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A Step-Wise Approach for Dual Nanoparticle Patterning via 
Block Copolymer Self-Assembly
 A novel step-wise approach for fabrication of periodic arrays of two dif-
ferent types of nanoparticles (NPs), selectively localized at different block 
copolymer phases is demonstrated. In the fi rst step, pre-synthesized  ≈ 12 nm 
silver nanoparticles (AgNPs), stabilized with thiol-terminated polystyrene, 
are mixed with poly(styrene -block- vinylpyridine) (PS- b -PVP) block copolymer 
in a common solvent. After fi lm casting and consequent solvent vapor 
annealing the AgNPs are selectively localized within the PS phase of the block 
copolymer matrix due to the interaction with PS shell of the nanoparticles. 
In the second step,  ≈ 2–5 nm gold, platinum, or palladium nanoparticles are 
directly deposited from their aqueous dispersion on the PVP domains of the 
self-assembled block copolymer thin fi lms. In such a way, thin fi lms of nano-
structured block copolymer with two types of nanoparticles, separated by the 
two distinct block copolymer phases, are prepared in a step-wise manner. 
The presented method is very simple and can be applied for various combina-
tions of pre-synthesized nanoparticles where the characteristics of either type 
of nanoparticles are tuned accordingly in advance, which is more diffi cult to 
achieve for in situ synthesized nanoparticles. 
  1. Introduction 

 Tremendous interest towards nanomaterials, such as metal or 
semiconductor nanoparticles (NP), quantum dots (QD), fuller-
enes, carbon nanotubes (CNT), etc., has come up because of 
their unique properties, which differ signifi cantly from their 
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bulk analogues and often display size and 
shape dependency. [  1–5  ]  During the past 
decade signifi cant progress has been made 
in the improvement of existing and the 
development of new synthetic methods 
and strategies which allow to precisely 
control the composition, structure, size, 
shape and surface functionality of most 
of materials produced in the nanometer 
scale. [  5–12  ]  Thus, encouraged by the con-
tinuous trend in minimization of devices 
used in modern high-tech industries and 
precise tuning of materials properties, 
nanomaterials are more and more being 
used as working elements in the design 
of chemical and biological sensors, energy 
storage and convertors, catalytic systems, 
optical devices and others. [  1  ,  2  ,  13–15  ]  

 Since for many applications precise con-
trol over the spatial organization of nano-
materials as device building components 
is of crucial importance, much attention 
has been focused on the development of 
methods to organize them into ordered one-, two- or three-
dimensional structures. Among the various strategies used for 
this purpose, the bottom-up methods have been recognized as 
an elegant and powerful approach due to their effi ciency and 
high-throughput. [  16  ,  17  ]  In particular, block copolymers (BCP) 
represent one of the most promising self-assembling systems 
because of the variety of morphologies available whose length 
scale and periodicity can easily be tailored. [  18  ,  19  ]  Owing to this, 
BCP are widely used for the fabrication of functional nanocom-
posites containing metal, metal oxide nanoparticles, quantum 
dots or nanorods. [  20–24  ]  

 A number of experimental methods have been developed for 
the incorporation of either pre-synthesized nanoparticles [  24–35  ]  
or those generated in situ from appropriate precursors [  36–40  ]  
selectively inside one of the BCP microdomains. Additionally, 
various techniques have been used for the incorporation of 
nanomaterials, such as blending of NPs with BCP, [  24–26  ]  selec-
tive adsorption, [  31  ,  32  ,  39  ]  vapor- [  41  ]  or electrodeposition. [  42  ]  Together 
with theoretical studies done on such systems [  43–45  ]  the binary 
NP/BCP nanocomposites are now well understood. 

 In contrast, incorporation of two types of nanoadditives pos-
sessing different functional properties (e.g., optical and mag-
netic) within different domains of the BCP matrix is still a chal-
lenge. Some attempts have been made in the past on fabrica-
tion of such ternary NP1/NP2/BCP nanocomposites. [  46–51  ]  For 
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example, utilizing the different chemical nature of the nano-
particle stabilizing shell, pre-synthesized hydrophilic CdSe QDs 
and hydrophobic gold NPs were selectively sequestered within 
poly(4-vinylpyridine) (P4VP) and polystyrene (PS) domains of 
the poly(styrene -block- 4-vinylpyridine) (PS- b -P4VP) BCP. [  46  ]  
Alternatively, the entropically driven organization of different 
in size silica and gold nanoparticles within self assembled 
poly(styrene -block- ethylene propylene) matrix was reported by 
Bockstaller and co-workers. [  47  ]  

 Undoubtedly, direct mixing of BCPs with pre-synthesized 
NPs represents the simplest way towards NP/BCP composites. 
However, this method becomes less attractive for the fabrica-
tion of composites highly loaded with nanoparticles mainly 
due to enhanced tendency of NPs to macrophase segregation 
and cluster formation. [  52  ]  In addition, the morphology of the 
BCP might be signifi cantly altered by the presence of nanoad-
ditives at concentrations above a certain critical value. [  35  ]  For 
example, using discontinuous molecular dynamic simulations, 
Schultz and co-workers showed that with an increase in the 
particle loading, the phase transitions occur from the lamellar 
to perforated lamellar, cylindrical or disordered morphologies, 
depending on the particle size, volume fraction and strength 
of the particle-segment interaction. [  43  ]  More recently, Chen and 
Ruckenstein employed the dissipative particle dynamic simu-
lations for modeling the binary NP/BCP [  45  ]  and ternary NP1/
NP2/BCP systems, [  53  ]  pointing out the importance of consid-
ering the whole spectrum of interactions (i.e., particle-particle, 
particle-segment and segment-segment interactions) in order to 
predict the morphology and possible phase transitions of such 
systems. 

 To overcome the diffi culties associated with NPs clustering 
and morphological perturbations, alternative strategies for the 
fabrication of ternary NP1/NP2/BCP composites have been 
developed. Hence, Char and co-workers explored the topo-
graphical texture of poly(styrene -block- methyl methacrylate) thin 
     Scheme  1 .     Schematic illustration of the step-wise approach used for patterning of two types of 
pre-synthesized nanoparticles exploiting block copolymer self-assembly.  
fi lms to control the nanoparticle location. [  48  ]  
The ability of amphiphilic BCP to aggregate 
into micellar structures has also been used to 
prepare ternary NP1/NP2/BCP nanocompos-
ites. Such synthetic protocols often involve 
in situ methods for the particle generation 
or either a combination of in situ and ex 
situ methods for loading of different types of 
NPs. For example, in situ formed iron (III) 
oxide and pre-synthesized gold nanoparticles 
were selectively localized in P4VP cores and 
PS coronas of PS- b -P4VP thin fi lm, respec-
tively. [  49  ]  Following a similar idea, selective 
localization of silver and gold nanoparticles 
within P4VP core and PS corona of PS- b -
P4VP micelles was demonstrated by Acharya 
et al. [  50  ]  Recently, Russell and co-workers also 
implemented a micellar route for the fabri-
cation of Pt/Au concentric nanostructures 
starting from poly(styrene -block- 2-vinylpyri-
dine -block- ethyleneoxide)  tri -BCP. [  51  ]  

 Despite the high effi ciency of the in situ 
approaches the reaction conditions prevailing 
during the synthesis of nanoparticles inside 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the BCP are not always optimal for achieving the desired prop-
erties. Herein, we report on a novel step-wise approach for the 
selective incorporation of two types of pre-synthesized nanopar-
ticles to different domains of a phase-separated BCP matrix by 
utilizing a combination of two strategies for nanoparticle incor-
poration. During the fi rst step, the PS- b -PVP BCP is mixed 
with primary polystyrene-stabilized silver nanoparticles (AgNP, 
NP1) and deposited as thin fi lms. After subsequent solvent 
annealing, the AgNPs are preferentially localized in polysty-
rene phase due to the presence of a compatibilizing PS shell 
on their surface. In the next step, citrate-stabilized secondary 
nanoparticles (NP2) (Au, Pt or Pd) are selectively adsorbed onto 
the PVP domains from their aqueous dispersions, leading to 
ternary NP1/NP2/BCP composite thin fi lms with each type of 
NPs selectively located at different BCP domains. 

 The key advantage of the presented approach is that by par-
tition of the nanoparticle incorporation steps into two distinct 
procedures morphological disturbances associated with par-
ticle aggregation effects are minimized. Moreover, this method 
becomes more attractive if the application aspects of such ter-
nary composites directly rely on size- or shape-dependent prop-
erties of patterned nanomaterials which are more diffi cult to 
control when the particles are generated in situ. 

   2. Results and Discussion 

 In the present work a step-wise approach was used for the fabri-
cation of ternary NP1/NP2/BCP nanocomposite fi lms as shown 
in  Scheme    1  . In the fi rst step, the block copolymer and the pre-
synthesized primary-type nanoparticles (NP1) were mixed in a 
common solvent and deposited onto the substrate to form a thin 
NP1/BCP composite fi lm followed by solvent vapor annealing. 
Afterwards, the substrate-supported NP1/BCP composite 
thin fi lms were immersed into an aqueous dispersion of the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 483–490
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     Figure  1 .     a,c) TEM images of a) AgNPs and c) AuNPs. b,d) UV-vis spectra of b) PS-stabilized AgNPs dispersed in THF and d) citrate-stabilized AuNPs 
dispersed in water.  
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secondary nanoparticles (NP2) leading to the formation of ter-
nary NP1/NP2/BCP composites. The presented method involves 
each type of nanoparticles having been prepared in advance 
using well-established synthetic procedures. Thus, it gives the 
advantage to control the nanoparticle characteristics, like for 
example their optical properties, through the control of particle 
size, shape and size distribution which that is rather diffi cult to 
achieve when the nanoparticles are generated in situ. [  40  ]   

 Symmetric lamellae-forming poly(styrene -block- 2-vinylpyri-
dine) and asymmetric cylinder-forming poly(styrene -block- 4-
vinylpyridine) block copolymers (denoted as PS 50 - b -P2VP 50  and 
PS 57 - b -P4VP 18 , respectively) were used as polymer matrices for 
the fabrication of ternary NP1/NP2/BCP composites (for the 
morphology of neat BCP thin fi lms see the Supporting Infor-
mation, Figure S1). 

 The use of PS-containing block copolymers required the 
primary NP1 to be compatible with the polystyrene phase 
and non-compatible (or non-miscible) with the complemen-
tary phase (i.e., PVP). Such selectivity might be achieved, for 
example by covering the surface of NP1 with a polymer shell of 
the same nature as the host block. For example, Kramer and co-
workers demonstrated that gold nanoparticles are enthalpically 
driven selectively to the PS microdomains of a self-assembled 
PS- b -P2VP matrix if their surface is modifi ed with a polystyrene 
shell. [  27  ,  28  ]  

 In the present work attention has been focused on the fab-
rication of composites containing silver nanoparticles (AgNP) 
which are of particular interest due to their optical properties. 
Similarly to gold, silver NPs can be modifi ed with polymer lig-
ands using simple and straightforward thiol chemistry. Hence, 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 483–490
PS-modifi ed AgNPs were prepared from silver acetate precursor 
via two reaction steps based on a modifi ed synthetic procedure 
reported by Hiramatsu and co-workers. [  54  ]  The oleylamine used 
during the fi rst step of AgNP synthesis simultaneously serves 
the function of both reducing and stabilizing agent but due to 
the relatively weak interaction between the amino-groups and 
the silver surface it can be effi ciently replaced by various thiol-
containing molecules including thiol-terminated polymers. 
Subsequently, the obtained oleylamine-capped AgNPs were sub-
jected to a ligand-exchange reaction carried out with an excess 
of thiol-terminated polystyrene (PSSH). 

 TEM investigations of prepared AgNPs reveal formation of 
nanoparticles with average size of 12.8  ±  1.1 nm ( Figure    1  a), 
whereas UV-vis spectrum of PS-modifi ed AgNPs dispersed 
in THF possess well defi ned and nearly symmetric surface 
plasmon resonance (SPR) absorbance peak with its maximum 
at 419 nm (Figure  1 b). FTIR and TGA analyses confi rmed the 
presence of a polystyrene shell on the AgNPs surface, sug-
gesting also complete replacement of oleylamine after the ligand 
exchange step (Figure S2a–c in the Supporting Information).  

 The calculated polymer grafting density resulted in the value 
of 2.2 chains nm  − 2  based on TEM and TGA data. The formation 
of a densely grafted polymer layer on the nanoparticle surface 
was considered to be an important requirement to screen pos-
sible particle interactions with the PVP chains and achieve their 
selective segregation to the center of the PS domains of the 
microphase separated PS- b -P2VP BCP matrices. [  28  ]  It should be 
mentioned, that high polymer grafting density is rather diffi -
cult to achieve for the planar surfaces via grafting-to methods. 
Nevertheless, comparable or even higher values were reported 
485wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     a,b) AFM topography with corresponding cross-sectional profi les (insets) and b,c,e,f) SEM images of a,b) AgNP/PS 50 - b -P2VP 50 , c) AgNP/
PS 57 - b -P4VP 18 , d,e) AuNP/PS 50 - b -P2VP 50 , and f) AuNP/PS 57 - b -P4VP 18  composite thin fi lms.  
in literature for polymer-coated gold nanoparticles and attrib-
uted to the high apparent curvature of the nanoparticle core 
and enthalpy gains arising from the Au-S bonds formation 
counteracting the entropic costs associated with the stretching 
of the polymer chains. [  28  ,  55  ]  The measured separation distances 
between adjacent AgNPs results in average value of 8.5  ±  3.2 nm, 
half of which is above estimated RMS end-to-end distance of 
unperturbed coil (3.3 nm) suggesting thus that tethered PS 
chains adopt partially stretched conformation (see Figure S2d,e 
and following text in the Supporting Information). [  56  ]  

 As secondary nanoparticles (NP2) water-dispersible citrate-
stabilized Au, Pt and Pd nanocrystals with 2–5 nm in diameter 
were used. Recent work done in our group has demonstrated 
that due to the preferential attraction to the P4VP chains such 
nanoparticles can be selectively deposited either into P4VP-
lined pores of porous PS- b -P4VP templates [  31  ]  or on the top of 
the P4VP domains of self-assembled PS- b -P4VP BCP. [  32  ]  In the 
present work this method was extended for the fabrication of 
ternary composites. TEM image and UV-vis spectrum of gold 
nanoparticles are shown in Figure  1 c,d, respectively. For TEM 
images of Pt and Pd nanoparticles readers are referred to the 
Supporting Information, Figure S3. 

 Prior to fabrication of ternary NP1/NP2/BCP composites, the 
thin BCP fi lms containing only NP1 or NP2 were prepared and 
examined.  Figure    2  a,b shows topography AFM and SEM images 
of AgNP/PS 50 - b -P2VP 50  composite loaded with 2 wt% of silver 
nanoparticles. Similar to the neat PS 50 - b -P2VP 50  BCP after sol-
vent vapor annealing a perpendicularly oriented lamellar mor-
phology was observed also for AgNP/PS 50 - b -P2VP 50  composite 
thin fi lms. Notably, the AgNPs were found selectively segregated 
in one of the phase separated BCP microdomains. TEM studies 
of AgNP/PS 50 - b -P2VP 50  composites stained with iodine proved 
that the AgNPs are localized in polystyrene phase (Supporting 
486 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
Information, Figure S4a). With an increase of the AgNPs weight 
fraction the PS microdomains became progressively loaded with 
nanoparticles being almost completely fi lled when the concen-
tration reached 5.0 wt% relative to the BCP fraction. However, 
when the particle content was further increased, up to 10.0 wt%, 
the lamellar order and periodicity appeared strongly perturbed 
by the AgNP presence (Supporting Information, Figure S4b–d). 
Nevertheless, the alternating character of particle-fi lled and par-
ticle-free regions suggests that even at high loadings AgNPs still 
remain trapped within the PS phase.  

 In case of AgNP/PS 57 - b -P4VP 18  composites, the AgNPs were 
also found distributed within the major PS phase which forms 
the matrix, whereas the P4VP domains appeared self-assem-
bled into hexagonally packed cylinders oriented normal to the 
substrate plane (Figure  2 c). It should be mentioned that due 
to the relatively large AgNP size their inclusions led to a local 
distortion of the hexagonal arrangement of the P4VP cylinders 
refl ected in an increase of interdomain spacing and appearance 
of defects. 

 Figure  2 d–f depict SEM images of AuNP/PS 50 - b -P2VP 50  and 
AuNP/PS 57 - b -P4VP 18  composite thin fi lms taken after deposi-
tion of the gold nanoparticles. Due to preferential attraction 
to the PVP chains the AuNPs are selectively deposited atop 
of either lamellar P2VP or cylindrical P4VP microdomains. 
Although the proposed approach allows precise control of the 
primary NP1 concentration, the loading of the secondary NP2 
could be coarsely tuned by the exposure time maintained for 
their deposition. From the comparison of series of SEM images 
taken after different AuNP deposition times it becomes evi-
dent that the BCP fi lm surface appears progressively covered 
with the nanoparticles with an extension of particles deposition 
time, approaching the values of 47% for lamellar and 28% for 
cylindrical morphology after 24 h of exposure. Analysis of SEM 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 483–490
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     Figure  3 .     UV-vis spectra of a) AuNP/PS 50 - b -P2VP 50  composites after different AuNP deposition times and b) AgNP/PS 50 - b -P2VP 50  composites loaded 
with different amount of AgNPs.  
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and AFM images also gives evidence that AuNP start to form 
clusters whose size becomes progressively larger in both lateral 
and normal dimensions as particles deposition time increases 
(for details see Supporting Information, Figure S5,S6). 

 The UV-vis spectra of series of AuNP/PS 50 - b -P2VP 50  and 
AgNP/PS 50 - b -P2VP 50  composites are shown in  Figure    3  . As 
can be seen, for AuNP/PS 50 - b -P2VP 50  composites, the posi-
tion of the SPR absorbance peak maxima of gold NPs is pro-
gressively red-shifted as the particle deposition time increases 
(Figure  3 a). Similar gradual red shift was also found for AuNP/
PS 57 -b-P4VP 18  composites as the particles deposition time was 
extended (Supporting Information, Figure S7). Taking into 
account SEM and AFM results discussed above, observed red 
shift is attributed to an increased clustering of AuNP along 
the lamellar P2VP or cylinder-forming P4VP domains as the 
amount of adsorbed nanoparticles increases with time. [  57  ]   

 In contrast, for the AgNP/PS 50 - b -P2VP 50  composites the 
position of SPR absorbance peak maxima of AgNPs remained 
almost unchanged for the composites loaded with different 
amount of AgNPs (Figure  3 b). The position of peak maxima 
remained also unchanged when silver-containing composites 
(either AgNP/PS 50 - b -P2VP 50  or AgNP/PS 57 - b -P4VP 18 ) were 
annealed in different solvents and for different period of time. 
This suggests that, in contrast to gold NP, the AgNPs do not 
aggregate after solvent vapor annealing. 
© 2013 WILEY-VCH Verlag G

     Figure  4 .     AFM topography images with corresponding cross-sectional profi l
and c) AgNP/PdNP/PS 50 - b -P2VP 50  ternary composites taken after 24 h of N

Adv. Funct. Mater. 2013, 23, 483–490
 For preparation of ternary composites, solvent annealed 
AgNP/PS- b -PVP thin fi lms with perpendicularly oriented 
microdomains were immersed into NP2 aqueous disper-
sions, allowing the NP2 to selectively adsorb atop of the PVP 
phase. Considering the results discussed above, for further 
experiments the concentration of AgNP in BCP was limited to 
5.0 wt% in order to preserve the periodic lamellar structure of 
the AgNP/PS 50 - b -P2VP 50  composites and prevent the hexag-
onal order of P4VP cylinder from getting perturbed by AgNP 
inclusions. 

 Representative AFM topography images of ternary AgNP/
NP2/PS 50 - b -P2VP 50  composites obtained after exposure of 
AgNP/PS 50 - b -P2VP 50  thin fi lms to various NP2 dispersions for 
24 h with corresponding cross sectional profi les (insets) taken 
across the lines on topography images are shown in  Figure    4  . 
Importantly, after deposition of the NP2 the initial morphology 
was not disturbed maintaining the perpendicular lamella struc-
ture both before and after NP2 deposition. The presence of the 
NP2 becomes evident from the comparison of topographic AFM 
images of AgNP/PS 50 - b -P2VP 50  (Figure  2 b), ternary composites 
(Figure  4 ) and their corresponding cross sectional profi les.  

 Although due to increased surface roughness the primary 
AgNPs became diffi cult to visualize with AFM imaging after 
deposition of the secondary NP2, the presence of both AgNP 
and AuNP is evident from the UV-vis spectra of ternary AgNP/
487wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     a) UV-vis spectra of ternary AgNP/AuNP/PS 50 - b -P2VP 50  com-
posites measured after different time of AuNP deposition. The concen-
tration of the AgNPs in all samples was kept 5.0 wt%. SEM images of 
b) lamellar AgNP/AuNP/PS 50 - b -P2VP 50  and c) cylindrical AgNP/AuNP/
PS 57 - b -P4VP 18  composites, respectively.  
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     Figure  6 .     a) High-magnifi cation TEM image of the ternary AuNP/AgNP/PS 57 - b -
posite thin fi lm depicting the presence of larger AgNPs and smaller AuNPs. b) T
the TEM image of the ternary AuNP/AgNP/PS 57 - b -P4VP 18  with the contours co
to the presence of nitrogen (the P4VP phase, black unfi lled contours) and A
spots). The contours are based on the elemental maps determined form the e
TEM images. The loading of the AgNP was 5.0 wt% and the deposition time 
was 1 h. Inset in (b) is a magnifi ed part of the image. c) Cross-sectional TEM 
lamella of the ternary AuNP/AgNP/PS 57 - b -P4VP 18  composite. Black and white a
positions of smaller AuNPs atop of P4VP microdomains and larger AgNPs, re
AuNP/PS 50 - b -P2VP 50  composites ( Figure    5  a). Two SPR absorb-
ance peaks are detectable for the composites loaded with both 
silver and gold NPs, in contrast to a single SPR peak observed for 
the composites containing either AgNPs or AuNPs (Figure  3 ). 
Due to the nanoparticles clustering the position of the SPR 
peak maxima of gold underwent a gradual red shift (similar 
to AuNP/PS 50 - b -P2VP 50 ) as the particle deposition time was 
increased. In contrast absorbance peak of silver is slightly blue-
shifted, which is probably due to an overlap of SPR peaks of 
silver and gold.  

 It is important to mention that due to the difference in size 
between the AgNPs (12.8 nm) and the Au (Pt, Pd) nanocrys-
tals (2–5 nm) the presence and exact position of either type 
of NPs was possible to detect with conventional SEM. From 
the SEM image shown in Figure  5 b it is evident that both the 
larger AgNPs and the smaller PdNPs are selectively localized 
within alternating perpendicular lamellae, consisting of PS 
and P2VP, respectively. Similarly, the presence of both larger 
AgNPs and smaller AuNPs can be resolved in the SEM image 
of AgNP/AuNP/PS 57 - b -P4VP 18  composite (Figure  5 c), as also 
proved by the UV-vis experiments (Supporting Information, 
Figure S7). 

 A bright fi eld TEM image of the ternary AgNP/AuNP/PS 57 -
 b -P4VP 18  composite is shown in  Figure    6  a. Due to the presence 
of AgNP inclusions it is rather diffi cult to visualize the actual 
positions of the AuNPs within the BCP matrix. Nevertheless, 
their quasi-hexagonal arrangement can be seen in Figure  6 b 
mbH & Co. KGa

P4VP 18  com-
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rresponding 
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spectively.  
which is an overlay of the bright fi eld TEM image 
elemental maps derived form the energy-fi ltered 
TEM images, where the presence of nitrogen (i.e., 
the P4VP domains) is marked with the black con-
tours and the AgNPs are marked with the white 
spots (see Supporting Information for details).  

 The distribution of nanoparticles through the 
fi lm thickness can be validated from the cross-sec-
tional TEM image of AgNP/AuNP/PS 57 - b -P4VP 18  
composite shown in Figure  6 c. As it was expected, 
the AuNPs being deposited from their aqueous 
dispersion localize atop of the PVP domains of 
the BCP thin fi lm (pointed with black arrows). 
Moreover, the larger PS-stabilized AgNPs were also 
found localized close to the polymer/air interface 
(white arrows). Similar tendency of PS-stabilized 
AgNP to segregate close to the polymer/air inter-
face was also found for composites having lamellar 
morphology and can be explained as a consequence 
of relatively large AgNPs size and presence of the 
densely grafted polymer layer on their surface. [  56  ]  

   3. Conclusions 

 This work presents a novel step-wise approach 
for the fabrication of ternary NP1/NP2/BCP com-
posites having either type of nanoparticles selec-
tively localized within a particular microdomain 
of phase separated block copolymer fi lms. Within 
this method, both types of NPs were prepared in 
advance using well established synthetic methods 
allowing thus the precise control over their main 
A, Weinheim Adv. Funct. Mater. 2013, 23, 483–490
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characteristics, such as composition, size, shape or polydisper-
sity, which can not easily be controlled when the nanoparticles 
are generated in situ within the BCP matrix. This is of pivotal 
importance if the application aspects of such ternary composites 
require consideration of the inherent properties of both NPs, 
often being size- and shape-dependent, and those being related 
to the particles collective behavior which depends on their spa-
tial organization. Although AgNP inclusions within the PS 
matrix led to a distortion of the hexagonal order of neighboring 
P4VP cylinders, the problem might be overcome using the 
nanoparticles with suffi ciently small size. The partition of the 
particle incorporation procedures in two distinct steps, that is 
direct mixing of NP1 with BCP, followed by deposition of NP2 
onto the pre-formed NP1/BCP template, allows to effectively 
load either type of pre-synthesized NPs overcoming in such a 
way the diffi culties associated with nanoparticle agglomeration 
and macrophase separation, often observed at high nanopar-
ticle fraction. The proposed method is applicable for various 
combinations of nanoparticles and represents a simple and 
straightforward route towards composite materials with mul-
tiple functionalities. 

   4. Experimental Section 
  Materials  :  Thiol-functionalized polystyrene (PSSH, M n   =  5300 g mol  − 1 , 

PDI  =  1.10), block copolymers poly(styrene -block- 2-vinylpyridine) (PS 50 -
 b -P2VP 50 , M n (PS)  =  50.0 kg mol  − 1 , M n (P2VP)  =  50.0 kg mol  − 1 , PDI  =  
1.16) and poly(styrene -block- 4-vinylpyridine) (PS 57 - b -P4VP 18 , M n (PS)  =  
57.5 kg mol  − 1 , M n (P4VP)  =  18.5 kg mol  − 1 , PDI  =  1.14) were purchased 
from Polymer Source, Inc., Canada and used as received. Silver acetate 
(CH 3 COOAg, 99%), sodium tetrachloroaureate (NaAuCl 4 , 99.9%), 
chloroplatinic acid (H 2 PtCl 6 , ACS reagent), palladium (II) chloride (PdCl 2 , 
99.999%), sodium citrate (99%), sodium borohydride (NaBH 4 , 96%) 
and oleylamine (70%) were purchased from Sigma Aldrich and used 
as received. Toluene, 1,4-dioxane, THF, ethanol, 1,4-dichlorobenzene, 
dichloromethane, purchased from Acros Organics, were of analytical 
grade and used without any purifi cation. Hydrochloric acid (36%), 
hydrogen peroxide (30%) (Merck) and ammonium hydroxide solution 
(28%) (Acros) and were of analytical grade and used as received. 
Highly polished single-crystal silicon wafers ({100} orientation) with 
 ≈ 1.5 nm native silicon oxide layer (Semiconductor Processing Co) and 
 ≈ 1-mm-thick glass substrates were used as substrates for thin fi lm 
deposition. 

  Synthesis of Polystyrene-Coated Silver Nanoparticles : Polystyrene-coated 
silver nanoparticles (AgNP) 12.8  ±  1.1 nm in size were prepared in two 
steps using a modifi ed synthetic procedure reported by Hiramatsu and 
Osterloh. [  54  ]  During the fi rst step oleylamine stabilized AgNPs were 
synthesized under refl ux in 1,2-dichlorobenzene starting from silver 
acetate as metal precursor. Next, a ligand-exchange step was performed 
to replace oleylamine with thiol-terminated polystyrene. More details on 
the synthetic conditions, post-treatment and purifi cation steps can be 
found in the Supporting Information. 

  Synthesis of Citrate Stabilized Noble Metal Nanoparticles (AuNPs, 
PtNPs, PdNPs) : Water soluble Au, Pt and Pd nanoparticles with average 
diameter of 3.5  ±  0.5, 2.5  ±  0.5, and 3.8  ±  0.5 nm, respectively, were 
prepared using procedures similar to the synthetic route described by 
Brown et al. [  58  ]  The precursors used for the preparation of the gold and 
platinum NPs were aqueous solutions of sodium tetrachloroaureate 
(NaAuCl 4 ) and chloroplatinic acid (H 2 PtCl 6 ), whilst hydrogen 
tetrachloropalladate (the precursor for the PdNP) was obtained by 
dissolving palladium (II) chloride in hydrochloric acid in the molar ratio 
PdCl 2 :HCl 1:2. Aqueous dispersions of as-synthesized citrate-stabilized 
noble metal NPs were used for further experiments. More details on the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 483–490
synthetic procedures used for the syntheses of citrate-stabilized metal 
NPs can be found in the Supporting Information. 

  Preparation of AgNPs/BCP Composites : Stock solutions of PS-modifi ed 
AgNPs and PS- b -PVP BCP were prepared in THF and mixed together 
to yield nanoparticle concentrations ranging from 0.0 to 10.0 wt% with 
respect to the PS- b -PVP content. The BCP concentration was adjusted 
to 0.5–1.0 wt% by the addition of THF. The AgNPs/BCP composites in 
THF were stirred at room temperature for 24 h to ensure homogenous 
mixing of the nanoparticles and the BCP. Before the fi lm deposition 
the THF solutions of PS- b -PVP BCPs and AgNPs/BCP composites were 
fi ltered through a 0.2  μ m PTFE membrane fi lter to remove possible 
particulate species. 

  Thin Film Preparation and Annealing : Silicon and glass wafers were 
pre-cleaned by repeated sonication in CH 2 Cl 2  followed by treatment 
with a mixture of water, aqueous solutions of hydrogen peroxide 
(30%) and ammonium hydroxide (28%) (4:1:1 by volume) for 1 h 
at 80  ° C. The wafers were thoroughly rinsed with Milli-Q water and 
dried with nitrogen fl ow before being used as substrates for thin fi lm 
deposition. The 20–30 nm thin fi lms were deposited onto pre-cleaned 
wafers by spin- or dip-coating from the BCP or AgNPs/BCP composite 
solutions. The fi lm thickness was adjusted via tuning the block 
copolymer concentration and the rotation/withdrawing speed during 
thin fi lm preparation. The solvent vapor annealing of the thin fi lms 
was performed in a glass chamber saturated with 1,4-dioxane vapor 
for 10–180 min. 

  Deposition of Au, Pt and Pd Nanoparticles : Si and glass substrates 
with deposited and solvent annealed PS- b -PVP and AgNPs/PS- b -PVP 
composite fi lms were dipped into aqueous dispersions of Au, Pt or Pd 
nanoparticles for different period of time (i.e., from 10 min to 24 h), 
washed repeatedly with de-ionized water to remove non-adsorbed or 
weakly-adsorbed nanoparticles and dried with nitrogen fl ow. 

  Characterization : Atomic force microscopy (AFM) imaging was 
performed in the tapping mode (Dimension 3100 SFM, Digital 
Instruments, Inc., Santa Barbara, CA) using silicon cantilevers with 
resonance frequency of 60–70 kHz and a tip radius of  ≈ 10 nm. Scanning 
electron microscopy was performed using a NEON 40 FIB-SEM 
workstation (Carl Zeiss AG, Germany) operated at 3 kV. In order to 
resolve the nanoparticle positions within the BCP matrix thin fi lms of 
NP/BCP composites supported on Si substrates were studied with SEM 
without any metal sputtered atop of the fi lms. A Libra200 transmission 
electron microscope with integrated  Ω -type energy fi lter (Carl Zeiss AG, 
Germany) operated at 200 kV was used to perform TEM imaging. NP 
specimens for TEM investigations were prepared by drying a droplet of 
nanoparticles dispersions in THF (in case of AgNP) or in water (in case 
of Au, Pt or Pd nanoparticles) on amorphous carbon coated copper 
grids (200-mesh, Plano GmbH, Wetzlar, Germany). The number-average 
size and size distribution of the NPs were estimated by measuring the 
size of at least 300 individual particles using the ImageJ software. For 
TEM investigations, the NP/BCP composite thin fi lms were etched from 
Si wafers by immersion into a 1M NaOH water solution and transferred 
onto 400-mesh copper grid. FTIR spectra were recorded with a Vertex 
80v spectrometer (Bruker, Germany) in the transmission mode (KBr 
technique). TGA measurements were performed on a TA Q5000 
thermal analyzer (TA instruments, USA) at a heating rate of 10 K/min 
in a nitrogen atmosphere. The UV-vis spectra of the AgNPs and AuNPs 
dispersions were recorded in transmission mode using a Lambda 
900 Perkin-Elmer spectrophotometer, whereas the spectra of the NP/
BCP composite thin fi lms were measured with a Cary 6000i (Varian) 
instrument in the wavelength range  λ   =  300–1100 nm (averaging time 
0.3 s, spectral bandwidth 1 nm). Lamella for cross-sectional TEM 
imaging was prepared using NEON 40 FIB-SEM workstation (Carl Zeiss 
AG, Germany) equipped with a Ga ion beam and operated at 30 kV. The 
samples were initially covered with 15-nm-thick carbon layer to provide 
contrast for visualization of nanoparticles and then sputtered with 
40-nm-thick platinum layer. Finally, a localized additional 15-nm-thick 
platinum layer was deposited with the ion beam over the area selected 
for lamella preparation. The samples were milled and polished with the 
FIB to give a 100-nm-thick lamella. 
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