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g r a p h i c a l a b s t r a c t
� Ag nanoparticles were obtained
throughout a redox reaction.

� Electrostatically stabilized particles
were capped by CTAB.

� The organophilic particles were
added into PS and PMMA blend
system.

� The placement of the Ag particle
domains was readily controlled.

� The amount of CTAB and post treat-
ment of the composites were system
parameters.
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The preparation of stable composites with well-controlled particle location is one of the challenges in
formulating new polymer/nanoparticle mixtures. In this study, cetyltriammonium bromide (CTAB)-
capped monodisperse Ag nanoparticles were prepared and mixed with an equimass blend of polystyrene
(PS) and poly(methyl methacrylate) (PMMA) in solution. The surface of the blend film without nano-
particles showed spherical pits with a size of 4.5 mm in diameter. The integration of CTAB-capped
nanoparticles into the blend film developed surface bumps with a size of 0.4 mm in diameter. The
organophilic Ag nanoparticles were distributed heterogeneously in the immiscible PS-PMMA blend.
When the diameter of particle domains reached approximately 20 nm, particles were preferentially
located at the interface of the PS and PMMA domains. Larger particle domains with a diameter of 90 nm
were found to be in the PMMA-rich phase. Isothermal post-treatment of the PS-PMMA/Ag composite
films directs the particle domains into PS domains. Thermodynamic factors that contribute to the
observed morphologies are discussed.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The association of nanoparticles with a polymer blend offers
significant features beyond the advantages of polymer composites
prepared with a single homopolymer. From the structural point of
view, the particles are randomly dispersed in the homopolymer
matrix [1]. The particles can be organized in multiphase polymeric
.

matrix systems, such as in homopolymer blends or block co-
polymers, since phase separation of the systems produces nano-
and microdomains on large areas and in a scalable fashion [2,3].
Applications include instances where particle ordering is required,
such as plasmonic waveguides, plasmonic photocrystals, and sen-
sors [3]. The location of the nanoparticles depends on a delicate
balance of thermodynamic functions, both enthalpy and entropy.
The former refers to polymereligand interaction between the
particle surface and surrounding polymer matrix chains. The
functionalized nanoparticles can interact favorably with a specific
polymer component and can be preferentially located in its
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corresponding domains. Conversely, the latter refers to conforma-
tional loss of the matrix chains. The incorporation of the solid
inorganic nanoparticles into flexible polymers causes stretching of
the chains. When a chain is stretched, the entropy reduces due to
fewer available confirmations. In addition, the arrangement of
particle domains in a polymer matrix, i.e., the level of particle
dispersion, also contributes to the entropy of the system.

A blend of polystyrene (PS) and poly(methyl methacrylate)
(PMMA) is an ideal and attractive system for studying phase sep-
aration [4]. These blends have been intensively studied over the
past two decades and allow the formation of complex layered or
lateral micro- or nanoscale structures [5]. For instance, Huang et al.
prepared a spin-coat film of PS-PMMA with a pitted surface
morphology [6]. The continuous PMMA phase was selectively dis-
solved and the remaining PS pits were used as a lift-off mask for the
formation of a nanopatterned functional silane monolayer. The
application of the blend films in lithography was shown. On the
other hand, Ag nanoparticles are optically active materials and have
been widely used in various applications such as data storage [7],
photonics [8], and plasmonic devices [9]. The collective response of
conduction band electrons (surface plasmons) causes a strong ab-
sorption in the UVeVis spectral region that can be readily tuned by
the size and shape of the Ag nanoparticles. Moreover, the particles
can exhibit strong photostimulated luminescence, showing very
short picosecond life times. Authors suggested that Ag and Ag
halide particles may have potential for applications in microbiology
[10,11], digital storage [11], and as antibacterial agents [12]. The
combination of [CTAB]-capped Ag particles and PS and PMMA al-
lows the formation of novel microstructural materials with particle
ordering.

PS and PMMA blend systems associated with various nano-
particles have been previously reported. Chung et al. reported the
directed interfacial segregation of silica nanoparticles in PMMA/
poly(styrene-ran-acrylonitrile) with different particle contents
[13]. The authors proposed a simple interfacial energy argument to
act as a guideline for predicting whether the nanoparticles are
directed to the interface between the phases or into the phase
preventing film rupture. Xiu et al. studied phase morphology in
compounded hydrophilic silica nanoparticles in polylactide/poly(-
ether)urethane blend films [14]. The selective location of silica
nanoparticles in the polyurethane phase and at the phase interface
induces the morphological change from a common sea-island
structure to a unique network structure, thus giving rise to
remarkable improvement in the impact toughness. Cai et al.
attempted to clarify the effect of the nanoparticle self-
agglomeration structure on the morphology of PS/polyamide
blends in the presence of TiO2 nanoparticles [15]. It was found that
the nanoparticles tended to form separate compact clusters in the
polyamide phase and a completely different coagulation pattern as
compared to other fillers such as carbon black due to its higher
surface energy. Apart from blends, this phenomenon of selective
loading has also been reported for block copolymers. As example,
various types of SiO2 [16], Au [17], BaTiO3 [18], TiO2 [19], Fe3O4 [20],
and CdSe [21] nanoparticles were employed in a PS-b-PMMA
matrix.

It is well established that to localize particles within the A- or B-
domain in polymer blends or block copolymers, the particles need
to be coated with homopolymer A or B, respectively [22]. However,
the coating of nanoparticles with homopolymer requires precise
control over both polymer molecular weight and the end group to
be used for the immobilization to the particle surface. Surface
capping of particles by straightforward commercial capping agents,
which have favorable interactions with one of the phases in blends,
can simplify the selective loading process. In this study, Ag nano-
particles were synthesized and capped by CTAB. The organophilic
particles were associated with PS and PMMA blends in tetrahy-
drofuran (THF) solution. The effects of the amount of CTAB
employed in surface functionalization and isothermal heat treat-
ment were examined as the system parameters. The placement of
the nanoparticles was studied using atomic force microscopy
(AFM).

2. Experimental work

2.1. Chemicals

Sodium borohydride (NaBH4; SigmaeAldrich, 99.99%), silver
nitrate (AgNO3; Alfa Aesar, þ99%), PS (Aldrich Chemical Co., Mw

~350,000), PMMA (Aldrich Chemical Co., Mw ~15,000), tetrahy-
drofuran (THF; VWR International), and CTAB (SigmaeAldrich)
were used as obtained without further purification.

2.2. Preparation of PS-PMMA/Ag composites

A two-step process was applied for the synthesis of organophilic
Ag nanoparticles. In the first step, naked Ag nanoparticles were
obtained via a redox reaction occurring between NaBH4 and AgNO3
[23]. A 10mL aliquot of 0.01M AgNO3 was added dropwise (about 1
drop s�1) to 30 mL of 0.02 M NaBH4 solution that had been chilled
in an ice bath. The reaction mixture was stirred vigorously on a
magnetic plate. The redox reaction can be represented as follows:

2AgNO3 þ NaBH4 / 2Ag� þ BH3 þ HNO3 þ NaNO3

CTAB was used for the surface modification at two different
concentrations in water: 0.02 M and 0.002 M. CTAB solution was
added to the dispersion of silver nanoparticles in a 1:20 ratio (1 mL
of CTAB for 40 mL of silver nanoparticle dispersion). After addition
of CTAB, the dispersion turned black and was sonicated until the
CTAB dissolved in the solution. A drop of dispersion was cast on
cupper grid of TEM. After the evaporation of the solvent, the surface
of the grid was scanned by microscopy. The final solution was then
centrifuged at 6000 rpm for 40 min. Polymer blend solutions were
prepared by dissolving PS and PMMA in a 1:1 weight ratio in THF at
2.5% (w/v). After the complete dissolution of both homopolymers,
the powder of CTAB capped the Ag nanoparticles was redispersed
into the polymer solution mixture. PS-PMMA/Ag nanocomposite
films were prepared by casting the dispersion mixture on a glass
surface. The thickness of the films was between 2 and 4 mm. The
concentration of the particles with respect to polymer was fixed at
0.7 wt.%.

2.3. Characterization tools

Transition electron microscopy (TEM) was performed using a
Zeiss EM 902 (Zeiss International, G€ottingen, Germany). Dynamic
light scattering (DLS; Malvern Zetasizer Nano-ZS Nano Series,
Malvern Instruments, Malvern, UK) was used to measure the size
distributions of the particles and surface charge. Using nuclear
magnetic resonance (NMR; Varian 400 MHz, Varian, Palo Alto, CA,
USA), surfactant molecules were identified on the surface of the
nanoparticles in deuterated dimethyl sulfoxide (DMSO). Thermal
gravimetric analysis of the samples was applied from 0 �C to 600 �C
with air and a PerkinElmer Diamond TG/DTA (PerkinElmer, Wal-
tham, MA, USA). Differential scattering calorimetry (DSC Q10 V9.4
Build 287, TA Instruments, New Castle, DE, USA) was used to
measure the glass transition temperature of thin films and was
applied from 25 �C to 160 �C under N2 gas with a 50.0 mL/min flow
rate and an aluminum pan. Nanoscope IV (Digital Instruments,
Tonawanda, NY, USA) was employed for AFM imaging using the



Fig. 2. DLS number size distribution of the Ag and CTAB capped Ag particles.
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tapping mode of silicon tip. Energy dispersive X-ray spectroscopy
(Quanta 250 scanning electron microscope, FEI, Hillsboro, OR, USA)
was used for elemental analysis and to identify particular elements
and their relative proportions in the sample (atomic %). UVeVis
spectroscopy (Shimadzu UV 2550, Shimadzu, Kyoto, Japan) was
employed in the range of 200e800 nm for absorption.

3. Results and discussion

3.1. Synthesis of Ag nanoparticles

Fig. 1a presents a representative overview TEM image of the Ag
particles. When the reaction between AgNO3 and NaBH4 was
completed, a drop of reaction mixture was cast on TEM grid. The
evaporation of solvent left behind Ag particles and they were
probed by electron beam. The particles on the grid appeared as
spherical and nonaggregated islands. A higher magnification image
of the particles showed a distribution of particle diameter
measured from the TEM image in Fig. 1b. Statistical analysis of the
particles in TEM images showed that they have a diameter of 6 nm
on average (Fig. 1c). Fig. 1d illustrates the electron diffraction
pattern of an individual particle. The discrete sharp circles assigned
with the planes are the fingerprint of the crystalline nature of the
silver nanoparticle. Fig. 2 illustrates DLS number size distribution of
the particles in dispersion before and after the surface capping
process. The measurements were obtained in water and THF for
both naked and CTAB-capped Ag particles, respectively. The mean
Fig. 1. a) Overview and b) high magnification TEM image of the bare Ag nanoparticles on cup
d) electron diffraction pattern of the Ag particles.
diameter of the naked particles was found to be almost identical to
the size measured by microscopy. When the particles were capped
by CTAB, the size increased to 9 nm. The increase in particle size can
be attributed to the immobilization of the surfactant molecule. As a
matter of fact, the length of the surfactant was estimated to be
per grid c) normalized size distribution of the particles measured from the TEM images



Fig. 4. Surface potential of the bare and CTAB-capped Ag particles.

Scheme 1. Schematic view of electrostatic and steric stabilization of the Ag
nanoparticles.
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approximately 1.5 nm. CTAB molecules on the surface of the Ag
nanoparticles were also validated by NMR spectroscopy. Chemical
shifts of Ag particles and CTAB-capped Ag particles are presented in
Fig. 3. Bare Ag particles did not show any signal except the ones of
DMSO (solvent) and of H2O in the solvent at 3.32 and 2.50 ppm,
respectively. When CTAB immobilized to the particle surface,
characteristic signals of CTAB appeared. For instance, eCH3 signal
attached to nitrogen atom at 3.0 ppm and eCH2 signal at 1.22 ppm.
In addition, multiplet feature of HeH coupling of a-CH2 at 0.86 ppm
and b-CH2 signal at 1.75 ppm indicated successful immobilization
of the CTAB molecule to the particle surface. This result is
compatible with the literature [24]. The surface capping process
was also observed by zeta potential measurement employing DLS.
Fig. 4 shows zeta potential of the naked Ag nanoparticles and Ag
nanoparticles capped with CTAB. The surface charge of the naked
Ag particles is around�47mV. This negative charge on the particles
may originate from BH4

- ions inevitably coming from the reducing
agent, NaBH4. The particles repel each other such that they are
electrostatically stabilized; aggregation of the particles is thereby
prevented. After the capping process, an electrostatic interaction
takes place between the particle surface and CTAB. The surface
charge of particle was found to be þ34 mV. The quaternary
ammonium salt molecules may cap the majority of the negative
center on the particle's surface. The Ag particles are now sterically
stabilized by long cetyl chains, which prevented the particles from
getting close in the range of attractive forces (Scheme 1). Pictures of
the Ag particle dispersions and absorbance of light are shown in
Fig. 5. Yellow dispersion refers to Ag nanoparticles and black to
CTAB-capped Ag nanoparticles. The spectra show the difference
between the particles before and after capping with CTAB. The
naked particles have a sharp signal centered at 400 nm. Upon
capping the particles with CTAB, a shoulder around 450 nm appears
separate from the main signal. This new signal can be attributed to
the presence of agglomerated Ag particles [23,25]. The occurrence
of large agglomerates after the capping process shows that steric
stabilization of the particles by CTAB is not as effective as electro-
static stabilization of the naked particle. Surface capping of the
nanoparticles was carried out at two different CTAB concentrations:
0.020 M and 0.002 M. Elemental analysis on particle surface was
performed using energy dispersive spectroscopy on the particle
Fig. 3. NMR spectra for the bare (a) and
surface. While the weight percentage of N is 4.22% for the Ag
nanoparticles capped with 0.002 M CTAB, the percentage increases
to 6.95% for the Ag nanoparticles capped with 0.02 M CTAB. Not
CTAB capped Ag nanoparticles (b).



Fig. 5. Absorption spectra of the bare Ag particles (yellow dispersion) and CTAB-
capped Ag nanoparticles (black dispersion). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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surprisingly, increasing the concentration of CTAB increases the
nitrogen content and accordingly, the grafting density of the
capping agent on the particle surface. The amount of capping agent
on the particle surface determines the size and the location of the
particle domains in PS-PMMA blends, which will be addressed in
later stages of the text.

3.2. Synthesis of PS-PMMA and Ag-CTAB nanoparticle composite

Phase separation of the two immiscible homopolymers allows
the structuring and patterning of surfaces with a lateral resolution
down to the submicron/micrometer scale. AFM technique allows
not only the imaging of surface topography of surfaces, but also the
spatially resolved study of phase behavior. The film of the homo-
polymer, either PS or PMMA, exhibits a flat surface that is free of
features (Figure S1). High-resolution images with high contrast
between the PS-rich and the PMMA-rich phases can be obtained.
Fig. 6 presents tapping-mode AFM images of the PS-PMMA blend
prepared at a 1:1 ratio by mass. The topography shows a pitted
surface in accordance with literature [26]. The reason could be the
formation of a breath figure, i.e. condensation of water droplets
during evaporative cooling of moisture. The pits have a disc-like
morphology of the shape at nearly 4.5 mm in diameter and
0.2 mm in depth. They seem homogeneously dispersed throughout
Fig. 6. A representative tapping mode AFM image of equimass blend film of PS and
PMMA.
the film surface and appear to be larger compared to the size of pits
reported in the literature, which may be due to the higher molec-
ular weight employed in this study [4].

The introduction of CTAB-capped particles into the polymer
blend has an evident influence on the phase morphology of the
film. Fig. 7 presents representative tapping-mode AFM images of
the PS-PMMA/Ag composites. Both topography (panel a) and phase
(panel b) images are shown. The former shows phase separation
between PS and PMMA but does not have enough resolution to
figure out the Ag particle domains; however, the latter presents
both the polymeric phases and Ag particle domains clearly. The
incorporation of the Ag nanoparticles into the binary polymer
blend system causes the disappearance of pits; instead, surface
bumps are developed. The light bumps may refer to PS-rich do-
mains [6]. The size of surface feature is reduced from 4.5 (pits) to
0.4 (bumps) mm. This result can be ascribed to both the compati-
bilizing effect (the decrease in interfacial tension of the mixture)
and the suppression of the coalescence of the domains due to the
pinning effect of the localized particles. In addition, the spherical
bright spots in Fig. 7 may refer to the Ag nanoparticle domains. In
contrast to dispersion of the Ag particles in solvent, the particles
undergo aggregation/agglomeration in polymeric medium. Both
structures of the particles are called particle domains. The size of
the particle domains was mainly determined by the extent of af-
finity of the particles surface with the surrounding polymer matrix
[27]. Ag nanoparticles capped by 0.002 M CTAB were dispersed in
the matrix with 90 nm domains. These particle domains loosely
covered by aliphatic ligands of CTABwere found to be located in the
PMMA phase. When the concentration of CTAB in the course of
surface functionalization was increased ten fold (¼ 0.02 M), CTAB
molecules were denser grafting on the particle surface. The higher
the density of the molecules, the smaller the particle domains [28].
The size of Ag particle domains was reduced to 20 nm and appeared
to sequester at the interface of the PS bumps and continuous PMMA
phase (Fig. 8). An investigation of the surface feature in the pres-
ence of pristine CTAB could offer insight about the role of CTAB in
the development of the surface blend morphology. Pristine CTAB
showed a milky suspension in THF, at least in the range of
0.020e0.002M, indicating the formation of micelle-type structures
that does not provide homogeneous surface modification.

The PS-PMMA/Ag composite films prepared by particles treated
with [CTAB]¼ 0.02 M; i.e. particle domains with 20 nm in diameter
at interface, were subjected to isothermal posttreatment at 165 �C
for 3 days. Glass Transition Temperature (Tg) of PS and PMMA is
105 �C and 104 �C, respectively [29]. The heat treatment of the
composites above Tg allows the diffusion of both PS domains and
organophilic Ag nanoparticles. It has to be noted that the blend was
asymmetric in terms of molecular weights such that PMMA has a
much lower molecular weight compared to PS. The lower molec-
ular weight of the continuous PMMA phase has lower viscosity,
which provides a fluid medium convenient for the diffusion of Ag
nanoparticles during isothermal treatment. Upon heat treatment,
the particles migrated and localized in PS-rich. (Fig. 9) In general,
the particles were susceptible to coarsening at high temperature
and form large domains. Not surprisingly, the mean diameter of
particle domains enlarged to 60 nm (Fig. 10). Note that the large
particle domains in PMMA-rich phase were treated with
[CTAB] ¼ 0.002 M. Similar to the Ag particles, PS domains enlarged.
Fig. 11 shows the size distribution of PS domains before and after
post-treatment. The domains diffused and coalesced forming larger
domains (1.25 mm) compared to the domains developed in the
presence of CTAB-capped particles at room temperature.

The wetting coefficient (ua) is a frequently used principle to
predict the placement of the particles [14,30]. It can be derived
from Young's equation:



Fig. 7. Tapping mode AFM (a) topography and (b) phase image of Ag particle domains located in preferentially PMMA-rich domain. The particle domains consist of individual Ag
nanoparticles capped by 0.002 M CTAB is dispersed in the matrix with a diameter of 90 nm. Color scale in the topography image is reduced to make the particle domains visible.
Since the bumps are much larger than the particle domains, they get into shiny. On the other hand, in the phase image both features are clearly seen.

Fig. 8. a) Overview and b) high magnification tapping mode AFM topography images of the Ag domains sequester at the interface of the domains. The domains with a mean
diameter of 20 nm consist of individual Ag nanoparticles capped by 0.020 M CTAB.

Fig. 9. a) Overview and b) high magnification tapping mode AFM topography image of the Ag domains upon isothermal post treatment at 165 �C. The particles are selectively
located in PS domain. The mean size of Ag particle domains is 60 nm.
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Fig. 10. Size distribution of the Ag particle domains heterogeneously dispersed in PS-
PMMA blend films. The particles treated with [CTAB] ¼ 0.002 M are located in PMMA-
rich phases (mean diameter is 90 nm). The ones treated with [CTAB] ¼ 0.02 M are
present at the interface of the PS-PMMA domains (mean diameter is 20 nm). Post-
processing of this film at 165 �C for three days enlarges the particle domains (mean
diameter is 60 nm) and directs them to the PS-rich phases.

Fig. 11. Normalized size distribution of PS domains in the composite films before and
after postprocessing (165 �C). The size of the PS domains was measured from AFM
images using section analysis option of the software.

Table 1
The values of interfacial tension (gAB, mJ/m2) of PS, PMMA, and CTAB-capped Ag
nanoparticles at different temperatures.

25 �C 165 �C

PS-PMMA 3.1a 1.4a

PS-CTAB 8.2b 5.4b

PMMA-CTAB 11.1b 9.3b

The values designated with a are obtained from reference [32]. The one b are based
on estimation taking polyethylene instead of CTAB.

Ş. Tüzüner, M.M. Demir / Materials Chemistry and Physics 162 (2015) 692e699698
ua ¼ gPMMA�Ag � gPS�Ag

gPMMA�PS
(1)

where gPMMA�PS, gPS�Ag , and gPMMA�Ag are the interfacial tensions
between PMMA and Ag nanoparticles, between PS and Ag nano-
particles, and between PS and PMMA, respectively. If ua >1, Ag
nanoparticles preferentially locate in the PS matrix; if ua < � 1, Ag
nanoparticles preferentially locate in the PMMA phase; and if
�1<ua <1, Ag nanoparticles selectively distribute at the interface
between the PS and PMMA matrix [31]. Table 1 presents interfacial
energy between material components at 25 �C and at 165 �C. The
Ag particles are densely covered by CTAB and the literature has no
evident interfacial tension values for this material combination. For
this circumstance, CTABwas replaced with neat polyethylene in the
calculations due to both having close chemical structures consist-
ing of long alkyl chain and tabulated interfacial tension values.
Moreover, the values of interfacial tension at different temperature
were obtained by the extrapolation of the tension values assuming
linear correlation between tension and temperature (Figure S2)
[32]. Based on these estimations, at 25 �C, ua ¼ 0.9 is < 1, indicating
that CTAB-capped Ag nanoparticles tend to selectively localize in
continuous PMMA phase. On the other hand, at 165 �C, ua ¼ 2.8
is > 1, and the particles preferentially located in the PS domain.
These results are consistent with our results shown in the AFM
images. (Figs. 7 and 9)

The location of the particles in the system also appears driven by
the size of the particle domains. For instance, at 25 �C, the particles
can be localized either in PMMA or at the interphase of the particle
domains depending on the size of the nanoparticle domains. We
can gain more insight by comparing the energy difference when a
small or a large nanoparticle domain is located at the interface
during the structural development [13,33]. The change in energy is

DEint ¼
pd2

4gPMMA�PS

�
gPMMA�Ag � gPS�Ag þ gPMMA�PS

�2 (2)

where d is diameter of particle domains.When the particle radius is
20 and 90 nm, DEint is 3.6 � 10�21 and 73.8 � 10�21 J, respectively.
The probability of finding a nanoparticle domains at the interface at
one energy state is

fi ¼
e�

DEint
kBT

P

i
e�

DEint
kBT

(3)

where kB is the Boltzmann constant. The result of the calculation
shows that the probability of finding a small particle (d ¼ 20 nm) at
the interface is 9 orders of magnitude greater than the one of
finding a larger particle (d ¼ 90 nm). In other words, the higher the
energy, the lower the probability of finding the particle domains at
the interface of polymeric domains. This estimation also agrees
with the experimental results.

4. Conclusions

We have designed a composite system consisting of organo-
philic Ag nanoparticles and immiscible PS-PMMA blend. The par-
ticles were obtained by a reduction of AgNO3 via NaBH4. The as-
synthesized particles were electrostatically stabilized. Upon sur-
face capping with CTAB in aqueous solution, the particles became
sterically stabilized and organophilic to be dispersed into the PS-
PMMA matrix blend. Incorporating the Ag particles into the blend
homogenized the mixing of the homopolymers. We demonstrated
that the location of the CTAB-capped particles can be readily
controlled in the host polymer blend matrix simply by varying the
concentration of the capping agent on the particle surface and
isothermal posttreatment of the PS-PMMA/Ag composite. This
simple and versatile method for the control over internal
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microstructure can be extended to other polymer blend nano-
particle mixture systems. Two important parameters can be
employed for future studies. The weight fraction of the particles
employed in this study was <1.0 wt.% so that the particle content
can be increased. Moreover, the composition of the PS-PMMAblend
employed was 1:1. Different compositions of homopolymer blends
with more symmetrical molecular weights can be further studied
to design novel composite architectures and accordingly, unique
physical properties.
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