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ABSTRACT

The aim of this work is to obtain a good and selective dispersion of Fe;O4 magnetic nanoparticles into the
lamellar morphology of PS-b-PMMA diblock copolymer. The addition of unmodified nanoparticles
inhibited the formation of the lamellar nanostructure obtained for the neat copolymer. Nanoparticles were
then modified with 3-methacryloxypropyltrimethoxysilane (MPTS) in order to increase compatibility with
PMMA block. Modification was probed by infrared spectroscopy and thermogravimetric analysis, while
morphologies were analyzed by atomic force microscopy. Lamellar morphology was maintained but big
nanoparticle agglomerates were found. Finally, nanoparticles were modified with PMMA brushes by
grafting through technique, obtaining nanocomposites with lamellar morphology in which modified
nanoparticles were selectively placed into PMMA domains of the block copolymer. For the nanocomposite
with the higher nanoparticle amount, lamellar morphology started to change from lamellar to a mixture of
lamellar and hexagonally packed cylinders, probably due to the change in volume fraction among blocks

promoted by the presence of a higher amount of nanoparticles in PMMA domains.

1. INTRODUCTION

Engineering the self-assembly of inorganic nanoparticles within block copolymer
nanodomains is useful for the design of periodic structures to form materials with
enhanced mechanical strength as well as to achieve unique optical, electronic and
magnetic properties at the nanometer scale, for applications in solar cells, catalysts or
high density magnetic storage media. Block copolymers are a versatile platform material
because they can self-assemble into various periodic structures for proper compositions
and under adequate conditions, owing to the microphase separation between dissimilar
blocks [1-3]. To overcome the problem of the tendency of nanoparticles to aggregate due
to their high surface area and surface energy and to facilitate their dispersion in a selected

block of a block copolymer different routes have been used [1, 3-5]. One of them has
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been the use of surfactants. In that way, Peponi et al [1] used surfactants to disperse
conductive silver nanoparticles in the desired domains of poly(styrene-b-butadiene-b-
styrene) (SBS) copolymer. Emrick et al [4] controlled the surface hydrophobicity by
using different surfactants in order to disperse CdSe nanoparticles in poly(styrene-b-2-
vinylpiridine) (PS-b-P2VP) copolymer, creating hierarchically ordered patterns with
CdSe nanoparticles located in PS or P2VP domains depending on the surfactant.
Electrophoretic deposition of nanoparticles [5] has been another method to disperse
nanoparticles. Zhang et al [5] used this method for placing CdSe nanoparticles in diblock
copolymer templates. The so-called in situ approach has also been used by several authors
[6-9] for incorporating inorganic nanoparticles into block copolymer nanostructures:
nanoparticles are directly synthesized within a block copolymer domain from metal
precursors. Preformed micelles of block copolymers containing metal precursors are used
as nanoreactors to synthetize nanoparticles selectively in block copolymers. Due to its
chemical affinity, the salt selectively infiltrates the hydrophilic copolymer domain.
Nanoparticles then form selectively, upon reduction within the precursor-loaded domains.
In that way Chan et al [6] prepared nanocomposites with block copolymers and Pb or Pt
nanoparticles. Saito et al [7, 8] synthesized silver nanoparticles in the lamellar and
spherical domains of PS-b-P2VP copolymer. Cohen et al [9] prepared nanocomposites
based on poly(styrene-b-acrylic acid) (PS-b-PAA) copolymer and metallic nanoparticles
of Pd, Cu, Au and Ag.

Among different methods used for dispersing nanoparticles into block copolymers, one
of the most effective ones is the grafting of polymers either through physical adsorption
[10, 11] or by covalent bonding of the polymer chain [12-14]. Non-covalent physisorption
makes the processing of particles difficult and hence, covalent bonding is preferable in
many cases [12]. There are essentially three techniques to chemically graft polymers on
nanoparticles surface: grafting to [15-17], grafting from [18-20] and grafting through [21-
27]. In the grafting through technique, molecules attached to the surface also present a
group suitable for polymerization (usually a silane with terminal vinyl groups, which are
subsequently used for the polymerization). Nanoparticles present in the polymerization
medium are covered by the polymer. Obtained grafting densities are usually higher than
those obtained by grafting to and the technique is easier to carry out than grafting from
one. As nanoparticle surface is multifunctional, polymeric chains also present bonds

among them, creating a sort of network [28].



On the other hand, magnetic nanoparticles have received special attention due to its
potential applications in many diverse fields such as ferrofluids, magnetic resonance
imagining, biomedicine and drug delivery [29-32]. Magnetic nanoparticles assembly into
block copolymers has gained attention as a method to fabricate hybrid materials with
magnetic properties [17, 33-36]. In this way, Park et al [33,34] assembled Fe O3
nanoparticles in poly(styrene-b-isoprene) (PS-b-PI) copolymer, finding a change in the
morphology obtained from hexagonal cylinders to body-centered cubic. Lauter-Pasyuk et
al [35] prepared nanocomposites with Fe3O4 and poly(styrene-b-butylmethacrylate) (PS-
b-PBMA) copolymer, obtained a mixed morphology of perpendicular and parallel
lamellae on the surface, with unknown nanoparticle location. Barandiaran et al [17]
prepared nanocomposites based on poly(styrene-b-caprolactone) (PS-b-PCL) and Fe3O4
nanoparticles modified with PMMA-b-PCL brushes by grafting to technique, obtaining
good dispersion of nanoparticles, which were placed at the interfaces. Xu et al [36]
prepared nanocomposites with poly(styrene-b-methylmethacrylate) (PS-b-PMMA)
copolymer and Fe3O4 nanoparticles modified with PMMA brushes of different molecular
weights by grafting from technique, analyzing the effect of brush length and nanoparticle
content on the morphology and dispersion level of nanoparticles.

In this work, Fe3O4 nanoparticles have been modified with PMMA brushes by grafting
through technique, for being dispersed into annealed PS-b-PMMA copolymer thin films.
In contrast with nanocomposites prepared with pristine nanoparticles or those modified
with silane, no significant agglomerates were found, and nanoparticles were selectively

placed at PMMA lamellae, without disrupting copolymer morphology.
2. EXPERIMENTAL
2.1. Materials

Magnetite (Fe3Os4) nanoparticles with a nominal size of 9 nm were purchased from
Integram Technologies, Inc.. 3-methacryloxypropyltrimethoxysilane, with 98% of purity,
was purchased from ABCR. The initiator 2,2’-azobisisobutyronitrile (AIBN), used
without further purification, and methylmethacrylate (MMA) monomer, with a purity of
99 %, distilled under reduced pressure over CaH» before use, was purchased from
Aldrich. Poly(styrene-b-methyl methacrylate) (PS-b-PMMA) block copolymer

(frs=femma= 0.5) was purchased from Polymer Source, Inc.. The number average



molecular weight of both PS and PMMA blocks is 80.000 g/mol, with a polydispersity of
1.09.

2.2. Nanoparticle modification
2.2.1. Silanization process

Fe304 nanoparticles were first modified with MPTS. Scheme 1 shows the reaction scheme
of the silanization process. This reaction implies a nucleophilic attack of —OH groups at
nanoparticle surface to the Si atoms of MPTS. 0.05 g of nanopaticles and 10 umol of
silane were mixed by sonication into 40 mL of toluene. The reaction was carried out at
inert atmosphere for 3 hours at 60 °C. Nanoparticles were subsequently washed with THF

and dried in vacuum for 72 h at 40 °C.
2.2.2. Grafting through process

Once the magnetite nanoparticles were silanized, the modification of nanoparticles
surface with PMMA brushes by grafting through method was carried out, as it can be
seen in Scheme 1. 0.02 g of silanized Fe3O4 nanoparticles and 0.1 g of AIBN were
dispersed into 40 mL of toluene and then 2 mL of monomer were added. The reaction
was carried out at inert N> atmosphere at 70 °C for 5 h. Modified nanoparticles were

subsequently washed with THF and dried in vacuum for 72 h at 40 °C.
2.3. Nanocomposite preparation

Nanocomposites were prepared mixing PS-6-PMMA block copolymer with unmodified,
silanized and polymer-modified Fe;O4 nanoparticles. Nanoparticles were first dispersed
in toluene for two hours by sonication, followed by PS-b-PMMA block copolymer
addition. Thin films were then prepared by spin-coating onto Si(100) wafers at 2000 rpm
for 30 s using a Telstar Instrumat P-6708D spin-coater. The film thickness as measured
by AFM after sample scratching was around 100 nm for all investigated samples. For
selective solvent annealing, thin films were exposed to saturated acetone vapors (selective
for PMMA, with ypmma = 0.18 and yps = 1.1 [37]) for 16 h in a closed vessel and kept at
room temperature following spin-coating, without removing the residual solvent. After
exposure samples were removed and stored at room atmosphere before characterization.
This exposure time was chosen in order to obtain a lamellar morphology for the neat

copolymer. Nanocomposites were prepared with 1, 2, and 5 wt% of nanoparticles.



2.4. Characterization techniques

Fourier transformed infrared spectroscopy (FTIR) was carried out with a Nicolet Nexus

600 FTIR spectrometer, performing 20 scans with a resolution of 4 cm™'.

Thermogravimetric analysis (TGA) was performed with a Mettler Toledo
TGA/SDTASS51 instrument. Tests were carried out from room temperature to 750 °C with

a heating rate of 10 °C/min.

Surface morphologies obtained for different films were studied by atomic force
microscopy with a scanning probe microscopy AFM Dimension ICON of Bruker,
operating in tapping mode (TM—-AFM). An integrated silicon tip/cantilever, from the
same manufacturer, having a resonance frequency of around 300 kHz, was used.

Measurements were performed at a scan rate of 1 Hz/s, with 512 scan lines.
3. RESULTS AND DISCUSSION
3.1. Nanocomposites with silanized nanoparticles

Magnetic nanoparticles were first surface-modified with MPTS silane in order to increase
their compatibility with PS-6-PMMA copolymer, and also for grafting the initiator for
the polymerization of PMMA brushes, following a procedure shown in the first part of
Scheme 1. The success of silanization process was probed by FTIR and TGA
measurements, as it can be seen in Figure 1. From FTIR spectra, the appearance of bands
related with the main bonds of MPTS compound can be seen (C-O-C, Si-O-C, C=C, or
C=0) indicated in the inner part of Figure 1A. The presence of those bands, absent in the
spectrum of unmodified nanoparticles, indicate the presence of MPTS attached to the
surface. TGA measurements, besides showing the modification of the nanoparticles with
the organic compound, were used to determine the amount of grafted silane [38]. The
surface density of the silane was about 2.8 molecules/nm?. A direct comparison of the
surface density of hydroxyl groups (8.1 molecules/nm?) and that of the silane on the
surface yielded a reaction efficiency of 34.5 %. Surface morphologies of obtained
nanocomposite films have been analyzed in terms of AFM. Figure 2 shows AFM images
of neat PS-b-PMMA copolymer and nanocomposites with 1 and 2 wt% of silane-modified
nanoparticles. The brighter regions in the phase contrast AFM image correspond to the
PMMA block because PMMA has a higher modulus than PS chain at room temperature

[37, 39]. For neat copolymer, surface perpendicular lamellar microphase morphology can



be seen, with an average interlamellar distance of 77 nm. PMMA and PS lamellae are 68
and 8 nm width, respectively. This morphology is the typical equilibrium state phase
structure in thin symmetric diblock copolymer films [37]. As was pointed out by several
authors [37, 40] ordered microphase morphology can be obtained by exposing films to
selective solvent vapor good for PMMA. Previous works [37, 40-44] have shown that
when PS-b-PMMA is cast on a silicon wafer, PMMA segregates to the surface while PS
segregates to the air interface. So after spin-coating seems that PMMA dominates in the
substrate interface while PS is placed mainly at the free surface. Since PMMA is more
soluble in acetone than PS, there is a strong attraction between polymer and solvent, while
the net interaction between polymer segments is repulsive. So polymer chains start to
swell when they are in contact with solvent. Diffusion of solvent to the surface plays an
important role in obtained morphology. In this way, for PS-b-PMMA, Xuan et al [37]
proposed a mechanism of solvent vapor annealing for PMMA selective solvents. Taking
all this into account, several microphase-separated morphologies have been observed by
different authors for PS-b-PMMA depending on exposure time and film thickness:

hexagonally packed nanocylinders, striped or lamellar morphologies.

In our case, as the aim was to obtain the typical equilibrium lamellar morphology, an
exposure time of 16 h was performed in acetone vapors, achieving the desired
morphology, as shown in Figure 2. Regarding the effect of silane-modified nanoparticles,
as it can be seen in the AFM images, the lamellar morphology was maintained with
nanoparticle addition. Big nanoparticle agglomerates appeared, however. Those
agglomerates tended to PMMA domains but their size was bigger than that of PMMA
lamellae. As a good and selective dispersion of magnetic nanofillers was not obtained,
the following step was their modification with PMMA brushes for increasing the
compatibility with one of the blocks.

3.2. Nanocomposites with nanoparticles with PMMA brushes

After silanization, nanoparticles were modified with PMMA brushes by grafting through
method, as was shown in Scheme 1. The presence of brushes in the surface was probed
by FTIR and TGA. Main bands related to PMMA bonds (C=0, C-O-C, etc) can be seen
in the FTIR spectrum of Figure 3A. TGA thermogram of nanoparticles modified with
brushes can be seen in Figure 3B, compared with that of pristine and silanized ones. The
weight loss related to the degradation of PMMA can be clearly seen, thus probing the
presence of the polymer in the sample. As the cleavage of PMMA brushes from the



nanoparticles has not been possible [26], in order to obtain an approximation of the
molecular weight of PMMA chains, as in a previous work [26], a polymerization at the
same conditions but without the presence of nanoparticles in the media was carried out.
Molecular weight obtained for PMMA chains after 5 h reaction was around 15,000, so
we can also expect that the PMMA brushes have the same molecular weight. In these
nanoparticles the molecular weight of the PMMA chains is lower than that of the PMMA
block chains. Being the chains smaller, a better wetting by PMMA block chains could be
expected [45]. Surface morphology of nanocomposite films was analyzed by AFM.
Figure 4 shows AFM images of nanocomposites with 2 and 5 wt% of nanoparticles.
Lamellar morphology is maintained for nanocomposites with 1 (not shown here) and 2
wt%, though lamellae are not so regular and parallel among them as were for the neat
copolymer. In the same way, the width of PMMA lamellae increased probably due to the
nanoparticles placed on them. There are no remarkable agglomerates in the
nanocomposites, indicating that dispersion has been improved with PMMA brushes. In
the height image the presence of nanoparticles at PMMA domains can be noticed.
Moreover, as indicative of the presence of nanoparticles, for the nanocomposite with 5
wt% of nanoparticles, the morphology started to change and a mixture of lamellae and
perpendicular hexagonally packed cylinders (circles in Figure 4B1) can be seen. This fact
indicates that nanoparticles, located at PMMA domains, alter the volume fraction among
blocks, altering the equilibrium morphology. As more nanoparticles are located at PMMA
domains, the volume of those has increased, altering the volume ratio among blocks and
promoting the morphology change. This change in morphology promoted by the specific
location nanoparticles in one block has been found by other authors [36, 40]. As an
example, Gutierrez et al [40] found that PS-b-PMMA copolymer thin films, annealed
with acetone vapors for 48 h, change their morphology from hexagonal packed cylinders
to lamellar and striped structure with 5 and 10 w% of TiO> nanoparticles, respectively.
Xu et al [36] dispersed magnetic nanoparticles with PMMA brushes of different
molecular weight in PS-b-PMMA films thermally annealed. For around 4 wt% of
nanoparticles with the lowest molecular weight brushes (2700), the morphology changed
from perpendicular lamellae to a mixture of perpendicular and parallel ones, frustrating
the assembly of lamellar structure for contents higher than 10 wt%. Upon increasing
molecular weight of brushes (35700), nanoparticles tended to aggregate, the copolymer
assembling into onionlike rings around them. In our case, nanoparticles with PMMA

brushes of 15,000 have been used, varying their amount from 1 to 5 wt%. With this



molecular weight and nanoparticle amount, morphology started to change between 2 and

5 wt% with no remarkable agglomerates that could frustrate the assembly.

In order to clearly show the improvement of dispersion and selective placement of
nanoparticles by modifying them with PMMA brushes, Figure 5 shows AFM images of
nanocomposites prepared with 2 wt% of pristine nanoparticles, silanized ones and those
with PMMA brushes. Pristine nanoparticles frustrate the assembly of the copolymer, as
it can be seen in Figure 5A. Once they were functionalized with MPTS, the lamellar
morphology of the copolymer was achieved but nanoparticles tended to aggregate, as it
can be seen in Figure 5B. Finally, when they were surface modified with PMMA brushes,
nanoparticles were well dispersed and selectively placed at PMMA domains maintaining
lamellar morphology for 1 and 2 wt% nanocomposites. As mentioned above, for
nanocomposites with 5 wt% of nanoparticles, the morphology started to change to

cylinders, presenting a mixture of lamellar and cylindrical morphology.

In the 3D AFM images of the thin film nanocomposites shown in Figure 6 the effect of
nanoparticles on the morphology of the block copolymer can be seen more clearly. As it
can be seen in Figure 6A, corresponding to the neat block copolymer, the height of the
lamellae is continuous, with no appreciable discontinuity in them. When silane-modified
nanoparticles are added (Figure 6B) the appearance of hills can be seen, located in the
PMMA domains. Apart from these hills the height of the PMMA lamellas can be
considered as continuous. These hills could represent small aggregates of Fe3O4
nanoparticles modified with MPTS silane, present at PMMA domains due to their
improved affinity. However, a good dispersion was not achieved, as their presence
through the rest of the PMMA domains was negligible. Figures 6C and 6D show 3D AFM
images for nanocomposites with 2 and 5 wt% of nanoparticles with brushes. The presence
of the nanoparticles can be seen, as small points standing out from the PMMA domains.
The height of lamellae was not more continuous, with nanoparticles well located through
all PMMA domains, confirming the improvement of dispersion. Comparing the images
of nanocomposites with 2 and 5 wt%, previously shown morphology change was
confirmed. With the lowest concentration lamellar morphology was maintained, while
when the concentration increased the morphology was between lamellar and cylindrical,
as it was previously pointed out. In Figure 7 the profile images of neat block copolymer
(Fig. 7A), nanocomposites with 2 wt% of silanized nanoparticles (Fig. 7B) and PMMA
modified nanoparticles (Fig. 7C) can be seen. In these profile images the effect of the



nanoparticles in the PMMA domain of the copolymer can be clearly seen, how the neat
copolymer PMMA domains are continuous, how the silanized nanoparticle addition
creates some hills on the lamellae and the addition of PMMA modified nanoparticles are

well dispersed on PMMA domains.

Figure 8 shows the AFM image of the charred nanocomposite film containing 5 wt%
nanoparticles as an example, in order to better visualize them and have an approximate
idea of their average size. Nanoparticle size varied from around 20 to 45 nm for all the
nanocomposites studied, smaller than the size of PMMA domains in which they are
located. It is clear that some nanoparticles appear together since their nominal diameter
1s 9 nm. These measurements agree with the ones obtained from the profile images of
Figure 7B. Those small aggregates probably were formed during functionalization and
not during nanocomposite preparation or during annealing. In the grafting through
functionalization method, the polymerization was carried out with silane-modified
nanoparticles in the media and, distinctly from the grafting from method, where the
polymer chain grows only from the surface of the nanoparticle, the functional group
located in the surface of the nanoparticle could join a growing PMMA chain in which
there could be more nanoparticles previously joined. As the surface of the nanoparticles
is multifunctional, with several double bonds, several chains could be bonded to different
nanoparticles [27, 46]. Due to these reasons it is supposed that nanoparticles, instead of
being located individually, are bonded together with several polymer chains, creating a

kind of network formed by nanoparticles and PMMA chains.
4. CONCLUSIONS

The following conclusions can be extracted from the synthesis and characterization of
nanocomposite thin films based on PS-5-PMMA copolymer and Fe3O4 nanoparticles. The
copolymer films were annealed by exposure to acetone (selective for PMMA) vapors for
16 h in order to obtain classical lamellar morphology. For nanocomposites with pristine
nanoparticles lamellar morphology was disrupted due to the low compatibility among
matrix and fillers. Nanoparticles were then successfully surface-modified with MPTS
silane in order to increase their compatibility with PMMA domains. Lamellar
morphology of films was maintained with nanoparticle adding but they tended to
agglomerate. In order to better disperse and selectively place nanoparticles, they were

modified with PMMA brushes by grafting through technique. Once modified, they were



well dispersed into PMMA domains of the copolymer films maintaining the lamellar
morphology for nanocomposites with 1 and 2 wt% of nanoparticles. For higher
nanoparticle amount of 5 wt% morphology started to change to a mixture of lamellas and
hexagonally packed cylinders. This fact seemed to confirm the presence of nanoparticles
at PMMA domains, increasing their volume and altering the volume fraction of the
copolymer and consequently, the equilibrium morphology. As the size of nanoparticles
in PMMA domains has been found to be bigger than that of single nanoparticles, it seems
that more than one single nanoparticle was present at PMMA domains. This slight
agglomeration could occur during grafting through process, in which, as was previously
pointed by our group, nanoparticles, instead of being located individually, could be
bonded together with several polymer chains, creating a kind of network. In any case,
these agglomerates were smaller than PMMA domains, not big enough to disrupt

copolymer morphology.
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FIGURE AND SCHEME CAPTIONS
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Scheme 1. Procedure used for the silanization and grafting of PMMA brushes onto Fe3O4

nanoparticles
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Figure 1: a) FTIR spectra of neat and silanized Fe3O4 nanoparticles. Inner spectrum
shows a magnification of modified nanoparticle spectrum, and b) TGA thermogram of

neat and silanized Fe3O4 nanoparticles.



Figure 2: AFM (left/right height/phase) images corresponding to thin films of: a) neat
PS-b-PMMA copolymer, b) nanocomposite with 1 wt% of silanized nanoparticles, and
¢) nanocomposite with 2 wt% of silanized nanoparticles, after annealing with acetone

vapors for 16 h.
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Figure 3: a) FTIR spectra of neat, silanized and PMMA-grafted Fe3O4 nanoparticles.
Main bands are indicated by arrows. Inner spectrum shows a magnification of spectra,

and b) TGA thermogram of neat, silanized and PMMA -grafted Fe3O4 nanoparticles.

Figure 4: AFM (left/right height/phase) images corresponding to thin films of: a)
nanocomposite with 2 wt% and b) 5 wt% of PMMA-grafted nanoparticles after annealing

with acetone vapors for 16 h.



Figure 5: AFM (left/right height/phase) images corresponding to thin films of: a)
nanocomposite with 2 wt% of neat nanoparticles, b) nanocomposite with 2 wt% of
silanized nanoparticles, and c) nanocomposite with 2 wt% of PMMA-grafted

nanoparticles, after annealing with acetone vapors for 16 h.



Figure 6: AFM 3D height images corresponding to thin films of: a) neat PS-b-PMMA
copolymer, b) nanocomposite with 2 wt% of silanized nanoparticles, ¢) nanocomposite
with 2 wt% of PMMA-grafted nanoparticles, and d) nanocomposite with 5 wt% of

PMMA -grafted nanoparticles, after annealing with acetone vapors for 16 h.



Figure 7: AFM height and the profile images of: a) neat PS-b-PMMA copolymer, b)
nanocomposite with 2 wt% of silanized nanoparticles, c) nanocomposite with 2 wt% of

PMMA -grafted nanoparticles.

Figure 8: AFM phase image corresponding to thin film of the nanocomposite with 5 wt%

of PMMA -grafted nanoparticles after thermal degradation of the polymeric matrix.
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