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The present work reports the in situ fabrication of Ag nanoparticles (AgNPs) in polystyrene-
b‑poly(2-vinylpyridine) (PS-b-P2VP) over pre-patterned hydrophobic stripes on a hydrophilic 
glass surface. Microcontact printing (μCP) using octadecyltrichlorosilane (OTS) as “ink” 
was used to obtain these chemically modified substrates. A comparison of the results of the  
PS-b-P2VP self‑assembly over a bare glass substrate and a pre-patterned glass substrate 
demonstrated the influence of the pattern on the film morphology. Polymeric films of Ag+ and 
PS-b-P2VP were prepared on a pre-patterned substrate and heated at 150 °C to enable the 
self‑reconstruction of the polymeric matrix and the in situ formation of AgNPs (average particle 
size of approximately 100 nm). The AgNP/PS-b-P2VP thin films were characterized using UV-Vis 
spectroscopy and atomic force microscopy. The results demonstrate that the concentration of the 
solutions of Ag+/PS-b-P2VP used to prepare the films strongly influences the morphologies and 
dispersion of AgNPs. Moreover, the surface-enhanced Raman spectroscopy (SERS) activity of the 
fabricated polymer nanocomposites using Nile Blue as a molecular probe shows the importance 
of the chemical modification of the substrate in the enhancement of the SERS signal. 
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Introduction

Metal nanoparticles have been extensively studied 
because of their optical, electronic, and magnetic 
properties.1 Silver nanoparticles (AgNPs) have been used 
as catalysts, bactericides, and plasmonic material.2 In 
addition, AgNPs can sustain localized surface plasmon 
resonance (LSPR), which is the coherent oscillation of 
surface-conduction electrons excited by electromagnetic 
radiation.3 LSPR excitation induces a strong enhancement 
in the local magnetic fields close to the surface of the 
nanoparticles. These regions of strong magnetic fields 
can be used to intensify the weak signals of molecules 
adjacent to metallic nanostructures.4,5 Therefore, AgNPs 
are suitable for surface-enhanced spectroscopy, such as 
surface-enhanced Raman scattering (SERS).4 

In addition, some characteristics of AgNPs, including 
their dielectric properties, size, shape, and interparticle 

distance, dictate the LSPR peak extinction wavelength, λmax, 
and SERS signal.6 Hence, many methodologies have been 
developed to synthesize nanoparticles with a variety of sizes 
and morphologies, such as the chemical reduction of silver 
ions in aqueous solutions.2,7 However, these colloids usually 
exhibit poor stability and aggregate over time.1 Thus, it is 
essential to use methods that prevent the aggregation and 
loss of properties related to the nanometric size.

Self-assembled block copolymers (BCPs) have been 
extensively studied for many applications in nanotechnology 
to fabricate efficient, low-cost, large-area periodic 
nanostructures.8,9 Amphiphilic BCPs, such as polystyrene-
b-poly(2-vinylpyridine) (PS-b-P2VP), have been extensively 
used in the in situ preparation of metallic nanostructures 
because of their ability to phase-separate at the nanometer 
scale. Owing to the unfavorable interactions between 
the blocks, this phase separation can generate ordered 
morphologies, such as lamellae, cylinders, and spheres. 
Consequently, BCPs have been particularly attractive 
as matrices for metal nanoparticle synthesis, acting as 
nanoreactors and creating ordered nanoparticle arrays.10-15 
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Also, the nitrogen atom in the pyridine group of the P2VP 
block can selectively interact with the metal precursor.16 

The collective properties of these assemblies, such 
as the PS-b-P2VP molar weight, PS/P2VP ratio, and 
concentration of the metal precursor, determine the size, 
morphology, and spatial arrangement of the nanoparticles. 
Thus, better control over the fabrication of these 
nanocomposites is essential for future applications of these 
functional materials.17,18

To obtain more complex morphologies, “bottom-up” 
self-assembly can be combined with “top-down” techniques 
such as soft lithography.19 Microcontact printing (μCP) is 
one of the most explored approaches to microfabrication 
since it provides the possibility of creating large patterned 
areas at low cost. In this method, an elastomeric stamp, 
usually polydimethylsiloxane (PDMS), is used to transfer 
solutions, “ink,” to specific areas of the surface of the 
substrate.17,18,20 Mukherjee et al.21 reported the use of metal 
foils extracted from commercially available data storage 
discs, such as compact discs (CDs) and digital versatile 
discs (DVDs), as stamps for surface patterning at low cost 
and room temperature without applying external pressure. 
In addition, previous studies22,23 have demonstrated the 
use of pre-patterned substrates to guide the self-assembly 
of polymer thin films. Moreover, Harirchian-Saei et al.24  
demonstrated a strategy to directly organize NPs in 
polystyrene/poly(methyl methacrylate) thin films spin-
coated on pre-patterned glass substrates consisting of μCP 
stripes of octadecyltrichlorosilane (OTS) in a hydrophilic 
glass substrate using CDs as masters.

In the present study, we combined BCPs self-assembly 
with microcontact-printed substrates to prepare AgNPs 
on PS-b-P2VP films. Thin films of PS-b-P2VP containing 
Ag+ ions (Ag+/PS-b-P2VP) were fabricated on glass 
substrates and AgNPs were produced by thermal in situ 
silver reduction. Microcontact-printed (μCP) patterned 
glass substrates were used to investigate the effect of 
surface substrate modification on the morphology of  
AgNPs/PS-b-P2VP films. The SERS activity of the polymer 
nanocomposites was also studied using Nile Blue as 
molecular probe.

Experimental

Chemicals 

Polystyrene-block-poly(2-vinylpyridine) (PS389-
b‑P2VP381 with the following number average molecular 
weights (Mn): Mn(PS) = 40500 g mol-1 Mn(P2VP) = 40000 g mol‑1;  
and polydispersity (Mw/Mn) of 1.10) was purchased from 
Polymer Source, Inc (Quebec, Canada). Silver nitrate,  

octadecyltrichlorosilane  (OTS), Sylgard® 184 (PDMS), 
Nile Blue dye, and all solvents were purchased from Sigma-
Aldrich, St. Louis, USA. All reagents were used without 
further purification.

Microcontact-printed (μCP) patterned glass substrates

μCP patterned glass substrates were prepared by 
adapting a procedure previously described in the literature.24

Therefore, CDs were used as masters to create the 
patterned PDMS stamps. After removing the protective 
layer of the CD, the master was cleaned with a water/
ethanol solution (1:1) in an ultrasonic bath for 10 min 
and thoroughly rinsed with deionized water. The PDMS 
prepolymer and curing agent were mixed in a ratio of 
10:1, poured into a Teflon mold placed over the CD 
polycarbonate master, and cured for 1.5 h at 120 °C. The 
patterned PDMS stamps were cautiously removed and 
sonicated in an ethanol/deionized water solution (1:2). A 
non-patterned flat PDMS stamp was used as an “inkpad”, 
following the previous procedure. 

The glass substrates (2 cm × 2 cm) were cleaned in an 
ultrasonic bath with ethanol, isopropyl alcohol, and acetone 
for 10 min each. Afterward, the substrates were immersed 
in piranha solution for 30 min, rinsed thoroughly with 
deionized water, and dried under ambient conditions to 
create a hydrophilic layer on the glass. Two drops of the 
ink solution (OTS in hexane 5 mmol L-1) were spin-coated 
onto the flat PDMS pad at 3000 rpm for 30 s, which was 
brought into contact with the patterned PDMS stamp for 
60 s. The hydrophobic periodic patterns were transferred to 
a hydrophilic substrate by placing the inked PDMS stamp 
over the glass surface for 60 s (Figure 1). 

The atomic force microscopy (AFM) topographical 
image and the height profile of the patterned glass 

Figure 1. Schematic representation of the μCP process.
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substrates (Figure 2a) show the selective transfer of the 
OTS to the areas of contact between the PDMS stamp 
and the hydrophilic substrate by the formation of a bond 
between the silane and the hydroxyl groups. The resulting 
substrate presents hydrophobic stripes on a hydrophilic 
surface. The mean OTS stripes height is 0.873 ± 0.059 nm 
(Figure 2b), consistent with a flattened OTS monolayer, but 
still covalently bound to the substrate.25 These patterned 
glass substrates were used to direct the organization of 
spin-coated PS-b-P2VP and AgNP/PS-b-P2VP films. 

Preparation of PS-b-P2VP and AgNP/PS-b-P2VP films 

PS389-b-P2VP381 was dissolved in toluene to obtain 
a 0.5 wt.% solution, which was stirred for 12 h at room 
temperature. This 0.5 wt.% solution was diluted to prepare 
the PS389-b-P2VP381 solution (0.05 wt.%). Ag+/PS-b-P2VP  
solutions were prepared by adding AgNO3 to the 
PS389‑b‑P2VP381 solution in a 1:1 Ag/P2VP molar ratio, 
followed by vigorous stirring for 12 h at room temperature.

PS-b-P2VP films were prepared by spin-coating 
the polymer solution onto bare glass substrates or μCP 
patterned glass substrates at 3000 rpm for 60 s.

For in situ fabrication of AgNP on PS-b-P2VP  
(AgNP/PS-b-P2VP), the Ag+/PS-b-P2VP mixture was 
spin-coated over bare glass substrates or μCP patterned 
glass substrates at 3000 rpm for 30 s. The films were then 
annealed at 150 °C for 1.5 h.

Characterization 

UV-Vis absorption spectra were obtained using a 
Shimadzu UV-1800 spectrophotometer (Juiz de Fora, 
Brazil) using a quartz cell with a 1.0 cm path length. The 
thin films on the modified glass substrates were fixed into 
the sample holder, and a clean glass slide of the same 
dimensions was used as a reference. The spectra were 
recorded in the 340-1100 nm range at 0.2 nm resolution. 

Raman spectra were obtained using a Bruker SENTERRA  
spectrometer (Juiz de Fora, Brazil) and a He/Ne laser 
operating at 633 nm with a maximum power of 2 mW. 

For the SERS experiments, one drop of Nile Blue solution 
(1  ×  10-4  mol  L-1) was added to the AgNP/PS-b‑P2VP  
thin film. The films were then washed extensively with 
deionized water to remove excess dye and dried under vacuum. 
SERS mappings were performed in 50 µm × 50 µm area,  
100 spectra were collected for each sample. 

A Nanosurf-Naio AFM (LNNano/CNPEM, Campinas, 
Brazil) and a Nanosurf Easyscan 2 (Embrapa Gado de 
Leite, Juiz de Fora, Brazil) AFM in tapping mode with 
standard AFM cantilevers (Tap190Al-G, R.F. 190 kHz and 
F.C. 48 N m-1, BudgetSensors) were used to characterize 
the PS-b-P2VP thin film morphologies. Images were post-
processed with the SPM software Gwyddion.26

The thickness of the PS-b-P2VP films was analyzed using 
a profilometer (KLA, Tencor D-100, Juiz de Fora, Brazil). 
The average thickness obtained was 10.2 ± 0.8 nm.27

Results and Discussion

PS-b-P2VP films on glass substrates

A PS-b-P2VP solution in toluene was spin-coated onto 
glass substrates to produce BCP films. Because toluene 
is a better solvent for PS than P2VP, micelles composed 
of a core of P2VP and a PS corona are present in this 
solution.28 The topographical image of the film produced 
over an unpatterned glass (Figure 3a) presents a uniform, 
densely packed micelle morphology. On the other hand, 
a monolayer of micelles was observed on the surface 
of the μCP patterned glass substrate (Figure 3b). This 
result confirms that the polymer and the μCP patterned 
substrate interactions influence the final film morphology. 
However, it is not possible to observe stripes due to the high 
concentration of the Ag+/PS-b-P2VP solution. 

In situ synthesis of AgNP in PS-b-P2VP thin film on μCP 
glass substrate

The formation of reverse micelles of amphiphilic 
BPC dissolved in a non-polar solvent is well-known; 

Figure 2. (a) AFM image of μCP OTS patterned glass substrates and 
(b) height profile along the dashed line.

Figure 3. AFM images of PS-b-P2VP films on (a) unpatterned glass 
substrate and (b) μCP glass substrate.
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thereby, when the metal precursor was added to the BCPs 
solutions, there was a diffusion of the Ag+ ions to the core 
of the micelles, where the lone pair of the nitrogen in the 
P2VP coordinates to the Ag+ ion creating Ag+/PS-b-P2VP 
micelle complexes.29,30 The Ag+/PS-b-P2VP solution was 
spin‑coated on a μCP glass substrate, and the AFM image 
of this film is shown in Figure 4a. The film consists of a 
layer of micelles loaded with Ag+ ions covering the glass 
surface.

The Ag+/PS-b-P2VP films were annealed at 150  ºC, 
above the glass transition temperature (Tg) of both blocks.31,32 
This procedure allows polymer self-reconstruction and the 
reduction of Ag+ ions to Ag0 by the nitrogen in the P2VP 
chains, resulting in AgNP/PS-b-P2VP films.33,34 The AFM 
topographical image of the AgNP/PS-b-P2VP film on the 
μCP glass substrate is shown in Figure 4b. After thermal 
annealing of the Ag+/PS-b-P2VP film, large agglomerates 
of AgNPs (mean diameter = 360 nm) over a porous layer 
of BCP can be observed. These large agglomerates of 
AgNPs may be attributed to the high concentration of  
Ag+/PS-b-P2VP solution. 

The UV-Vis extinction spectrum of the AgNPs in the 
PS-b-P2VP thin film is shown in Figure 5. A characteristic 
extinction band from the LSPR of AgNPs is observed at 
432 nm, confirming in situ synthesis by thermal annealing. 

Figure 6a shows the AFM image of Ag+/PS-b-P2VP 
films prepared from a 0.05 wt.% Ag+/PS-b-P2VP solution 
before heating; the Ag+/PS-b-P2VP reverse micelles are 
preferentially adsorbed onto the hydrophobic stripes due 
to the interaction between the PS chain and the OTS. 
After thermal annealing, the AFM topographical image of  
AgNP/PS-b-P2VP (Figure 6b) shows the formation of 
multifaceted AgNPs with an average particle size of 
approximately 100 nm, well distributed over a porous 
PS-b-P2VP film. 

The UV-Vis extinction spectrum of AgNP/PS-b-P2VP 
presents a band with λmax at 437 nm related to isolated 
AgNPs particles with a narrow size distribution (Figure 7). 

These results indicate that the concentration of the  
Ag+/PS-b-P2VP solution strongly influences the size, 
shape, and organization of AgNPs. 

The UV-Vis extinction spectra of the AgNP/PS-b-P2VP 
thin films on non-patterned substrates are shown in the 
Supplementary Information (SI) section, Figure S1. No 
distinct extinction band from LSPR was observed at any 
concentration used. Therefore, it can be concluded that the 
pre-patterned substrate is essential for the self-organization 
of PS-b-P2VP and, consequently, for the in situ synthesis 
of AgNPs. 

Figure 4. AFM images of (a) Ag+/PS-b-P2VP and (b) AgNP/PS-b-P2VP 
films on μCP glass substrates. Films were produced using a solution of 
0.5 wt.% of Ag+/PS-b-P2VP in toluene.

Figure 5. UV-Vis spectrum of AgNP/PS-b-P2VP 0.5 wt.%.

Figure 6. AFM topographical images of (a) Ag+/PS-b-P2VP film and 
(b) AgNP/PS-b-P2VP. Films were produced using a solution of 0.05 wt.% of  
Ag+/PS-b-P2VP in toluene.

Figure 7. UV-Vis spectrum of AgNP/PS-b-P2VP produced using a 
solution of 0.05 wt.% of Ag+/PS-b-P2VP in toluene.
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SERRS (surface-enhanced resonance Raman spectroscopy)

The SERS activity of the AgNP/PS-b-P2VP films 
(produced from 0.5 or 0.05 wt.% of Ag+/PS-b-P2VP) was 
evaluated using Nile Blue dye as a molecular probe. 

Resonance Raman scattering occurs when the excitation 
radiation is close to the energy of an electronic transition of 
the sample, leading to enhanced Raman scattering.35 In this 
work, the laser line used as excitation radiation (633 nm) 
matches the absorption band of chromophoric groups of 
Nile Blue (Figure S2, SI section).36,37 The resonance Raman 
spectrum of the Nile Blue solution (1 × 10-4 mol L-1) is 
shown in Figure S3 (SI section). Unfortunately, it is not 
possible to observe any of the Nile Blue characteristic 
Raman bands due to the fluorescence background that 
overshadows the Raman bands of the dye. When Nile Blue 
is adsorbed on an active SERS substrate, the resonance 
Raman effect is also present, leading to a huge increase 
of Raman scattering, called SERRS (surface-enhanced 
resonance Raman scattering).38 

The mean SERRS spectra of Nile Blue on  
AgNP/PS-b-P2VP (0.5 and 0.05 wt.%) films are shown in 
Figure S4 (SI section). There is a considerable improvement 
in the signal-to-noise ratio, background fluorescence 
quenching, and Raman intensity in those spectra (compared 
to the resonance Raman of the dye in Figure S3). This result 
indicates that these films are suitable as SERS substrates.

Figure 8 shows the SERRS maps of AgNP/PS‑b‑P2VP  
films, monitoring the intensity of Nile Blue’s 
band at 591  cm-1. It is possible to observe that the  
AgNP/PS-b-P2VP (0.5 wt.%) film (Figure 8a) presents 
weaker SERRS enhancement when compared to  
AgNP/PS-b-P2VP (0.05 wt.%) film (Figure 8b). This result 
is expected since AgNP/PS-b-P2VP (0.5 wt.%) film shows 
large Ag aggregates unsuitable for enhancing the Raman 
scattering. Moreover, as the SERS effect amplifies the 
Raman signal by several orders of magnitude,39 it is possible 
to conclude that the Raman signal throughout the analyzed 
regions is very homogeneous. Moreover, the SERRS map 
of AgNP/PS-b-P2VP (0.05 wt.%) film (Figure 8b) presents 

areas with a high enhancement of Raman signal. This 
enhancement of the signal may be due to well-distributed 
multifaceted AgNPs separated by nanoscale gaps, creating 
regions of high intensification of the electromagnetic field, 
called hot spots, ideal for enhancing the Raman signal.40-42

It is well established that the efficiency of a SERS 
substrate strongly depends on the characteristics of the 
nanoparticle, meaning that minor variations in their 
arrangement can lead to large fluctuations in the SERS 
signal.43 Therefore, the methodology described here allows 
better control over the fabrication of the nanostructures with 
homogeneous SERRS signals over a large area. 

The mean spectra and SERRS mapping of the  
AgNP/PS-b-P2VP (0.5 and 0.05 wt.%) over non-patterned 
substrates show an intense background fluoresce and very 
weak SERS signal of the dye (Figure S5, SI section). 
This result, once more, confirms the importance of the 
prepatterned substrate for the in situ synthesis of AgNPs. 

Conclusions

We have demonstrated the in situ preparation of 
AgNPs in PS-b-P2VP films and their evaluation as SERS 
substrates. The use of μCP patterned glass substrates with 
OTS results in PS-b-P2VP films of a uniform monolayer of 
BCP micelles, essential for the in situ synthesis of AgNPs 
by thermal annealing. We showed that the concentration 
of Ag+/PS-b-P2VP solution strongly influences the size 
and aggregation of the AgNPs and the SERRS signal. A 
PS-b-P2VP film with well-distributed multifaceted AgNPs 
with ca. 100 nm was produced using a 0.05 wt.% of  
Ag+/PS-b-P2VP solution. Moreover, this film, with 
uniformly distributed AgNPs and a homogeneous SERRS 
signal, is a potential material to design SERS substrates for 
application in sensing. Finally, the methodology outlined 
here could be adapted for the synthesis of a wide variety 
of metal nanoparticles (e.g., Pd, Cu, Au) depending on the 
desired application.

Supplementary Information

Supplementary information is available free of charge 
at http://jbcs.sbq.org.br as PDF file.
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