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The use of diblock copolymers as chemical templates for the self-assembly of patterned and periodic
materials has been the focus of extensive research in recent years. In this current work we show how
a “one-pot” solution synthesis, which is based solely on the differences in the chemical reactivity of the
two blocks towards metallic moiety, can be extended to create 1-, 2- and 3-dimensional ordered arrays of
nanoparticles, conforming to the microstructure of the diblock copolymer. Chromium oxide nano-
particles (Cr2O3) synthesized in a poly(styrene-b-methyl methacrylate) diblock copolymer solution form,
after solvent evaporation and annealing, thin films consisting of a periodic composite material. We show
that the preferential incorporation of the Cr2O3 nanoparticles into the diblock copolymer through the
direct polymer block e metal interactions does not hinder the self-assembly mechanism or the ther-
modynamically-driven microstructure formation of the diblock copolymer. Results show that the pref-
erential segregation that occurred as early as the mixing stage of the reaction components was
maintained throughout the annealing stage and the formation of the bulk ordered composite material.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The goal to manufacture devices with smaller dimensional
features than those currently available through the traditional top-
down approach, has proven to be very complex and highly
expensive, particularly when structures in the nanoscale are
contemplated [1,2]. Alternatively, the self-assembly of molecules
and molecular fragments into a variety of multi-dimensional
structures, may provide a relatively inexpensive route to produce
nanometric scale materials via the non-traditional and surface-
mediated bottom-up approach. Such a strategy is highly facilitated
by the utilization of patterned substrates that can provide a suitable
chemical or physical template for the directed assembly of various
structures. Block copolymers (BCP) constitute a particularly suit-
able class of patterned chemical platforms for this emerging tech-
nology [1e3]. BCP consist of chemically different macromolecules
or blocks, joined at their endpoints to form a single polymer chain.
Since the free energy of mixing is unfavorable for intimate mixing
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of the two chemical species, the respective blocks tend to phase
separate and form a variety of structures possessing one-, two-, or
three-dimensional order [4e6]. Once the desired pattern is
obtained, the ordered periodic structure can be functionalized to fit
a desired application. For example, Kumar et al. used asymmetric
polystyrene-b-poly(4-vinylpyridine) (PS-b-4PVP) to form spherical
domains of PVP in PS matrix to create a two-dimensionally self-
arranged protein nanoarrays [7].

The ability of BCP to self-assemble into spatially periodic
structures makes them an excellent candidate in the building of
photonic waveguides and photonic bandgap (PBG) materials
[8e12]. The relationship between the block domain size, its
refractive index and the resulting optical applicability of the BCP is
given by the expression dizl=4ni (where ni is the refractive index
and di is the optical width, i.e. block domain size, of the ith domain).
Hence, to obtain a BCP-based PBG material with a gap in the visible
(w600 nm) or near-IR (w1000 nm) wavelength range, a large
optical thickness of each layer, ni$di, is required. Since the refractive
indices of polymers are relatively low (the average refractive index
of polymeric materials is about 1.5) and the differences in the
refractive indices between the polymer blocks are too small to be of
significant usefulness (e.g. 1.59 for polystyrene and 1.51 for poly-
isoprene) [13], it becomes necessary to manipulate their
morphology and composition in order to obtain the desired optical
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thickness required for such periodic materials. Several strategies
have been developed to date in order to render these BCP assem-
blies technologically relevant: (a) To selectively swell the BCP
domains by blending with low molecular weight homopolymers
[13e18]. This method is limited in its applicability due to the very
narrow range of BCP compositions that can sustain the same
microstructure upon the addition of the homopolymer [15e18]. (b)
To use block copolymers with very high molecular weights of both
blocks and thus increase domain size [11]. However, these poly-
mers would exhibit high viscosities, which in turn, may limit their
processability. (c) Another alternative would be to increase the
refractive index of one of the domains by adding nanoscale scat-
terers, without damaging the BCP spatial alignment. Upon trans-
mission of light through such a nanocomposite, scattering intensity
is substantially reduced when particle dimension is below
50e100 nm, and the optical characteristics of the composite
material were shown to be strongly dependent on the particle size,
shape, and the interactions between the polymer matrix and the
metallic nanoclusters [19].

The manipulation of the refractive index rather than the domain
size would enable the use of smaller domains obtained by lower
molecular weight BCPs, which in general, provide better control
over the processing characteristics of the BCP [20]. Hence, the
selective introduction of nanoscale scatterers, such as metallic
nanoparticles (NPs), into a particular BCP domain may provide an
efficient strategy for the enhancement of the refractive index of
that domain. The selective incorporation of metallic NPs into BCPs
has been achieved to date through four main pathways: (a) The
exposure of BCP films to metal vapors, resulting in the selective
adsorption of metal atoms onto the more reactive block and the
subsequent NP formation, as shown in the initial work of Morkved
et al. [21], followed by the works of Horiuchi et al. [22], and Lopes
and Jaeger [23]. (b) The impregnation of BCP films with a metal salt,
followed by the reduction of the salt to form metallic NPs in the
reactive block domains [24e27]. To date, this is the more wide-
spread method and has been reported in several works of Möller
et al. [27], Cohen et al. [24e26] and others. For example, Cohen et al.
produced metal NPs by the loading of Pb into a di-BCP film and
subsequently reacting it with H2S to form PbS NPs with an average
size of 4 nm [28]. The production of the PbS NPs was a multistep
process, and the particle size was controlled by the number of
similar Pb-loading cycles performed in the BCP film; (c) A third
method for creating BCPs selectively filled with metal NPs of
limited size and size distribution was developed by Thomas et al.
[29]. This method consisted of the incorporation of CdSe nano-
crystals into a styrene-isoprene-2-vinyl pyridine (SI-2VP) tri-BCP
via their surface modification with surfactant molecules that were
chemically similar and compatible with one of the blocks. Similarly,
Bockstaller et al. incorporated gold NPs, coated with thiol-termi-
nated PS, into a poly(styrene-b-ethylene/propylene) di-BCP [30],
and Chiu et al. demonstrated control of the location of gold NPs in
a poly(styrene-b-2-vinyl pyridine) di-BCP by coating the NPs
surface with thiol-terminated PS and thiol-terminated PVP [31].
Despite the fact that these techniques provide the desired outcome,
they involve the use metal clusters that have been pre-formed
using the standard techniques for the formation of stabilized metal
particles [9,13,14,32]. Subsequently the particles were introduced
into the BCP solution and were directed to a particular block via the
controlled interactions of the stabilizing molecules with the func-
tional groups in a particular block. In this approach, the driving
force for particle segregation is not the metal-polymer affinity, but
the stabilizerepolymer interactions [33e35]. (d) The impregnation
of pre-formed BCP films with organometallic precursors followed
by the in-situ phase separation and assembly of the metallic
nanoparticles in a preferred BCP microdomain. In this case, the
BCPs are first allowed to self-assemble into their distinct micro-
domains, and subsequently exposed to the metallic moiety. If the
polymers are below their Tg, the interfacial adhesion between
polymer chains and the growing metallic fragments is severely
hindered, and therefore, the limitation onmetal nanoparticle size is
due to nucleation and growth kinetics and not to a polymer
“capping” effect [36].

We have developed a truly self-assembly approach, inwhich the
nucleation and growth of themetal NPs and the phase separation of
the BCPs occur concurrently and in-situ, in a homogenous solution
comprised of both BCP and metal precursor. In such a system, the
simultaneous coupling between the chemical reactivity of the
metal clusters defined by their size and shape, and the difference in
the reactivity of the blocks in the BCP, determine the polymer-metal
NP interfacial interactions and the extent of phase separation
process. The synthesis procedure that is designed to accommodate
the manipulation of these variables consists of the decomposition
of organometallic precursors under controlled conditions in the
presence of a BCP solution [37e41]. The size of the NPs formed by
this method is significantly influenced by the diffusion of small
metallic fragments generated during the decomposition process
through the medium and by the viscosity of the medium in which
the diffusion takes place [40,41]. Under these conditions, the
polymer in the solution acts as a barrier to the mobility of the
growing NPs in the medium (by contributing to solution viscosity),
and the reactive block in the polymer acts as the stabilizing
molecule of the growing NPs. As a result, nucleation and growth of
the NPs will be limited not only by reaction kinetics, but also by the
direct interaction with the available reactive sites on the polymer.
Hence, the difference in the reactivity of the two blocks toward the
metal will be fully exhibited and can be fully exploited.

This work is an expansion and generalization of previous
attempts to develop self-assembled periodic nanocomposites
based on the segregation of NPs in a BCP template. By employing
a “one-pot” synthesis, we were able to produce thin composite
films with the metal oxide NPs directly embedded in a specific BCP
domain, without the use of mediating or compatibilizing molecules
such as surfactants and/or functionalized oligomers. Polystyrene-b-
poly(methyl methacrylate) (PS-b-PMMA) is a good example of such
a system due to the considerable difference between the weak
dipoleedipole interactions of PS with the metal surface as
compared to themuch stronger interactions of PMMAwithmetallic
surface sites via the formation of coordinative bonds [42,43].
Furthermore, we bring here the first example highlighting the
preferential segregation of the metallic moiety in a metal-polymer
composite via a self-assembly mechanism at the early stage of the
introduction of the organometallic precursor into the BCP solution.
This segregation is preserved despite the subsequent solvent
elimination process and the formation of the composite films.
Moreover, the ability of the BCP-metal composite system to self-
assemble into the corresponding 1-,2- and 3- dimensional micro-
structures, as warranted by the thermodynamics of the pure BCP
component under similar conditions, is not hindered by the pres-
ence of the segregated metallic phase.

2. Experimental

2.1. Decomposition reaction

A polymer, such as PS (Mn ¼ 44,100 g/mol, PDI ¼ 1.03, Polymer
Source), PMMA (Mn ¼ 46,500 g/mol, PDI ¼ 1.04, Polymer Source)
and PS-b-PMMA (Mn ¼ 21,000-b-21,000 g/mol, PDI ¼ 1.07, Polymer
Source) was dissolved in cyclohexanone (C6H10O, 99.5%,
d ¼ 0.947 g/cm3, b.p. ¼ 155 �C, Fluka) to form a 2 wt.% polymer
solution. A second solution composed of chromium hexacarbonyl



Fig. 1. Cryo-TEM image of a cyclohexanone solution of BCP with Cr(CO)6 precursor. The
solution was heated to 60 �C for a few minutes to obtain thermal equilibrium before
vitrified in liquid N2. The image shows BCP micelles having average dimensions of
w8 nm. The strong contrast arises from the presence of the organometallic precursor
in the core of the micelles.
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(99%, Cr(CO)6, d ¼ 1.77 g/cm3, Aldrich) in cyclohexanone was also
prepared. The solutions were left to stir dissolution. Reaction began
with the mixing of both solutions in a flask under a constant
nitrogen purge. Reaction flask was held at a constant temperature
of 90 �C. During the reaction, aliquots were removed from the flask
and quenched with an equal volume of cold solvent.

2.2. Particle and structure characterization

Particle size and morphology were examined by transmission
electron microscopy (TEM) using FEI Tecnai G2T12 instruments.
The operating voltage was 120 kV. Samples were prepared by
placing a drop of the reaction on a carbon-coated copper grid (Ted
Pella, Inc), with the excess solvent bloated off. Macromolecular
structure was imaged using FEI Titan 80e300 keV FEG S/TEM in
STEM mode with the High Angle Anular Dark Field detector
(HAADF). Samples were prepared using a Reichert-Jung FC4E
ultarmicrotom, equipped with a diamond knife, at room tempera-
ture, to obtain thin cross sections of the lamellar structure.

Small angle X-ray scattering measurements were performed
using a small angle diffractometer (Bruker Nanostar, KFF CU 2 K-90)
with CuKa radiation, pinhole collimation (that yields a beam
100 mm in diameter) and a 10 � 10 cm2, 2-dimensional position-
sensitive wire detector positioned 65 cm behind the examined
sample. Samples were placed in the camera with the structure
positioned grazing angle relative to the source beam. Sample
temperature was maintained at 25 �C. The patterns were recorded
using acceleration voltage of 40 kV and acceleration current of
20 mA. The scattering patterns were circularly averaged and pre-
sented in terms of the intensity as function of the scattering vector
q defined as, q ¼ ð4p=lÞsinq, where 2q is the scattering angle and
lis the wavelength of the CuKa radiation (0.1542 nm).

3. Results and discussion

A typical “one-pot” synthesis is employed here for the formation
of chromium oxide (Cr2O3) NPs selectively embedded in a PS-
PMMA BCP matrix. This is achieved through the thermal decom-
position of the chromium hexacarbonyl precursor, Cr(CO)6 in the
PS-PMMA block copolymer solution. The fundamental strategy that
dictated the use of the PS-PMMA BCP was the fact that this system
possesses chemically different segments, and on this basis, gener-
ates a reactivity gradient in the material that would preferentially
direct the location of the NPs.

Previous studies have shown that the strong coordinative bond
formed by the PMMAwith themetallic fragments generated during
the precursor decomposition reaction in solution, essentially
dominates the formationmechanismof theNPs [36,42]. Therefore, it
is expected that when the reaction is conducted in a BCP solution,
the NPs will preferentially reside in the PMMA domain. Further-
more, it turns out that the preferential segregation of the metallic
moiety in the PMMAdomain originates at amuch earlier stage, even
prior to the formation of theNPs, i.e. as early as the precursormixing
stage. Due to the unfavorable interaction of PMMA with cyclohex-
anone compared to that of PS, it is expected that the BCP molecules
would self-assemble into a micellar structure [44e47]. Despite this
predicted behavior, we did not observe such structures in our pure
BCP system, neither with SAXS measurements, nor with cryo-TEM
imaging. However, upon the addition of the metal carbonyl
precursor to the BCP solution, cryo-TEM images clearly show the
formation of a dense PMMA domain structure (micelle-like), as
shown in Fig. 1. Therefore, we can clearly state that the preferential
segregation of themetal precursor into the PMMAdomain occurs as
early as the introduction of the metal precursor into the BCP solu-
tion. Hence, the synergetic contribution of the reaction components
causes the formation of core-shell structures with the PMMA and
metal precursor in the core and a PS corona. These observations,
together with kinetic data pertaining to this system and similar
systems, are further addressed in detail elsewhere [48].

Due to the strong interactions of PMMA with the NP surface
sites, it is customary to think that particles inside a PS-b-PMMA
matrix would preferentially reside in the PMMA domain [49].
However, to date, no direct evidence has been reported showing
preferential sequestering of uncoated NPs in the PMMA domain.
Fig. 2 shows a transmission electron microscopy (TEM) image of
Cr2O3 NPs of uniform size ðDavg ¼ 2 nmÞ and shape, which have
been formed in the BCP solution and are therefore embedded in the
corresponding BCP matrix before the solid polymer film sample
was annealed. As is evident from Fig. 1, there is a homogenous
distribution of the micelle-like structures that are loaded with the
organometallic precursor in solution. Furthermore, the relatively
low precursor concentration as compared to the BCP concentration
(mass ratio of 1:19, respectively) and the mechanism by which the
NPs are formed, result in the presence of only a small amount of
NPs in each micelle. This observation can explain the reason for the
similar homogenous distribution of NPs in the BCP matrix upon
completion of the decomposition reaction, as seen in Fig. 2. This, in
turn provides additional supports to the proposed conclusion that
the precursor decomposition and the formation of the NPs occur in
the confines of the PMMA domains [48].

When imaging unstained BCP samples, two important issues
should be addressed: (a) Because the grainy pattern of the BCP is
similar in size and shape to the NPs, it is difficult to differentiate
between the two moieties, which makes it difficult to prove the
existence of preferential segregation of the NPs in one of the blocks;
(b) Differences in contrast under TEM microscope can also be the
result of radiation damage caused by the electron beam. The
encounter of the electron beamwith the sample may cause scission
of the PMMA side chains, but at the same time, have little effect on
the PS, which is much more stable under these conditions. This can



Fig. 3. TEM image of Cr2O3 NPs embedded in an asymmetric BCP after 2 days of
annealing. Measurements of the size of PMMA cylindrical domains to the PS matrix
gives a 1:3 ratio, which is in agreement with the molar ratio of the BCP blocks.

Fig. 4. Cross section STEM image of aligned symmetric BCP/NPs composite film. The
measured periodicity is w27 nm.

Fig. 2. TEM image of Cr2O3 NPs dispersed in BCP before annealing. The insert shows
size distribution graph where at least 150 NPs were measured. Average size was
calculated to be 2.2 � 0.2 nm.
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be responsible for the mass differences seen in the TEM image [50].
To overcome difficulties and/or artifacts in image analysis and
erroneous image interpretations due to resolution, contrast and
radiation damage, a low dose mode was used during imaging on
the microscope. Furthermore, the synthesis of the NPs was
performed using asymmetric BCP, such that the molar ratio of the
two blocks would generate the cylindrical microstructure in the
melt (w26 wt.% PMMA block, out of a total molecular weight of
33,500 g/mol), as shown in Fig. 3. Since the thermodynamics-
driven, ordered, periodic domain structure of BCPs is formed in the
melt, the reaction solution was deposited drop wise on a copper
grid and subsequently annealed at 165 �C for 2 days under vacuum.
A random arrangement of cylindrical morphology, in accordance
with the molecular weight ratios of the two blocks in the BCP, is
seen with hexagonal order appearing only in part of the image. In
this case the PMMA domains are smaller compared to those of the
PS, forcing the NPs to arrange more densely and therefore, the
contrast that they generate compared to their polymeric
surroundings is much better evidenced. Based on this image, it is
easy to realize that the NPs are concentrated in the smaller BCP
domain, i.e., that of the PMMA block. Using the respective asym-
metric BCP molecular weights for PS (24,500 g/mol) and PMMA
(9000 g/mol) blocks and by assuming bulk homopolymer densities
(1.06 g/cm3 and 1.188 g/cm3 respectively [51]), we are able to
evaluate the partial volume occupied by each of the polymer blocks
in the BCP thin film. Our calculations show that the volumetric ratio
between the domains is 3:1 PS to PMMA. Because of the high field
depth in TEM imaging and the thin sample, all structures are in
focus simultaneously regardless of sample thickness. Therefore, by
integrating the number of pixels in the contour surrounding the
dark areas (see insert in Fig. 3) with respect to the rest of the image
area, we can evaluate the volume ratio between the PS domain to
the PMMA domain to be 5:2, respectively. This rough analysis
clearly indicates the occurrence of some swelling of the PMMA
domain as a result of the preferential segregation of the NPs into
that domain. Further examination of the volumetric contribution of
the Cr2O3 NPs (using an average Cr2O3 particle diameter of 2 nm,
a bulk density of 5.21 g/cm3 and assuming spherical morphology)
gives a total NPs volume of roughly 10�3 cm3. This indicates that the
presence of the NPs in the concentrationwe used has a minor effect
on the volume of the PMMA domain. However, the apparent
difference in volume ratios between the PMMA and PS domains,
with and without the NPs, is attributed to the effective volume
contribution caused by the adsorption of the polymeric chains,
predominantly PMMA, onto the surface of the NPs [52,53].

Since the partitioning of the NPs is dependent on the chemical
make-up of the BCP, in this case PS and PMMA, it should be possible
to expand this approach to obtain preferential segregation in all
other dimensional morphologies available by the self-assembly of
a BCP containing these same blocks.

Fig. 4 shows a scanning TEM (STEM) image of a symmetric BCP/
NPs composite ði:e:; fPS=fPMMAz1; Þ after annealing. The use of STEM
is convenient due to the fact that the large atomic number of the
chromium results in a considerable contrast difference compared to
the polymeric domain [54]. The image demonstrates the existence
of an extensive large scale lamellar orientation of the BCP blocks,
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with the NPs preferentially concentrated in only one of the periodic
domains (i.e. PMMA).

To examine the possibility of using this complex material for
photonic bandgap applications, the structure must be organized
and the domains aligned over several length scales to extend into
the macro-scale. Fig. 5 shows small angle x-ray scattering (SAXS)
measurements, performed at grazing incidence geometry (GI),
parallel to the substrate. The semi log plot shows both first and
third order Bragg reflection related to a lamellar periodic dimen-
sion of w27.2 nm. The measured d-spacing is in good agreement
with the periodic dimension of w27 nm extracted from the STEM
images. The periodic dimension is also in agrement with an empiric
equation given by Coulon et al. for PS-b-PMMA in the weak
segregation limit, d ¼ 13:5N1=2, where N is the total number of
monomer segments in the copolymer [55]. STEM and SAXS
measurements show that the thermodynamics-driven self-
assembly of the BCP/NPs composite was not hindered due to the
reactive embedding of the chromium oxide NPs in the preferential
domain, i.e. the PMMA domain.
4. Conclusions

In summary, we have shown that it is possible to create
a periodic self-assembled BCP-metallic NPs composite material
using a self-assembly approach and without the need of inter-
mediate molecules. Utilizing the difference in the chemical make-
up between BCP segments, metallic NPs are synthesized such that
they would preferentially reside in one specific domain. Because
the composite material is formed through a self-assembly process,
the final structure is thermodynamically very stable. Moreover,
since the structure is controlled by the type of BCP used, it would
be very easy to manipulate the spatial arrangement of the nano-
composite into much more complicated structures, such as tri-BCP,
star-BCP etc. Although this work focuses on the preferential
segregation of Cr2O3 NPs in di-BCPs, it is easily extendable to other
metal-oxides that may be synthesized using metal carbonyl
precursors, as evidenced from other publications by our group (i.e.
see reference [48]).

This paper serves as a proof of concept for a simple one-pot
method to create a periodic array of metallic scatterers. However,
the periodic dimensions shown here are relatively small and the
challenge to create this ordered composite material with larger
periodicities is a subject for further research, if a PBG material is to
be made.
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