess, enabling to increase the NPs formed on the PDMS sur-
face and reduce, in turn, the transmittance value at the LSPR 
wavelength down to 10% in 96 h (Figure S6c, Supporting Infor-
mation, red dots). This enables the fabrication of AuNP-based 
composite materials with features not achievable otherwise.

The transmittance value of Ag and Au NPs at the plasmonic 
resonance wavelength provides a mean to investigate the kinetics 
of NP formation on the PDMS surface and, in turn, to monitor 
NP size/coverage modulation in real-time during the processing.

Time-resolved transmission spectra were acquired during 
the synthesis of Ag NPs, and the transmittance value of the 
LSPR wavelength was tracked over time; ethanolic solutions 
of AgF 15 mM, as well as of AgNO3 15 mM (negative control) 
and of AgNO3 15 mM mixed with NH4F to provide a source 

of F− ions (positive control) were used for the synthesis. 
Figure  3b shows the time-resolved transmittance map of a 
PDMS slab immersed in the AgF solution for 14 min; trans-
mittance is normalized to that of bare PDMS immersed in the 
solution, acquired at t = 0 s. The transmittance value at 403 nm  
(i.e., at the local surface plasmon resonance wavelength) 
versus immersion time is reported in Figure  3c-black trace 
(and Movie S1, Supporting Information). Immersion of the 
PDMS slab in the solution led to the appearance of a trans-
mittance dip at 403 nm after a few seconds, consistent with 
the formation of AgNPs on the PDMS surface; as the immer-
sion time increased, the transmittance dip became more pro-
nounced reaching a value of about 40% after 1 min and less 
than 1% after 4 min, in agreement with the augmented AgNP 
surface coverage with the immersion time (Figure  1b, and  
Figures S3 and S4, Supporting Information). Thus, monitoring 
the transmittance value of the LSPR wavelength provides a 
quantitative method to control/monitor size and coverage of 
the NPs synthesized on PDMS in real-time.

Immersion of PDMS in the control fluoride-free AgNO3 
solution also led to a similar transmittance behavior, though 
over a significantly different timescale of 100 min compared 
to several seconds in AgF (Figure 3c-red trace and Figure S7a, 
Supporting Information). The addition of a fluoride source, that 

Figure 3.  Optical features of plasmon-encoded AgNP-PDMS slabs prepared via fluoride-assisted synthesis. a) Transmission spectra of PDMS slabs 
decorated with AgNPs in a 15 mM AgF ethanolic solution for 1, 4, and 12 min, normalized to the transmission spectrum of bare PDMS. The transmis-
sion spectrum of a PDMS slab decorated for 270 min in an ethanolic solution of AgNO3 15 mM (i.e., fluoride-free) is also shown for comparison.  
b) Time-resolved transmission spectrum of a PDMS slab decorated with AgNPs in a 15 mM AgF solution for 14 min. c) AgNP synthesis kinetics, 
namely, transmittance at 403 nm  vs decoration time, measured on PDMS slabs immersed in an ethanolic solution of AgF 15 mM, as well as of 15 mM 
AgNO3:NH4F and 15 mM AgNO3 solutions. d) Transmission spectra of PDMS slabs decorated with AgNPs using ethanolic solutions of AgF at dif-
ferent concentrations (i.e., 5, 7.5, 15, 30, and 45 mM) for 1 min, normalized to the transmission spectrum of bare PDMS. e) Transmittance values at 
the plasmonic peak wavelength of the AgNP-decorated PDMS slabs reported in (d). f) Transmission spectra of PDMS slabs with different base:curing 
ratios (i.e., 20:1, 10:1, and 5:1 w/w) decorated with AgNPs in a 15 mM AgF ethanolic solution for 1 min.
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is, NH4F, to the pure AgNO3 solution resulted in a significant 
improvement of the AgNP formation kinetics (Figure 3c-green 
trace and Figure S7b, Supporting Information), confirming the 
role of F− ions.

The kinetics of AgNP formation on PDMS with the different 
solutions tested was compared using as a parameter of merit 
the time at which the transmittance of the decorated PDMS 
slabs reduced to a value of 50%, namely, t50. We found that t50 
was about 50 s for the AgF solution, increasing to 215 s (about 
4 min) in the AgNO3:NH4F solution and to 6180 s (103 min) in 
the AgNO3 solution. Thus, the presence of F− ions in AgF solu-
tion improves the synthesis/yield of AgNPs on PDMS by more 
than 2 orders of magnitude (a factor of about 125) compared to 
the fluoride-free AgNO3 solution; further, the addition of NH4F 
to the AgNO3 ethanolic solution accelerates the Ag reduction 
on the PDMS surface by more than 1 order of magnitude (a 
factor about 30).

We next investigated the flexibility of the fluoride-
assisted process using ethanolic solutions with different AgF 
concentrations (oxidizing agent) and PDMS slabs with different 
base-to-curing (reducing agent) ratios (Figure  3d–f and 
Figure S8a–d, Supporting Information).

Figure  3d shows the transmission spectra of PDMS slabs 
immersed for 1 min in ethanolic solutions at different AgF 
concentrations in the range 5–45 mM. The transmittance value 
at the plasmonic peak wavelength exponentially reduces with 
the AgF concentration from 81.6% at 5 mM to 1.2% at 45 mM 
(Figure  3e). This is consistent with a more efficient synthesis 
of AgNPs on the PDMS surface as the AgF molar concentra-
tion increases, once the immersion time is chosen. A similar 
behavior was observed with the increase of the curing agent 
in the PDMS slabs (Figure  3f). Once the immersion time of  
1 min and AgF concentration of 15 mM were chosen, the trans-
mittance value at the plasmonic peak wavelength reduced lin-
early with the curing agent concentration, from about 68% to 
13% for base:curing agent ratios of 20:1 and 5:1, respectively 
(Figure S8c,d, Supporting Information).

Eventually, we tested the adhesion properties of AgNPs 
formed on PDMS slabs in a 15 mM AgF ethanolic solution for  
4 min (Figure S9a–d, Supporting Information).

Two commercial tapes, standard and with high tensile 
strength (26 N cm−1), as well as a bare PDMS slab, due to the 
excellent adhesive properties of PDMS that is commonly used 
in the literature for the transfer-printing of nanosized mate-
rial,[37] were employed for the adhesion test. The tape was stuck 
on the surface of a PDMS slab decorated with Ag NPs, then a 
pressure of 20 000 Pascals was applied for 30 s. After this time, 
the tape was peeled off the AgNP-decorated slab and the trans-
mittance spectrum of both the materials was measured to verify 
any change occurred around the plasmonic peak resonance 
wavelength due to NP transfer from one to the other material. 
The transmittance spectra of the tape and of the as-decorated 
AgNP-PDMS slab were normalized to those of tape and bare 
PDMS acquired before the tape test. The tape test was repeated 
3 times. The same tape test was also repeated by sticking the 
AgNP-decorated PDMS slab into a polystyrene petri dish.

The transmittance spectra of the different tapes and of the 
AgNP-PDMS slab recorded before and after the tape tests are 
shown in Figure S9a–d, Supporting Information. We did not 

observe any significant change in the transmittance spectra/
plasmonic resonance after the tape test, meaning that no sig-
nificant transfer of AgNPs occurred between the decorated 
slabs and the tapes, and proving, in turn, the excellent adhe-
sion properties of the NPs obtained with the fluoride-assisted 
synthesis.

Leveraging the improved yield and kinetics of the NP syn-
thetic process in a fluoride-rich metal solution, we demon-
strated, for the first time, the mask-less preparation of linear 
and step gradients of NPs by in situ modulation of NP size and 
coverage over space during the processing.

The PDMS slabs with spatially-resolved AgNPs were pre-
pared in AgF solution by controlling the insertion strategy 
(continuous or step-wise) and rate (mm per s) of the slab in the 
solution.
Figure  4a-1 shows a PDMS slab decorated with a 1D gra-

dient of AgNPs with continuous-modulation of NP size/cov-
erage. The slab was prepared using a constant insertion rate 
of 1/18 mm s−1, for a total time of 12 min. The AgNP gradient 
possesses unique spatially-modulated plasmonic features that 
confer to the PDMS slab a transmittance spectrum tunable 
with the interrogation point over a large range (Movie S2, Sup-
porting Information), as detailed later in this work. By using 
a step-wise insertion strategy, a PDMS slab with step-wise 
change of the size/coverage of AgNPs is achieved, as shown in 
Figure  4a-2 (Figure S10, Supporting Information). To further 
prove the flexibility of the proposed synthetic approach, we pre-
pared 2D gradients of AgNPs on PDMS by superposition of a 
two linear 1D gradients formed along the x (first gradient) and 
y (second gradient, upon rotation of the slab of 90°) directions, 
each one at a constant insertion rate of 1/18 mm s−1 for 6 min. 
Figure  4b shows the 2D gradient of AgNPs. The NP distribu-
tion and size are linearly modulated from 0 to 6 min in the x 
and y directions, and from 0 to 12 min along the xy diagonal.

Remarkably, the transmittance spectra acquired on  
spatially-modulated slabs in surface points corresponding to 1, 
4, and 12 min of decoration (Figures S10 and S11, Supporting 
Information) were in good agreement with those acquired on 
spatially-uniform slabs decorated with AgNPs for the same 
immersion times (Figure  3a). This is a clear indication of the 
good control and reliability of the decoration process with the 
immersion time, both at low and high insertion rates.

Additional experiments were carried out to further highlight 
advantages and flexibility of the proposed fluoride-assisted 
approach in the direct patterning of NPs. We first performed 
inhibition of the SiH groups at the PDMS surface by selective 
oxygen plasma using a shadow mask containing a 2D array of 
holes with diameter ranging from 50 to 400 µm; maskless and 
selective formation of AgNPs on the PDMS areas not exposed 
to the oxygen plasma was then performed by immersion of the 
slab in a 15 mM AgF solution for 12 min. Results on the 2D 
NP patterning are summarized in Figures S12a–d, Supporting 
Information. Figure S12a, Supporting Information, shows the 
AgNP pattern formed on the PDMS surface; thanks to the 
efficient and fast NP synthesis, the plasma treatment was suf-
ficient to inhibit the Ag+ reduction on the PDMS surface and all 
the circular features were resolved (Figure S12b,c, Supporting 
Information). PDMS slabs treated with oxygen plasma over 
the whole surface were used as negative control and confirmed 

Adv. Funct. Mater. 2021, 31, 2100774

 16163028, 2021, 26, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202100774 by C
rui/ C

onferenza D
ei R

ettori, W
iley O

nline L
ibrary on [24/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2100774  (7 of 9)

no significant formation of AgNPs on the PDMS surface after 
12 min immersion in the AgF solution (Figure S12d, Sup-
porting Information).

Remarkably, the patterning cannot be achieved using the 
standard fluoride-free solution (i.e., 15 mM AgNO3 in ethanol) 
(Figure S12e,f, Supporting Information). In this case, due to 
the poor yield/kinetic of the NP synthetic process, a synthesis 
time of more the 12 h is required to achieve a surface coverage/
plasmonic resonance peak comparable to that obtained in 
12 min in the 15 mM AgF solution. Oxygen plasma inhibition 
of SiH groups at the PDMS surface is metastable,[38] so that it 
fails in avoiding reduction of Ag+ ions at the PDMS surface at 
such longer synthesis times, resulting in the full coating of the 
PDMS surface with AgNPs. Direct patterning of metal NPs on 
the PDMS surface in a relatively short processing time opens 
up remarkable opportunity in flexible electronics, though not 
limited to.

We eventually characterized the AgNP-decorated PDMS 
slabs as plasmon-encoded flexible filters in terms of OD and ER 
(Figure 4c and Figure S13, Supporting Information), which are 

two key parameters commonly used to point out the quality of 
commercial filters.[39–41]

OD[39] of the spatially-modulated slabs at the plasmonic 
resonance wavelength, namely, the logarithmic intensity ratio 
of the light falling upon the material to the light transmitted 
through the material, can be effectively tuned from 0 up to 
5 by tuning the immersion time in the AgF solution from 0 to 
12 min (Figure 4c, left axis). The experimental OD values (using 
a bare PDMS slab as reference) were about 0.5 after 1 min and 
5.1 after 12 min of immersion in AgF, meaning that the 10-nm-
thin layer of AgNPs grown on the PDMS surface can be used 
to attenuate light around 403 nm up to a factor 105, namely, 
up to 5 orders of magnitude; this is comparable to OD values 
of commercial dielectric glasses[40] and 3 order of magnitudes 
better than plasmonic nanolayers reported so far (Figure S14, 
Supporting Information). Consistently with values reported 
in the literature, 270 min of decoration with the fluoride-free 
AgNO3 solution resulted in an OD value of 2, thus confirming 
that the fluoride-assisted AgNP synthesis enables the prepa-
ration of plasmonic PDMS slabs with features not achievable 

Figure 4.  1D and 2D spatially-resolved AgNP-decorated PDMS slabs and application of AgNP-PDMS slabs as optical filters in fluorescence microscopy. 
a) 1-Picture of an AgNP-PDMS slab featuring a continuous 1D gradient/modulation of the NP surface coverage and size, achieved in a 15 mM AgF 
solution with a constant insertion rate of 1/18 mm s−1 for 12 min. 2-Pictures of 4-cm-long PDMS slabs with a step-wise spatial modulation of AgNP 
size/distribution, achieved by controlled immersion of the slab in a 15 mM AgF solution for 1, 4, and 12 min. b) Picture of an AgNP-PDMS slab fea-
turing a continuous 2D gradient/modulation of the NP surface coverage and size, achieved in a 15 mM AgF solution with a constant insertion rate of 
1/18 mm s−1 for 6 min, first along the x-direction and then along the y-direction. c) Experimental OD and ER values measured at 403 and 635 nm on 
AgNP-PDMS slabs in points corresponding to immersion times of 1, 4, and 12 min in a 15 mM AgF solution. OD and ER values measured on slabs 
decorated in a 15 mM AgNO3 solution (fluoride-free) are also reported for comparison. The error bars represent one standard deviation with respect 
to average values achieved over a number of 3 samples per decoration time. d,e) Imaging of fluorescent (510 nm) microbeads acquired with a bright-
field optical microscope (Leica DM2500 M) using an AgNP-decorated (15 mM AgF solution for 4 min) PDMS slab as a rejection filter placed between 
the microbeads and the microscope objective d). Control images are acquired using a bare PDMS slab e). All the images are acquired using a 403 nm 
laser diode as the excitation source. Scalebar is 500 µm (200 µm in the inset). f) Photoluminescence spectrum of fluorescent microbeads and 403 nm 
laser diode acquired through the bare PDMS slab (black trace) and AgNP-PDMS filter (red trace).

Adv. Funct. Mater. 2021, 31, 2100774
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with standard synthetic methods. Further, the ER[41] of the 
decorated slabs, namely, the logarithm intensity ratio of light 
transmitted through the material at a given wavelength outside 
the plasmonic region (i.e., 635 nm) to the light transmitted at 
the plasmonic peak wavelength (i.e., 403 nm), was as high as 
100 dB after 12 min of decoration in AgF solution (Figure  4c, 
right axis); 270 min in AgNO3 solution yielded ER = 40 dB, to 
be compared with a similar ER value achieved after 4 min in 
AgF solution.

Remarkably, the optical properties of AgNP-decorated PDMS 
slabs (4 min in a 15 mM AgF solution) were proved to be 
insensitive to slab bending and incidence angle. Figure S15, 
Supporting Information, shows that the optical properties of 
AgNP-decorated slabs were unchanged over different bending 
radii, for multiple (>100) bending/release repetitions. Insensi-
tivity of the transmittance to angle and bending is consistent 
with the plasmonic nature of AgNP-decorated PDMS filter, for 
which the resonance wavelength is mainly dependent on size 
and distribution of the NPs on the PDMS surface; indeed, 
being AgNPs randomly arranged on the PDMS surface, their 
size and distribution do not significantly change with incidence 
angle and bending, at least for the values tested in this work.  
Figure S16a, Supporting Information, shows the angle-resolved 
transmittance map acquired on an AgNP-decorated slab (4 min 
in a 15 mM AgF solution) for incidence angles 0 to 55°. The 
transmittance spectra acquired over the different incidence 
angles are given in Figure S16b, Supporting Information. 
The transmittance properties of the slab did not change with 
incidence angles in the range 0–45°; a slight broadening of the 
plasmonic peak associated with a small decrease of the trans-
mittance (yet around 80%) at longer wavelengths was appreci-
able beyond 45°.

We next investigated uniformity and reliability of the decoration 
process in an AgF solution over a larger area to demonstrate that 
the process can be easily up-scaled. Figure S17, Supporting Infor-
mation, shows an optical picture and transmittance spectra of a 
9-cm-large PDMS slab decorated with AgNPs by immersion in a 
15 mM AgF solution for 4 min. A uniform decoration with AgNPs 
is apparent over the whole area, as indicated by the even color 
intensity appreciable by naked eye and quantified by the excellent 
superposition of transmittance spectra acquired at different points 
of the slab. These latter were also in good agreement with those 
achieved on smaller samples with same decoration time.

Eventually, we verified the application of AgNP-PDMS slabs 
prepared in AgF ethanolic solution as rejection filters in fluo-
rescence microscopy. An AgNP-decorated PDMS slab (4 min in 
a 15 mM AgF solution) with OD ≈ 2.6 was placed between the 
objective lens of a commercial bright-field optical microscope 
and a glass slab containing fluorescent beads (λem  = 510 nm) 
of diameter 105–126 µm. A commercial laser diode at 403 nm 
was used as the excitation source. A bare PDMS slab (without 
AgNPs) was used to acquire control images. Figure 4d–f sum-
marizes the results of the experiments. The AgNP-PDMS filter  
was able to effectively reject the excitation light thanks to the 
high OD value at 403 nm, further retaining the green fluores-
cence of the microbeads (Figure 4d,f, red trace). Control images 
acquired through the bare PDMS slab clearly show the leakage 
of the 403 nm laser light that shields the green fluorescence of 
the beads (Figure 4e,f, black trace).

3. Conclusions

The fundamental advance of this work is in real-time and in 
situ control of the metal NP patterning during the synthetic 
process—we demonstrated the maskless preparation of 1D and 
2D gradients and patterns of metal NPs on PDMS via modula-
tion of the size and surface coverage of NPs (Ag and Au NPs) 
formed through in situ reduction in metal solutions containing 
fluoride ions.

We showed that the presence of F− ions in the metal solution 
improves density and kinetics of the NP formation process up 
to a factor of 10 and 100, respectively, with respect to fluoride-
free solutions, by tremendously lowering the concentration of 
H+ ions released upon reduction of metal ions (Ag+ and Au3+) 
at the PDMS surface. This enables the modulation of size and 
coverage of the NPs formed on the PDMS surface with time 
and over space by controlling the insertion strategy and rate of 
the PDMS slab in the metal solution and/or by former meta-
stable inhibition of SiH groups at the PDMS surface with 
oxygen plasma.

We further demonstrated that 1D and 2D AgNP gradients 
formed on PDMS possess wavelength- and spatially-resolved 
plasmonic performance comparable to those of dielectric/
interferometric optical filters; specifically, AgNP gradients with 
OD variable from 0.5 to 5 and ER variable between 10 and  
100 dB were fabricated on PDMS slabs in 12 min. Application 
of AgNP-PDMS slabs in fluorescence microscopy resulted in an 
effective rejection of the excitation laser light at 403 nm, ena-
bling acquisition of fluorescent emission/images at wavelength 
higher than 510 nm.

We envisage that this work will have implications in a 
number of  application areas beyond those discussed here, 
including flexible electronics, sensing, water cleaning, photo
voltaics, bactericide surface. The unique features of the NP 
synthesis in fluoride-rich metal solutions, in terms of efficiency, 
tunability, speed, reliability, will play a relevant role in the 
preparation of composite nanostructured materials, providing 
access to functionalities (e.g., optical, electrical, mechanical, 
magnetic) that are otherwise difficult (or impossible) to achieve 
with state-of-the-art fluoride-free methods.

Furthermore, building on our results, the fluoride-assisted 
synthesis of NPs can be immediately extended to other metals 
(e.g., Pt, Pd) and substrates (e.g., silicon), with respect to those 
discussed in this work, further broadening the impact of the 
proposed route both in material science and applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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