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İzmir Institute of Technology, Department of Chemistry, 35430 Gülbahç e, Urla, İzmir, Turkey
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a  b  s  t  r  a  c  t

CdSe0.75S0.25 nanoalloys  were  blended  with  asymmetric  triblock  copolymer  of  polystyrene-b-
polyisoprene-b-polystyrene(PS-SIS)  in  tetrahydrofuran.  The  fraction  of styrene  block  varies  from  14  to
22% with  respect  to isoprene  by mass.  The  morphology  of  the  copolymer  cast  film  experiences  a  phase
change  from  cylinder  to  lamella.  CdSe0.75S0.25 nanoalloys  were  prepared  by  two-phase  method.  The  sur-
face  of the  nanoalloys  was  capped  by  either  oleic  acid  (OA)  or n-tri-octylphosphonic  acid  (TOPO)  in situ.
The  mean  diameter  of  the alloyed  particles  is around  12  nm  in both  systems.  The  chemical  nature  of  the
nanoalloy  surface  was  found  to influence  the dispersion  of the  particles  over  polymer  volume.  The  size
of the nanoalloy  domains  in  PS is 50 nm,  on  average,  consisting  of approximately  0.7  wt%  nanoalloys.
uantum dots
elective loading

However,  the size  of  the  nanoalloy  domains  is smaller  when  they  are  loaded  into  PS-SIS.  The  structure
formation  is predominantly  determined  by  enthalpic  compatibilization.  Atomic  force  microscopy  results
suggest  that  the  nanoalloys  capped  with  TOPO  sequester  into  PS-rich  domains  and  enlarge  the domain.
On  the  other  hand,  the  ones  capped  with  OA  prefer  to locate  in  polyisoprene  domains.  The  increase  of
particles  over  1.0 wt%  distorts  the  lamella  structure.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Block copolymers (BCPs), with their rich diversity of structures
t nanometer length scales, are ideal to serve as an ordered matrix
or a controlling pattern and location of particles in composite
ystems [1–22]. The association of particle content with BCP has
ttracted increased attention because the microphase separation
n a block copolymer can direct the spatial distribution of nanopar-
icles (NP) and quantum dots (QDs), and thereby novel or improved
roperties can be achieved [4].

Many reviews for various aspects of BCP nanocomposites have
een published [4,5,8,12,15,16,18,19,22–41]. To this end, con-
iderable progress has been made in selectively controlling the

istribution and location of QD/NP into the desired BCP domains
5,12,16,24,32,42,43]. Thermodynamic variables; i.e. entropic con-
ributions and enthalpic differences between the surface of the

∗ Corresponding author at: İzmir Institute of Technology, Department of Chem-
stry, 35430 Gülbahç e, Urla, İzmir, Turkey.

E-mail address: mdemir@iyte.edu.tr (M.M.  Demir).

ttp://dx.doi.org/10.1016/j.mtcomm.2016.06.004
352-4928/© 2016 Elsevier Ltd. All rights reserved.
particles and the polymer matrix govern the dispersion of the par-
ticulate objects in the multiphase polymer volume. Entropy of the
system is defined as d/L, where d is the diameter of the particle
and L is the thickness of the polymer domain [1,44]. For instance,
Bockstaller et al. reported a structure formation of a ternary sys-
tem consisting of poly(styrene-b-ethylene propylene) and small
Au and large SiO2 particle species [44] so that selective loading
is achieved in long range. The particles were aliphatic coated such
that the enthalpic difference between the particles and surround-
ing block copolymer matrix is minimized. While large particles
reside in PEP domains, small Au particles locate at the interface. It
was claimed that large particles reduce the conformational entropy
since the number of conformations is limited for chains in the pres-
ence of the particles [44]. The conformational entropy is balanced
with a translational one for the smaller particles. The same group
reported enthalpic compatibilization of guest particles and sur-
rounding block copolymer matrix depends on the topology and

architecture of the polymer domain and the amount of polymeric
coating present on the particle surface. The formation of both poly-
meric counterparts requires precise and tedious synthesis steps.

dx.doi.org/10.1016/j.mtcomm.2016.06.004
http://www.sciencedirect.com/science/journal/00000000
www.elsevier.com/locate/mtcomm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtcomm.2016.06.004&domain=pdf
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Table 1
Composition of PS-SIS/nanoalloy particle dispersion cast to obtain composite films.
The PS-SIS content of the dispersion in THF is fixed around 20 wt%. The concentration
of  the particles is in the range of 0.7–2.7 wt% (0.1–0.4 vol%).

Type of polymers Styrene % Mass % of the nanoalloy particles

PSa 0 0.7, 2.7
14% PS- SIS 14 –
14% PS- SISa 14 0.7, 0.9, 1.3
22% PS- SIS 22 –
22% PS- SISa 22 0.7, 0.9, 1.3, 2.7
22% PS- SISb 22 0.7, 0.9, 1.3, 1.8, 2.7

a

2 G. Aş kın et al. / Materials Toda

he usage of common commercial capping agents that have favor-
ble interactions with one of the copolymer phases can simplify the
ssembly particles over block copolymer volume.

Previously, favorable enthalpic interactions between NP and
olymer have led to order-to-order (OOT) and/or disorder-to-order
hase transitions [45]. For example, hydrogen bonding of mer-
aptoacetic acid-coated CdSe NPs with P4VP made the polymer
ore stretched at the interfacial region. This change in the polymer

onformation led to cylindrical-to-lamellar phase transition above
.0 wt% of CdSe NP in the P4VP domains of PS-P4VP BCP [46]. A
ylinder → distorted cylinder → disordered type order-to-disorder
ODT) phase transition was observed when the concentration of
admium sulfide NPs in the poly(ethylene oxide) (PEO) domains
f PS-PEO BCP exceeded 8.3 vol% (43 wt%) [47]. Lin et al. observed
hat PS-b-P2VP films with a hexagonal columnar morphology,
ith columns parallel to the substrate, changed their orientation

o a hexagonal columnar morphology with columns orthogonal
o the substrate upon incorporation of trioctylphosphine oxide
TOPO) covered CdSe nanoparticles [48]. Since the P2VP columns
ere selectively capped with the TOPO-covered nanoparticles, the

uthors suggested that the reorientation was driven by a lowering
f the surface energy as the hydrocarbon-coated CdSe nanoparti-
les with a low surface energy cover the high surface energy P2VP
olumns, thus balancing the surface energy with the low surface
nergy PS matrix.

In this study, we demonstrated a simple procedure to incor-
orate CdSe0.75S0.25 nanoalloys into an asymmetric triblock
olystyrene-b-polyisoprene-b-polystyrene (PS-SIS) and control
heir location within different block copolymer domains by varying
he composition of ligands on the particle surfaces. CdSe0.75S0.25
anoalloys are capped with either n-tri-octylphosphine oxide
TOPO) or oleic acid (OA). The size of the particles remains
nchanged so that entropic contribution is minimized. This model
ystem allows to study the effect of enthalpic compatibilization of
he particles and the surrounding asymmetric PS-SIS block copoly-

er. These nanoalloys capped with TOPO and OA were selectively
ncorporated into a particular region of the microdomains in PS-SIS
olume by casting from tetrahydrofuran (THF). Transmission elec-
ron microscopy (TEM) and atomic force microscopy (AFM) were
mployed to reveal the localization of the nanoalloys. The struc-
ure of the composite films was examined at different nanoalloy
ontents.

. Experimental details

.1. Materials

The block copolymers used to produce composites were
ommercially available polystyrene (PS) and polystyrene-b-
olyisoprene-b-polystyrene (PS-SIS) obtained from Sigma-Aldrich
o, USA (PS-SIS 14 & 22, numbers giving the styrene content in
t%). Melt flow index values of the PS, PS-SIS 14% and PS-SIS

2% are 1.30 g/10 min, 11.0 g/10 min, and 3.0 g/10 min, respectively
200 ◦C/5.0 kg). The density of the block copolymers is 1.04 g/mL,
.92 g/mL, and 0.93 g/mL at 25 ◦C, respectively. The molecular
eight (Mw) and polydispersity index of PS are 350 kg/mol and 2.06,

espectively. PS-SIS 14% has a number average molecular weight in
ange of 207–237 kg/mol. The molecular weight (Mw) of PS-SIS 22%
s 208 kg/mol and its polydispersity index is 1.49 [49]. Tetrahydro-
uran (THF), toluene, and N,N-dimethlyformamide (DMF) used as

olvents were supplied by Sigma-Aldrich, USA. All of the chemicals
sed in this work were of the highest purity and were purchased
rom the Sigma-Aldrich Co. They were used without further purifi-
ation.
CdSe0.75S0.25/THF (capped with TOPO) dispersion was added in solvated THF
PS-SIS.

b CdSe0.75S0.25/THF (capped with OA) dispersion was added in solvated THF PS-SIS.

2.2. Methods

2.2.1. Synthesis of CdSe0.75S0.25 nanoalloys
The ternary CdSe0.75S0.25 nanoalloys were synthesized by a

modified two-phase method as introduced in a previous report
[50]. While cadmium myristate (CdMA) and sodium hydrogen
selenide (NaHSe) were prepared individually as Cd and Se precur-
sors, thiourea was used as the S precursor.

In the preparation of CdMA, 10 mmol  of cadmium oxide (CdO)
were mixed with 20 mmol  of myristic acid at 200 ◦C for ten min-
utes under vigorous stirring. When the optically clear solution
was obtained, the reaction mixture was  cooled, and then synthe-
sized CdMA was  recrystallized with toluene. Purified CdMA was
dried at room temperature and stored as stock for the synthesis of
CdSe0.75S0.25 nanoalloys.

NaHSe was synthesized by the reduction of 0.4 mmol selenium
powder with 1 mmol  NaBH4 in 1 mL  distilled water under an inert
atmosphere at room temperature. When the clear solution was
obtained, NaHSe was  used directly by a syringe. There is no need
for further purification for NaHSe solutions, but it should be freshly
synthesized just before the synthesis of CdSe0.75S0.25 nanoalloys.

Tri-n-octylphosphine oxide (TOPO) or oleic acid (OA) was  used
as a capping agent for the nanoalloys. In a typical synthesis, 0.4 g
CdMA and 2.0 g desired capping agent was dissolved in 80 mL
toluene at 80 ◦C. Chalcogen precursors – the mixture of NaHSe and
thiourea – and was mixed in a round bottom flask at 80 ◦C under
vigorous stirring under inert atmosphere. The formation of ternary
nanoalloys was begun when the prepared organic phase was added
to the reaction flask. Sampling was done in specific time intervals
in order to monitor the growth process of nanoalloys during the
reaction time. Optical spectra (absorption ad photoluminescence
spectra) and dynamic light scattering (DLS) measurements were
used to follow the optical properties and size distribution of nanoal-
loys, respectively. The reaction was terminated when the desired
optical properties or size distribution was obtained by cooling the
reaction flask. The nanoalloys were purified by the precipitation
with the addition of ethanol to the toluene solution. After cen-
trifugation, supernatant was  decanted and precipitated nanoalloys
were dried at room temperature.

2.2.2. Preparation of cast-film of PS-SIS with CdSe0.75S0.25
The composite films were obtained by casting from THF. The

solid content of the dispersion is around 20 wt%. The compositions
of the CdSe0.75S0.25 nanoalloys and PS-SIS block copolymers used
in this work are summarized in Table 1. The CdSe0.75S0.25/PS-SIS
nanocomposite film specimens were prepared by solvent casting
a mixture of nanoparticles and polymers in tetrahydrofuran onto

a glass substrate. The films were subjected to annealing under an
atmospheric condition at 25 ◦C for 24 h. Subsequent removal of any
residual solvent was  carried out under a vacuum for an additional
24 h. The thickness of the resulting films is around 50 �m.
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ig. 1. (a) TEM image of TOPO-capped nanoalloys, (b) XRD of the TOPO-capped n
OPO-capped nanoalloys.

.2.3. Characterization of CdSe75S0.25 nanoalloys
Various techniques were used for the optical and compositional

haracterization of CdSe0.75S0.25 nanoalloys at room temperature.
he purified and powdered CdSe0.75S0.25 nanoalloys were ana-
yzed by X-ray diffraction (XRD) and scanning electron microscopy
quipped with energy dispersive X-ray spectroscopy (SEM-EDS)
echniques for the compositional analysis. XRD measurements
ere performed by Panalytical X’Pert Pro Materials Research
iffractometer with CuKa radiation (� = 1.5406 Å). The diffrac-

ograms were matched with JCPDS card of CdS and CdSe binary
ype nanoparticles. The SEM-EDS analysis was carried out in Philips
L 30S FEG with an EDS detector. Malvern Zetasizer Nano ZS were
sed to perform the DLS measurements to obtain the size distri-
ution of nanoalloys. A Zeiss 912 Omega microscope working at a
oltage of 120 kV, or a Technai F20 microscope working at a voltage
f 200 kV SFEG, was also used for the high resolution transmission
lectron microscope (HRTEM) and TEM-EDS analysis.

.2.4. Characterization of composite films
Transmission electron microscopy (TEM) was  carried out in a

eiss EM 902 microscope operated at 80 kV. High-resolution TEM
icrographs were obtained with a FEI Technai F20 microscope

perated at 200 kV. Nanoscope IV (Digital Instruments, Tonawanda,
Y, USA) was employed for AFM imaging using the tapping mode
f a silicon tip.

. Results
.1. The synthesis and characterization of CdSe0.75S0.25

Fig. 1a depicts a representative overview TEM image of the
anoalloys. They seem spherical and uniform in size.
loys, (c) HRTEM of the 2.0 nm sized CdSe0.75S0.25 nanoalloys, (d) EDS spectrum of

Fig. 1b shows a diffractogram of the alloy nanoparticles capped
by TOPO. There are broad reflections (indicated with dashed lines)
indexed with the crystalline structure of CdS (JCPDS no. 10-0454)
and the CdSe (JCPDS no. 19-0191). The reflections are broad, indi-
cating that the crystals are nanometer sized. Using the application
of the Vegard’s law, the stoichiometry of the coefficients are Se:3
and S:1, meaning that the molecular formula is CdSe0.75S0.25. Fig. 1c
presents high resolution TEM images of the alloy particles. Lattice
fringes of the particles that refer to the atomic planes are evident.
The elemental composition of the alloy particles was determined by
Energy Dispersive X-ray spectroscopy. Not surprisingly, Cd, Se, and
S atoms are present in the spectrum (Fig. 1d). In addition, there is a
strong P signal in the spectrum. The origin of this element should be
the TOPO molecules immobilized to the surface of the CdSe0.75S0.25
particles.

Fig. 2 presents number size distribution of the TOPO- and
OA-capped CdSe0.75S0.25 nanoalloys in THF dispersion. While the
microscopy image covers approximately 0.01 �m2, which consists
of a limited number of nanoalloys. The scattering technique pro-
vides information from the entire population of the nanoalloys.
Both systems show narrow-sized distributions with a mean diam-
eter of around 12 nm and 13 nm,  respectively. The tail of both
distributions extends to 20 nm.  Based on both microscopy and
scattering techniques, one can conclude that the nanoalloys have
uniform size and individual particle dispersion.

3.1.1. Phase separation in PS-SIS
Fig. 3 displays tapping mode AFM phase images of PS and PS-SIS
containing various styrene fraction. Fig. 3a presents a composite
film prepared by parent polystyrene. The surface provides low sur-
face roughness without any surface features. However, PS is a glass
and PI is rubbery at room temperature [48]. Fig. 3b displays cylin-
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Fig. 2. DLS number size distribution of the nanoalloys capped with (a) TOPO and (b)
OA.

Table 2
Domain sizes PS and PI phases in pristine PS-SIS block copolymer and nanoalloys/PS-
SIS  composite films.

22% PS-SIS PS (nm) PI (nm)

Pristine polymer 27 35

d
s
t
g
c

o
e
t
s
d
r
s

TOPO-capped CdSe0.75S0.25 nanoalloys 39 31
OA-capped CdSe0.75S0.25 nanoalloys 23 46

rical type phase separation of the copolymer consisting of 14%
tyrene. The round-shape dark phase represents cross sections of
he cylindrical PI phases, which are perpendicularly arranged to the
lass substrate. On the other hand, the light regions represent the
ontinuous PS-rich phase.

When the fraction of PS content increases to 22%, the morphol-
gy of the phase separation changes to lamella. Fig. 3c presents
nough contrast to observe the domains and domain spacing of
he lamellar morphology. Section analysis was employed to mea-

ure the variation of the lamellar spacing. The size of lamellar
omain of the PS and PI were found to be ∼27 nm and ∼35 nm,
espectively, for the fPS = 0.22 in PS-SIS (Table 2). The formation of
elf-assembled structures is driven by the microphase separation
munications 8 (2016) 91–99

of different blocks of PS-SIS competing with the chemical link-
ing between them. The findings observed here are consistent with
those of the previous studies that have examined the effect of the
volume ratio fPS of the block copolymers on a variety of copolymer
morphologies [25,51–56].

3.1.2. Effect of capping agent on phase behavior of PS-SIS
The surface of nanoalloys was  treated with a capping agent,

either TOPO or OA. The nanoalloys were blended with polymer
solution. Fig. 4a shows tapping mode AFM images of the compos-
ite prepared by the homopolymer (PS). The bright spherical regions
refer to the domains of nanoalloys. The size of the domains is nearly
50 nm. Considering that the mean diameter of nanoalloys is around
12–13 nm,  the domains consist of approximately 20–30 individual
particles in an aggregated state. When the alloys were mixed with
PS-SIS solution fPS = 0.22 as a matrix, they have four choices for loca-
tion: (i) PS-rich phases, (ii) PI-rich phases, (iii) at the interphase of
the two phases, and (iv) random dispersion of the nanoalloys.

The chemical nature of ligands directly influences the
CdSe0.75S0.25 distribution in PS-SIS matrice. In the presence of
TOPO-capped CdSe0.75S0.25 nanoalloys (0.7 wt%), the light-colored
zone in the AFM image represents the PS (Fig. 4b). The small dark
nanoalloys in this case are segregated selectively in PS domains.
In contrast to the composite prepared by the homopolymer of
styrene, the formation of large aggregates/agglomerates has not
been observed. On the other hand, when the nanoalloys are capped
by OA, they prefer to be located in PI-rich phases (Fig. 4c).

Although the contrast in the AFM image of the PS-SIS 22% in
Fig. 5 is weak as compared to ones for the PS-SIS/CdSe0.75S0.25
nanocomposites, clearly two lamellar morphologies with different
domain spacings are observed. Apparently, the sinusoidal regular-
ity of the domains is observed in the pristine copolymer. However,
the regularity is distorted upon incorporation of the nanoalloy par-
ticles into the block copolymer system. Moreover, the width of the
domain spacing in the PI phase profile expands. This is because a
fixed 0.75 �m length occupies 12 and 10 lamellae on average on
the pristine and the composite films surface, respectively. The sec-
tions of the pristine film seem to contain more layers. The smaller
number of layers observed in sections of the composite film could
be attributed to the swelling of the domains by the quantum sized
alloy particles. The domain spacing of the lamellar structure formed
by the PI phases observed in the profiles are found to be around 35
and 46 nm for pristine and composite, respectively, as indicated in
Table 2.

The domain preference of CdSe0.75S0.25 nanoalloys in PS-SIS was
also validated by TEM. Fig. 6a and b show TEM images of TOPO-
capped nanoalloys dispersed in a fPS = 0.22 PS-SIS lamellar block
copolymer phase. Enough contrast could be obtained in order to
clearly observe the formed lamellar morphology of the PS and PI
domains without the use of a staining agent. In these images, the
dark regions correspond to the PI-rich domains; on the other hand,
PS-rich domains appear as light gray. The CdSe0.75S0.25 nanoalloys,
which are evident as small, darker points, are located within the
PS block phase of the lamellae structure. The segregation behavior
of the nanoalloys in the PS region of block copolymers can also be
determined by high-resolution annular dark field imaging using a
scanning transmission electron microscope (STEM) (Fig. 6b). The
results indicate that CdSe0.75S0.25 nanoalloys, appearing as light
points in dark field images, are found within the PS block while
PI domains are almost free of particles.

The particle concentration has also been found to be an
important parameter in the course of composite formation.

Fig. 7 illustrates the morphological transformations for the
fPS = 0.22 PS-SIS block copolymers at the various OA-capped
CdSe0.75S0.25 contents and represents the changes of the charac-
teristic distribution of the nanoalloys. The lamellar morphology
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Fig. 3. Tapping mode AFM phase images of (a

f the nanocomposites is distorted when the concentration of
dSe0.75S0.25 nanoalloys in the PI block is increased (Fig. 7b and
). As the particle concentration increases, the loss of polymer con-
ormational entropy also increases, and dispersion of the alloyed
articles within the PI domain becomes increasingly unfavorable
s the PI chains stretch, accommodating more particles. This can
revent a uniform distribution of CdSe0.75S0.25 throughout the PI
omain. Further increases in the amount of CdSe0.75S0.25 lead to
rder-to-order phase transition. In the presence of 2.7 wt% the
anoalloys, as indicated in Fig. 7d, loss of polymer conformational

ntropy due to a larger stretching penalty could be minimized by
ocating more particles in the interior of the PI domains. The transla-
ional entropy of particles cannot offset the increase in the penalty
f stretching, and thus OA-capped CdSe0.75S0.25 nanoalloys are pre-
b) PS-SIS, with 14% PS (c) PS-SIS with 22% PS.

vented from spreading throughout the PI domains. A similar trend
is also observed for the PS-SIS containing f PS = 0.14 of PI segments
at higher nanoalloys content.

4. Discussion

The successful navigation of nanoparticles (NPs) in a particular
location of the block copolymer matrix and conferral of functional
properties are governed by various enthalpic and entropic con-
tributions to the total free energy [41]. This is the result of a

balance between the polymer conformational entropy, NP transla-
tional entropy, and enthalpy of NP insertion caused by the creation
of polymer-NP interfaces [41,57–60]. The overall change in free
energy resulting from the total change in enthalpy and entropy of
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ig. 4. Tapping mode AFM phase images of composites containing 0.7 wt% nanoal
OPO-capped nanoalloys (c) PS-SIS with 22% PS consisting of OA-capped nanoalloy

he composite systems plays a critical role of NP dispersion in BCP
olume and the overall morphology of the resulting composites
41,61,62]. Depending on the nature of polymer/particle interac-
ions, particles can be located selectively at the interior of the
omains formed by a particular block or localized at the interface,
here different polymer blocks join [61].

Rather than the copolymer consisting of 14% styrene, the current
iscussion deals with the domain selectivity of the CdSe0.75S0.25
anoalloys into the PS-SIS consisting of 22% styerene since their
FM images support the assertions concerning the localization of

anoalloys through the respective polymer domain. For fPS = 0.22,
A-capped CdSe0.75S0.25 nanoalloys were confined selectively to

he PI block (Fig. 4c). This selective loading could be attributed to
he minimization of the conformational entropy loss for the PI block
a) PS consisting of TOPO-capped nanoalloys, (b) PS-SIS with 14% PS consisting of

chains involved during the incorporation of the nanoalloys. A gain
in enthalpy of OA-capped CdSe0.75S0.25 insertion due to the creation
of PI-nanoalloy interfaces dominates over the loss in polymer con-
formational entropy in order to sequester OA-capped nanoalloys in
the interior domains formed by the selective PI block. On the other
hand, favorable enthalpic interactions originated from the contact
of TOPO on the CdSe0.75S0.25 particle surface with PS domain as
well as the minimum loss in polymer conformational entropy favor
selective incorporation of TOPO-capped CdSe0.75S0.25 nanoalloys in
the PS rich domains of the PI-PS lamellar structure (Fig. 6).
The concentration of NPs incorporated in ordered block copoly-
mer  matrices can influence the entire thermodynamic parameters
mentioned above. The higher loadings of OA-capped the nanoal-
loys in the PI domains of lamellar structures formed was not
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Fig. 5. Tapping mode AFM phase images of (a) PS-SIS with 22% PS, and (b) 22% PS-SIS samples containing 0.9 wt%  the nanoalloys capped with OA. The red lamellae in the
enlarged  section of the AFM image correspond to PI domains. The white lines show the position at which the profiles illustrated on the right are created. (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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ig. 6. Cross-sectional TEM images of an unstained sample of the 22% PS-SIS conta
00  nm).

hermodynamically favorable since the nanoalloys incorporation
as associated with a significant loss of polymer conformational

ntropy. This loss could not be compensated by a gain in enthalpy
rom favorable particle–polymer interactions. As a result, the OA-
apped nanoalloys formed aggregates inside the interior of the PI
omains. The entropic penalty associated with chain stretching
round aggregates can give rise to order-to-disorder phase transi-
ions. Notably, for lower nanoalloys loading, this behavior was  not
bserved. This is because the PI domains can easily accommodate

he nanoalloys without a substantial entropic penalty. Positioning
he alloy near the center of the PI domain leads to a better embed-
ing of the nanoalloys since the PI chains can accommodate alloys
y moving apart rather than by stretching. The dispersion of the
0.7 wt%  TOPO-capped nanoalloys. (a) bright (b) dark field (the scale bar represents

nanoalloys in the PI block was favored by an increased particle
translational entropy.

On the other hand, CdSe0.75S0.25-rich PI domains started to
precipitate out in the 1.3 wt%  CdSe0.75S0.25 sample and form a
trapped intermediate state in the system. At a high OA-capped
CdSe0.75S0.25 nanoalloys concentration (1.8 wt% with respect to
PS-SIS), the CdSe0.75S0.25/PI lamellar domains of the PS-SIS block
copolymers were destroyed because of an entropic gain, mainly
due to a reduced need of polymer stretching to fill the interstitial

regions. It resulted in a larger polydispersity in the lamellar spacing.
As a result, incorporation of OA-capped nanoalloys in PI domains
led to a lamellae-to-disorder transition.
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ig. 7. Phase contrast atomic force microscopy images of 22% PS-SIS samples contain
f  the particles in terms of volume percent is 0.1, 0.2, 0.3, and 0.4, respectively.

. Conclusion

We  demonstrated preferential sequestration of CdSe0.75S0.25
anoalloys into an asymmetric triblock copolymer of polystyrene-
-polyisoprene-b-polystyrene. The alloys were treated with
ommon commercial capping agents: n-tri-octylphosphine oxide
r oleic acid. The surface capping/treatment leads to uniform and
ndividual particle dispersion in THF. The alloys were blended

ith PS-SIS consisting of 14 or 22% styrene and film-cast from

he solution. TOPO-capped CdSe0.75S0.25 nanoalloys swell selec-
ively in the PS-rich domains from 27 to 39 nm;  simultaneously,
I-rich domains shrink 35–31 nm.  On the other hand, the ones
apped with OA preferentially sequester to PI-rich domains. Sim-
 0.9, (b) 1.3, (c) 1.8 and (d) 2.7 wt%  the nanoalloys capped with OA. The concentration

ilarly, the thickness of this domain swells; the PS-rich domains
were reduced from 27 to 23. As a result, the chemistry of the
ligands was  found to be an important parameter for particle loca-
tion as well as domain spacing. The enthalpic compatibilization
governs the internal structure of the resulting photonic compos-
ites. Moreover, increasing CdSe0.75S0.25 nanoalloys content causes
a phase transition from lamellae to distorted lamella. The domains
intervene significantly with the lamellar structure and deteriorate
substantially in the long-range order because of an entropic gain

due mainly to reduced need of polymer stretching to fill the inter-
stitial regions. This method appears to be well suited to obtain
composite material for the control of particle location and it can be
extended to other block copolymer and particle systems indepen-
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copolymer-nanoparticle composites, Macromolecules 39 (24) (2006)
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[62] H. Kang, et al., Hierarchical assembly of nanoparticle superstructures from
block copolymer-nanoparticle composites, Phys. Rev. Lett. 100 (14) (2008)
G. Aş kın et al. / Materials Toda

ent of the chemistry of polymer and the particulate nanoalloys.
he structure-property correlations of such composite materials is
till not completely adequate, and merits further research.
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