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ABSTRACT: We investigate self-assembly of nanocomposite films composed of lamellar-forming poly(styrene-
b-methyl methacrylate) (PS-b-PMMA) and PMMA-grafted magnetite (Fe;0,) nanoparticles (NPs). The Fe;04
NPs are grafted with PMMA brushes with molecular weights ranging from 2700 to 35 700 g/mol. For the NP
with the lowest molecular weight brush, the morphology of the nanocomposite film depends on the NP concentration
(¢np). At low ¢np, the block copolymer self-assembles into mixed morphology of perpendicular lamellae ([JLam)
and parallel lamellae (I[Lam), and the [lLam are stabilized by individual NPs or small NP aggregates. The NPs
can also retard the dynamics of self-assembly of block copolymer films. At high ¢np, NPs form small aggregates
which inhibit the formation of a lamellar structure. As the molecular weight of the PMMA brush increases to
13 300 or 35 700 g/mol, the Fe;04 NPs form aggregates in the as-cast nanocomposite films, and this behavior is
attributed to aggregation of NPs in the solution state. Since the size of NP aggregates is larger than the copolymer
domain size, the block copolymer has to self-assemble around these aggregates. The magnetic properties of these
nanocomposite films are characterized, and typical superparamagnetic behavior is observed.

Introduction

Although polymer nanocomposites (PNCs) are already found
in numerous commercial products (e.g., tires), the incorporation
of functional nanoparticles (NPs) having unique electric, optical,
catalytic, and magnetic properties will provide future opportuni-
ties in technologies such as solar cells, photonic bandgap
materials, and high-density magnetic storage devices.' > To
capitalize on these properties, NPs must be assembled or
arranged in a controlled fashion with nanoscale precision and
selectivity. For this reason, block copolymers are attractive as
the continuous phase in PNCs because they self-assemble into
ordered nanostructures that can be used to guide and control
the location of NPs in selected domains.*~'' Recent studies have
incorporated functional NPs into block copolymers via an ex
situ approach where preformed NPs are integrated into the
nanostructure by cooperative self-organization.'>” " For ex-
ample, CdSe NPs were selectively deposited into templates of
block copolymer poly(styrene-b-methyl methacrylate) (PS-b-
PMMA) to produce a PNC that was photoluminescent.>*?'
Recently, magnetic NPs assembled in block copolymers has
gained attention as a method to fabricate hybrid materials for
applications such as high-density magnetic storage de-
vices."**272° For example, Darling et al. deposited magnetic
FePt NPs onto a film of PS-b-PMMA.*> Magnetic NPs have
also been incorporated into block copolymer films. Park et al.
have assembled maghemite (y-Fe,Os) NPs in poly(styrene-b-
isoprene) (PS-b-PI).>>?° By adding the y-Fe,0; NPs, a phase
transition from hexagonal cylinders to body-centered cubic was
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observed as well as macrophase separation of NP-rich regions.
Also, Lauter-Pasyuk et al. added magnetite (Fe;O4) NPs to PS-
b-PBMA films to produce a mixed morphology of perpendicular
and parallel lamellae on the surface, although the NP location
was unknown.?>*

The NP characteristics, including size and surface functional-
ity, can influence the self-assembly and ultimate structure of
PNCs. For example, Bockstaller et al. demonstrated that, by
tuning the NP diameter (d) relative to the lamellar period (L),
NPs can be localized either in the middle of a domain (d/L ~
0.26) or at the interface (d/L ~ 0.06) of a lamellar poly(styrene-
b-ethylene propylene) (PS-b-PEP).>” These results are supported
by an entropy-based model by Balazs and co-workers,?*** who
predicted that small particles satisfying d/L < 0.2 locate at the
intermaterial dividing surface. However, later studies by Bock-
staller et al. and Chiu et al. showed that small NPs can display
a homogeneous or broad distribution within the preferred
copolymer domain.**?*' These contradictory results can be
attributed to differing NP characteristics such as size, type, and
surface functionality of NPs. Recently, Matsen et al. proposed
an improved SCFT to better predict the distribution of NPs in
a lamellar-forming diblock copolymer.*? They found that small
NPs have broader distributions but no particular preference for
the interface. In their model, particle—polymer interactions are
found to impact the location of NPs; i.e., neutral particles
partition to the interface whereas particles attracted to one of
the domains prefer to localize at the center of that domain. By
varying the brush type, grafting density, and molecular weight,
Kramer and co-workers were able to control the location of
polymer-grafted Au NPs in poly(styrene-b-2-vinylprindine) (PS-
b-P2VP) as well as the dimensions and morphology of the
ordered block copolymer nanostructures.*'**~*¢ For instance,
beyond a critical concentration, Au NPs induced a phase
transition of PS-b-P2VP from a lamellar to spherical morphol-
ogy.>* NPs also stabilize the energetically unfavorable grain
boundaries or defects in block copolymers. Recently, Bockstaller
et al. stabilized high-energy grain boundaries in lamellar block
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copolymer films by selectively swelling the boundaries with
aggregates of PS-grafted Au NPs.*’ In addition to changing the
thermodynamic behavior and morphology, the addition of NPs
also influences the dynamics of self-assembly of the copolymer.
In a lamellar PS-6-PMMA film, Deshmukh et al. reported that
Ag NPs slow down the surface transition from perpendicular
to parallel lamellae.*® This slowing down was attributed to the
relocation of the surface-segregated Ag NPs, located in the
PMMA domains, which must migrate below the surface to allow
surface to become covered with PS lamellae (i.e., parallel
lamellae at surface). Because few studies of the dynamics of
self-assembly of PNCs are available, the mechanism of slowing
down is not entirely understood.

The present paper describes the self-assembly of nanocom-
posite films of lamellar-forming PS-6-PMMA containing mag-
netite (Fe;O4) NPs which are grafted with PMMA brushes
having molecular weights 2700, 13 300, and 35 700 g/mol. For
the shortest brush at low concentrations (¢np = 1 and 4 wt %),
the block copolymer initially assembles into perpendicular
lamellae ([JLam) at the surface, which eventually converts to
parallel lamellae (I[Lam). This behavior is qualitatively similar
but much slower than rearrangements found in neat PS-b-
PMMA systems. At 1 wt %, the NPs are mainly isolated and
locate at the interface between domains, whereas at 4 wt % the
NPs aggregate but remain confined within the PMMA domain
(L/2 = 18 nm). At 4 wt %, NPs are swept laterally to the grain
boundary between [Lam and |[Lam, resulting in long-lived
ULam at the surface. At ¢np = 10 Wt %, NPs form aggregates
whose size is comparable to the PMMA domain size. Although
the [JLam covers the entire surface at long times (192 h), the
bulk region shows a disordered, possibly bicontinuous, mor-
phology of PS-b-PMMA. As brush length increases, the
solubility of NPs in solution decreases, resulting in aggregates
in the as-cast PNC films, and this behavior is attributed to
aggregation of NPs in the solution state, prior to spin-casting.
For the 13 300 case, NP aggregates are slightly larger than the
PMMA domain size and tend to locate at grain boundaries,
resulting in stabilized [JLam morphology at the surface even
after 240 h. However, for the 35 700 brush, aggregates up to
164 nm form, disrupt the |[Lam, and become encapsulated by
onion-type layers of PS-b-PMMA. Since the size of NP
aggregates is larger than the copolymer domain size, the block
copolymer has to self-assemble around these aggregates. The
blocking temperature, which represents the energy barrier for
magnetic relaxation, is found to be the same for well -dispersed
and aggregated PNCs, suggesting that a polymer brush of 35 700
g/mol provides sufficient magnetic isolation between NPs.

Experimental Section

Materials and Methods. Poly(styrene-b-methyl methacrylate)
(PS-b-PMMA) with a polydispersity of 1.08 was purchased from
Polymer Source, Inc. The molecular weights (M) and the volume
fractions of the PS and PMMA blocks are 38 000 and 36 800 g/mol
and 0.53 and 0.47, respectively. The magnetite NPs (~5 nm) were
synthesized and characterized following the methods described by
Sun et al.* The NPs were then modified by grafting PMMA chains
onto the surface via surface-initiated atom transfer radical polym-
erization (ATRP), and the details of this surface-initiated ATRP
method have been well described in one of our previous papers.*°
To determine the molecular weight and polydispersity of the grafted
polymer brush, PMMA chains were cleaved from the NP surface
as follows: the PMMA-grafted magnetite NPs and tetraoctylam-
monium bromide as a phase transfer catalyst were dissolved in
toluene, to which a 10% HF aqueous solution was added. Because
the initiation sites on the NP are formed by a silane coupling agent,
the Si—O bond between the PMMA brush and iron oxide surface
is broken by the HF. The cleaved polymer in the organic layer
was isolated and then subjected to gel permeation chromatography
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(GPC). Three PMMA brushes with molecular weights (M,,) of 2.7,
13.3, and 35.7 kg/mol were prepared, and the corresponding
PMMA-grafted magnetite NPs are denoted as Fe;04-2.7K, Fe;0,-
13.3K, and Fe;04-35.7K, respectively. The polydispersity indexes
of these brushes determined by GPC are 1.22, 1.10, and 1.15,
respectively. The grafting density (£) was calculated to be 0.73 +
0.02 chains/nm? for all three NPs based on the weight fraction of
PMMA chains (determined by thermal gravimetric analysis), the
surface area of NPs, and densities of PMMA and magnetite.

To prepare the PNC films, the block copolymer and NPs (7 wt
%) are mixed with toluene. The weight fraction of NPs in the PNC
ranges from 1 to 16 wt %. Nanocomposite films were prepared by
spin-casting the block copolymer—nanoparticle solution onto
piranha-cleaned silicon substrates. The films were dried in a vacuum
oven at room temperature for 1 day, and their thicknesses were
about 500 nm. The films were then annealed under vacuum at 185
°C for 2—240 h.

Characterization. Atomic force microscopy (AFM, PicoPlus,
Agilent Technologies, Inc.) was used to characterize the surface
morphology of the PNC films. The microscope was operated in
the acoustic AC (AAC) mode. Silicon cantilevers (Nanosensors,
Inc.) with a nominal spring constant of 48 N/m and tip radius of
less than 10 nm were used. The resonance frequency of the
cantilevers is about 190 kHz. Picoscan 5.3.3 (Agilent Technologies,
Inc.) and SPIP (Image Metrology, Inc.) were used for image
analysis. Transmission electron microscopy (TEM, JEOL 2010)
operated at 80 kV was used to image the block copolymer
morphology and NP location within the films. To prepare TEM
cross section, nanocomposite films were coated with an epoxy layer
and then immersed into liquid N, to delaminate the bilayers of
epoxy/nanocomposite film from the silicon substrates. The epoxy-
supported nanocomposite films were microtomed into ~50 nm
slices with a diamond knife at room temperature. The microtomed
sections were then transferred onto holey carbon-coated copper
grids. Magnetization of the PNC films was measured in a Quantum
Design Superconducting Quantum Interference Device (SQUID)
magnetometer. In particular, the temperature dependence of zero-
field-cooled (ZFC) and field-cooled (FC) magnetic moment and
M—H magnetization curves were measured.

Results and Discussion

Morphology Evolution of PS-b-PMMA/Fe;04-2.7K (¢np
= 1 wt %) Films. In this section, we investigate the location
of Fe304-2.7K NPs in PNC films as well as the effect of these
NPs on the morphology and evolution of block copolymer self-
assembly. Figure 1 shows the surface and internal morphologies
of PS-b-PMMA/Fe;04-2.7K (1 wt %) films after annealing at
185 °C for 2 h (a, b), 8 h (¢, d), and 24 h (e, f). After 2 h, the
surface is covered by perpendicular lamellae ([ILam) that appear
as alternating stripes (also called “fingerprint” features) in the
AFM height image (Figure la). By taking a 2D fast Fourier
transform (FFT) of the AFM image (inset in Figure la), the
lamellar spacing of the [ILam at the film surface is 41 nm. Using
L = 0.47N°%, the lamellar period of the bulk morphology is
342 nm.*' In this paper, L is determined to be 37 nm as
discussed below.*® The light (higher) stripes correspond to
PMMA lamellae, whereas the dark (lower) stripes are the PS
lamellae. The height difference between the PMMA and PS
lamellae is ~1 nm, consistent with the literature.>®**> Because
of favorable interactions, PMMA chains prefer the oxide layer
on silicon and thus form a parallel lamellar (I[Lam) monolayer
on the substrate, as shown in Figure 1b. After 2 h, Figure 1b
captures the propagation of the l[Lam from the substrate to about
the middle of the film. In the TEM images, the PMMA and PS
domains are light and dark, respectively. The NPs are prefer-
entially located in the PMMA domains. Further discussion of
NP location is given below. Although the [lLam are observed
at the film surface by AFM, they can hardly be discerned in
the TEM image (Figure 1b), suggesting that only very short-
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Figure 1. AFM height and cross-sectional TEM images of PS-b-PMMA/Fe;0,-2.7K (1 wt %) films after annealing at 185 °C for 2 h (a, b), 8 h
(c, d), and 24 h (e, f). Inset in (a) is a 2D FFT of the image. Black arrows in the TEM images indicate the film/substrate interface, whereas white
arrows in (c, d, e, f) indicate the [I[Lam on the surface. AFM height (g, h) and cross-sectional TEM (i) images of films after 240 h are also shown.
The inset in (g) is a cross-sectional line profile across the hole (black line) shown in the parent image. The size of AFM images (a, c, e, h) is 2 x
2 um?, and the height scale is Az = 0—8 nm. The AFM image size for (g) is 50 x 50 um?, and the height scale is Az = 0—80 nm.

range [JLam form at the surface. Thus, after 2 h or the early
stage, PS-b-PMMA self-assembles into |[Lam near the silicon
substrate and [Lam near the surface, whereas the NPs are evenly
dispersed throughout the film.

After annealing for 8 h, smooth patches corresponding to
[ILam appear on the surface, as indicated by the white arrow in
Figure lc. In the |[Lam regions, the PS block, which has the
lower surface energy, is exposed on the surface.*® This structure
is confirmed by the AFM phase images (not shown) and cross-
sectional TEM images as shown in Figure 1d. Thus, at this
intermediate stage the surface displays a mixed morphology of
OLam and |ILam, similar to neat PS-b-PMMA films or PS-b-
PMMA films containing NPs.*®** Compared to the image after
2 h (Figure 1b), the block copolymer morphology is more
ordered after 8 h (Figure 1d). Note that the |l[Lam has 10
complete periods and in some regions has propagated to the
surface (indicated by the white arrow), resulting in a mixture
of [ILam and OLam (Figure 1d). In the |lLam regions, the PS
lamellar domains (dark) are at the surface (white arrow in Figure
1d).

After 24 h (Figure le), the area fraction of the |[Lam domains
on the surface has increased compared to 8 h (Figure 1c).
Namely, the PS-5-PMMA chains within the [JLam regions near
the surface reorganize and increase the area fraction of |[Lam
at the surface in order to reduce the surface energy. Figure 1f
shows a cross section of the mixed morphology of [lLam and
[ILam in the near surface region. After both 8 and 24 h, the

OLam penetrate three and half lamellar periods below the
surface, as shown in parts d and f of Figure 1, respectively.
This depth is determined by the film thickness and the relative
ordering speed of the [ILam and |[Lam. After 240 h, the surface
is covered with holes of average diameter of 5.1 + 1.5 um.
Hole formation, characteristic of [[Lam, is due to the incom-
mensurability of the film thickness and the lamellar period; i.e.,
the film thickness is not equal to (n + !/,)L, where n is an
integer.** The depth of these characteristic holes is equal to one
lamellar period. Here, the depth of those holes is 37 nm,
determined by the cross-sectional line profile analysis (inset in
Figure 1g). As indicated by the arrow in Figure 1g, holes can
merge to form larger holes. Although the surface is mainly
covered by |[Lam after 240 h, careful inspection of Figure 1g
shows very small regions of the [lLam, which are better
observed in Figure 1h (2 x 2 um?). Because the area fraction
of OLam on the surface is so small, TEM images such as shown
in Figure 1i show a nearly complete conversion to the |[Lam
after 240 h. Relative to neat films, which achieve a complete
[ILam morphology after 24 h (discussed below), the addition of
1 wt % Fe;04-2.7K NPs to PS-b-PMMA slows down the
transition from [Lam to |[Lam at the surface.

NP-Stabilized Defects in PS-b-PMMA/Fe;04-2.7K (¢np
=4 wt %) Films. Figure 2 shows the AFM height images and
cross-sectional TEM images of the surface and internal mor-
phologies of PS-6-PMMA films containing 4 wt % of Fe;O4-
2.7K. For the as-cast film, parts a and b of Figure 2 show that
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Figure 2. Surface and internal morphologies of PS-b-PMMA/Fe;04-2.7K (4 wt %) films. AFM height (a) and cross-sectional TEM (b) images of
as-cast nanocomposite films. Cross-sectional TEM images of nanocomposite films after annealing at 185 °C for 24 h (c), 96 h (d), and 240 h (e).
The arrows in the TEM images indicate the film/substrate interface. AFM height image of nanocomposite films after annealing at 185 °C for 240 h
(). The size of AFM images (a, f) is 2 x 2 um?, and the height scale is Az = 0—8 nm.

the surface displays irregular features and the bulk morphology
is disordered with a uniform dispersion of NPs, respectively.
After annealing for 24—240 h (Figure 2c—e), the PS-b-PMMA
in the films all display a similar morphology consisting of |[Lam
near the substrate and a mixed |lLam and [JLam on the surface.
However, unlike the individual NPs observed for 1 wt % NPs
under all conditions, the initially uniform dispersion of 4 wt %
NPs evolves into small aggregates upon annealing, as shown
in Figure 2c—e.

Although NPs form aggregates upon annealing, these ag-
gregates remain confined within the PMMA lamellar domains
at all times. Initially (24 h), the aggregates contain ~5 NPs
and are relatively uniformly dispersed as shown in Figure 2c;
however, with longer annealing (96 h), aggregate size increases,
~10 NPs, and the lateral distribution becomes less uniform as
shown in Figure 2d. This suggests that the NPs are mobile and
can diffuse in the PMMA lamellae to form larger aggregates.

In Figure 2d, the squares denote aggregates confined within the
PMMA domains, whereas the circles denote individual NPs
located mainly at the PS/PMMA interface. Here, although a
few individual NPs are located more toward the center of the
PMMA domain, most individual Fe;04-2.7K NPs in PS-b-
PMMA (d/L = 0.15) locate at the copolymer interface (e.g.,
NPs in Figures 1i and 2d). As discussed in the Introduction,
the location of NPs depends on many parameters including
particle size and their surface functionality. The improved
Matsen's SCMF model could give nice predictions on NP
location at low concentrations of NPs (<1%), whereas the
present study is focused on the aggregation behavior of NPs
confined to the lamellar phase of a diblock copolymer.** Thus,
a comparison with the observed aggregation behavior is not
possible. Moreover, the statistically small number of individual
NPs prevents a definitive statement about the distribution of
NPs except to note that a majority of particles are found at the
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interface and a minority in the middle region. Confined by the
PMMA lamellar domains, the Fe;04-2.7K NPs aggregate within
the lamellar plane and thus form 2-dimensional disk-shaped
aggregate structure.

After annealing for 240 h, the NPs and aggregates further
rearrange within the film. In particular, most NPs are now found
in aggregates. Furthermore, these aggregates tend to locate at
T-junction defects, where the |[Lam intersects the [lLam, as
shown in Figure 2e. This lateral partitioning results in large
regions of the sample that contain |[Lam devoid of NPs (cf.
Figure 2e). Because of chain stretching as well as an increase
in interfacial area, T-junction defects or grain boundaries are
energetically unfavorable and thus are thermodynamically
unfavorable in neat block copolymers. Recent simulations by
Duque et al. showed that T-junction grain boundaries can be
stabilized by adding a homopolymer A to an A-b-B copolymer
because the segregation of A can relieve chain stretching in the
grain boundary region.*> This prediction was supported by
studies of poly(isoprene) added to poly(styrene-b-isoprene).*®
A similar study showed that homopolymer would concentrated
in the corner regions (i.e., defects) of block copolymer films
deposited on patterned substrates.*” More recently, Bockstaller
et al. provided direct evidence for the stabilization of energeti-
cally unfavorable gain boundaries by selectively swelling the
defects with aggregates of PS-grafted Au NPs.*” In a similar
manner, the Fe;04-2.7K NPs investigated in this study selec-
tively locate in the T-junction defects to relax the mechanical
stresses due to the chain stretching and therefore stabilize the
defects. As a result, the thermodynamically unfavorable [JlLam
are effectively pinned. Figure 2e shows a typical cross section
consisting of |[Lam that span the entire film alternating with
mixed morphology of |[Lam near the substrate and [ILam near
the surface. The lateral separation between the stabilized [JLam
varies from ~200 to ~1000 nm. Figure 2f reveals the surface
morphology of a PS-b-PMMA/Fe;0,-2.7K (4 wt %) film after
240 h. The smooth patches correspond to |lLam with a top PS
domain, whereas the alternating stripes represent the [JLam
stabilized by the Fe;04-2.7K NPs. Thus, the addition of 4 wt
% Fe;0,4-2.7K NPs to PS-b-PMMA provides a novel route for
producing a long-lived surface displaying [JlLam domains with
a coverage that can be tuned by NP concentration.

Effect of NP Concentration on Ordering Dynamics in
PS-b-PMMA/Fe;04-2.7K Films. The dynamics of the mor-
phology transition from ULam to [[Lam can be quantified by
analyzing AFM images. To determine the area fraction of [lLam
at a given time, large scan size images (up to 20 x 20 um?)
were acquired over different areas of the same and duplicate
samples. Figure 3 shows the area fraction of [JLam on the
surface as a function of annealing time for ¢np = 0, 1, and 4
wt %. After 2 h, the surface is entirely covered by [ILam for
all ¢np, indicating that the propagation of |[I[Lam domains from
the substrate has not yet reached the surface region. The area
fraction of [JLam decreases upon further annealing. For neat
PS-b-PMMA films, the area fraction of [lLam decreases rapidly
with annealing time, and the surface is completely converted
to [ILam after 24 h. However, the morphology transition from
(Lam to [[Lam slows down with the addition of Fe;04-2.7K
NPs, and this slowing down becomes stronger as ¢np increases.
At 1 wt %, the area fraction of [lLam decreases rapidly to 33.5%
after 24 h and then more slowly to 4.5% after 240 h. Compared
to the neat copolymer case, the existence of [JLam in PS-b-
PMMA/Fe;04-2.7K (1 wt %) films after 240 h indicates that
NP can stabilize the (lLam. At 4 wt %, the transition from [lLam
to [ILam is very slow, and the area fraction of [lLam remaining
near the surface after 240 h is 75.7%, significantly larger than
that of the 1 wt % case. The slowing down of the morphology
transition may, in part, result from an increase of the effective
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Figure 3. Area fraction of [JLam on the surface as a function of
annealing time for 0, 1, and 4 wt % Fe;04-2.7K. The addition of NPs
slows down the [OLam to |lLam transition and stabilizes the [JLam
morphology due to segregation NPs and aggregate formation at grain
boundaries.

block copolymer viscosity upon adding NPs. Recent studies
show that NPs can slow down the phase separation of polymer
blends and even stabilize bicontinuous structures at high
concentrations.*® In the present study, the stabilization of (Lam
is mainly achieved by the segregation of PMMA-grafted NPs
to the T-junction defects. Recently, Deshmukh et al. reported
that in situ prepared Ag NPs can also slow down the transition
from COLam to |[Lam of PS-b-PMMA.*® This surface transition
requires the redistribution of surface-segregated NPs located in
the [lLam to diffuse below the surface; at 5 wt % Ag NP, the
[Lam morphology is pinned similar to the effect observed by
adding 4 wt % Fe;04-2.7K to PS-b-PMMA in the present
study.*®

Frustrated Ordering of PS-b-PMMA/Fe;04-2.7K (¢np
= 10 wt %) Films. As discussed earlier, the addition of Fe;Oy4-
2.7K NPs at ¢np < 4 wt % can slow down the transition from
[Lam to |[Lam and stabilize the [ILam morphology. The surface
and internal morphologies depend on ¢np. Namely, at long times,
|I[Lam domains dominate the surface at 0 and 1 wt %, whereas
[Lam domains are long-lived at 4 wt %. In this section, we
show that the addition of 10 wt % NPs frustrates block
copolymer self-assembly and results in aggregates on the size
scale of the PMMA domains, ~20 nm.

Figure 4 shows the AFM height images and cross-sectional
TEM images of PS-b-PMMA/Fe;04-2.7K (10 wt %) films.
Before annealing, the surface shows random, irregular features
as shown in Figure 4a. The NPs are uniformly dispersed in the
block copolymer film, and the morphology of PS-b-PMMA is
disordered (Figure 4b). After annealing for 24 h, Figure 4c
shows that [{Lam begin to appear at the surface with very short-
range order, ~150 nm lateral size. This short-range order is in
contrast to the longer range fingerprint pattern observed at ¢np
= 1 wt % (Figure 1a) and 4 wt % (not shown). More strikingly,
Figure 4d shows that the PS-6-PMMA is unable to self-assemble
into a lamellar structure after 24 h, in contrast to the ¢np = 4
wt % case (Figure 2c). Simultaneously, the Fe;04-2.7K NPs
form aggregates of average size 22 nm. These aggregates are
uniformly dispersed throughout the bulk and apparently prevent
PS-b-PMMA chains from forming a lamellar structure. Rather,
the PMMA block (light region in Figure 4d) encapsulates the
aggregates, suggesting that the block copolymer assembles
around the aggregates. After a longer annealing (192 h), the
surface shows slightly better ordering of lamellae (Figure 4e).
After they form, these aggregates are quite stable and neither
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Figure 4. Surface and internal morphologies of PS-b-PMMA/Fe;04-2.7K (10 wt %) films. AFM height images and cross-sectional TEM images
of as-cast films (a, b) and films after annealing at 185 °C for 24 h (c, d) and 192 h (e, f). The size of all AFM images (a, c, €) is 2 x 2 um?, and
the height scale is Az = 0—8 nm for (a) and Az = 0—5 nm for (c, e). Arrows in TEM images indicate the film/substrate interface.

grow nor redistribute upon further annealing, as shown in Figure
4f. The PS-b-PMMA remains randomly located around the
aggregates in the bulk although two or three layers of |[Lam
near the silicon substrate begin to appear as noted by the arrow
in Figure 4f. Note that the PMMA domains (light) appear to
form a continuous pathway, suggesting a bicontinuous structure
may have been induced by the aggregates. By using NPs that
segregate to the domain interface, Kim et al. observed the
formation of bicontinuous structures in symmetric block co-
polymer.*® Thus, our studies suggest an alternative pathway to
create nanoscale interconnected domains.

Effect of Brush Molecular Weight on NP Aggregation. In
as-cast PS-b-PMMA/Fe;04-13.3K (4 wt %) films, we previously
observed that these NPs are found as both isolated single NPs

and in large aggregates (~37.6 nm) as shown in Figure 5a.*°
After annealing at 185 °C for 96 h, the film surface consists of
a mixed morphology of Lam and |[Lam, as shown in the AFM
height (Figure 5b) and phase (Figure 5c) images. In the OLam
regions, circular features wider than the individual lamellae are
observed as denoted by the arrow in Figure 5b. In Figure Sc,
these features have the same phase contrast as the PMMA
lamellar stripes (light stripes), suggesting that these circular
regions are PMMA-grafted Fe;O, aggregates near the surface.
This identification is confirmed by a cross-sectional TEM image
(inset in Figure 5b) showing Fe;O,4-13.3K NP aggregates located
near the surface. Figure 5d shows the internal structure of the
nanocomposite film after annealing for 96 h. The mixed
morphology of [Lam and |ILam is observed. The Fe;0,-13.3K
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Figure 5. (a) Cross-sectional TEM image of as-cast PS-b-PMMA/Fe;0,4-13.3K (4 wt %) film. AFM height (b), phase (c), and cross-sectional TEM
(d, e) images of PS-b-PMMA/Fe;04-13.3K (4 wt %) film after annealing at 185 °C for 96 h. Inset in (b) is a cross-sectional TEM image showing
NP aggregates at the surface. AFM height (f) and cross-sectional TEM (g) images of PS-b-PMMA/Fe;04-13.3K (4 wt %) film after annealing at

185 °C for 240 h.

NPs remain as individual NPs and aggregates in the block
copolymer film, suggesting that the NP aggregates formed
during casting remain upon annealing. Because the aggregates
are usually larger than the PMMA lamellar domain (~18 nm),
these aggregates force the lamellar structure to terminate and
become encapsulated by the PMMA domains as shown in Figure
Se, a high-magnification TEM image. As observed in Fe;0y4-
2.7K case at 4 wt %, the aggregates tend to locate at the grain
boundary between [JLam and |[Lam and stabilize the [lLam at
the surface. After 240 h, the surface morphology and internal
structure remain very similar to that observed at 96 h as shown
in parts f and g of Figure 5, respectively.

Upon increasing the brush molecular weight from 13 300 to
35700 g/mol, the NP aggregation in PS-b-PMMA films
increases. In contrast to Fe;0,4-13.3K NPs, the Fe;04-35.7K NPs
are mainly found in aggregates in the as-cast films.** As ¢np
increases from 4 to 16 wt %, the average aggregate size increases
from 42.7 to 164.0 nm.* After annealing at 185 °C for 240 h,
Figure 6a shows that the surface morphology of a PS-b-PMMA/
Fe;04-35.7K (4 wt %) film displays a mixture of [JLam and
[ILam. Quantitative analysis of several images yields a |[Lam
area fraction and domain size of 29.8 & 3.0% and ~300—1000
nm, respectively. Parts b and ¢ of Figure 6 are representative
cross-sectional TEM images with arrows denoting the surface.
Similar to the Fe;04-13.3K NP case, the aggregates are larger
than the PMMA lamellar domains, resulting in a perturbed
morphology with stabilized [ILam. Figure 6d displays the
surface morphology of a PS-b-PMMA/Fe;0,-35.7K (16 wt %)

film after 240 h. In contrast to the ¢np = 4 Wt % case, the film
surface is dominated by [lLam. The |[Lam area fraction is only
2.5 + 0.6%, and the domain size, which is rather monodisperse,
is about 180 nm. For ¢np = 16 Wt %, Figure 6e,f shows the
formation of large aggregates, about 30—50% of film thickness,
which is much larger than the block copolymer period. As a
result, the PS-b-PMMA has to assemble around the aggregates,
with the PMMA domain on the inside, to produce an onionlike
morphology. In these figures the arrows indicate the |[Lam,
induced by confinement of the onionlike morphology adjacent
to the surface.

Magnetic Properties of Block Copolymer Nanocomposites.
Magnetite (Fe;O4) is a ferrimagnetic oxide of considerable
interest because it exhibits a complex metal—insulator transition
near 100 K (Verwey transition) and is also easily prepared in
nanocrystalline form. Nanometer-sized magnetite is superpara-
magnetic.’®>* Namely, NP magnetic moments are single-
domain, pinned by anisotropy at low temperature, and thermally
disordered above a characteristic blocking temperature, Tj.>
Figure 7 shows the block copolymer nanocomposite films
containing PMMA-grafted Fe;O, NPs are indeed superpara-
magnetic. We obtained zero-field-cooled (ZFC), field-cooled
(FC), and magnetization curves for block copolymer nanocom-
posite films having well-dispersed NPs as well as aggregates
of NPs. For an as-cast PS-b-PMMA/Fe;0,-2.7K (10 wt %) film
with a uniform dispersion of NPs (cf. Figure 4b), the ZFC and
FC curves are presented in Figure 7a. Here T, locates the
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Figure 6. AFM height (a) and cross-sectional TEM images (b, c) of PS-b-PMMA/Fe;04-35.7K (4 wt %) films after annealing at 185 °C for 240 h.
AFM height (d) and cross-sectional TEM images (e, f) at ¢np = 16 Wt % for the same annealing conditions. The dimensions of the AFM images
are 2 x 2 um?, and the height scale is Az = 0—8 nm. Arrows in TEM images indicate the film/air interface.
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Figure 7. Magnetic properties of as-cast PS-b-PMMA/Fe;04-2.7K (10 wt %) films: ZFC and FC curves at 100 Oe (a) and M—H curves at 2 and
50 K (b). Magnetic properties of PS-b-PMMA/Fe;04-35.7K (16 wt %) films after annealing at 185 °C for 240 h: ZFC and FC curves at 100 Oe
(c) and M—H curves at 5 and 50 K (d). Note: both (b) and (d) include diamagnetic contributions from the block copolymer matrix and sample
holder. In the case of (d) these contributions are sufficient to produce a negative slope at high fields.

maximum magnetization on the ZFC curve and reflects the
energy barrier for magnetic relaxation. For the PS-b-PMMA/
Fe;04-2.7K (10 wt %) film, Ty, is ~9 K. Figure 7b shows the
M—H curves PS-b-PMMA/Fe;04-2.7K (10 wt %) at 2 and 50
K. For T < T, the M—H curve shows a distinct hysteresis with
a coercivity of ~176 Oe, whereas for T > T, a reversible

behavior is observed, consistent with a superparamagnetic
response below and above the blocking temperature, respec-
tively.

Estimation of T}, based on the bulk anisotropy constant and
particle volume usually proceeds according to the Arrhenius
relation 7 7o exp(—KV/kgTy), where K is the anisotropy
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constant, V is the NP volume, kg is the Boltzmann constant, 7
is the measurement time scale, and 7, is a characteristic attempt
period of order 1 ns.>® For Fe;04 NP diameters of order 10 nm,
the bulk anisotropy constant often underestimates 7}, by an order
of magnitude,**>>" and the Arrhenius relation then empirically
determines a correspondingly larger effective anisotropy, K.
The latter includes finite size effects, shape anisotropy, and
chemical alteration of the surface layer, parameters which vary
according to synthesis. Nevertheless, the values reported
elsewhere universally suggest T, ~10% K for ~10 nm diameter
Fe;04,°°>* an order of magnitude higher than our observation
(9 K), which is in closer accord with bulk theoretical estimates
for spherical particles.

One possibility is that this difference reflects the care taken
in the present work to surround the NP with an isolating polymer
brush. Many groups have studied the influence of long-range
dipolar interactions on NP magnetic properties, which are seen
to increase the anisotropy experimentally®’ > and theoretically®
and ultimately can give rise to spin glass®' or, more recently,
spin ice behavior.®> Here, it is possible that the NPs retain more
of their intrinsic magnetic character due to relatively small
dipolar interactions. This hypothesis is at least consistent with
our further observations. To control the separation between NPs,
we selected one nanocomposite film with good dispersion of
individual NPs, as previously discussed, and another with NPs
mainly in large aggregates. On the basis of the morphology
studies in this and another paper,*® we chose to investigate the
magnetic properties of PS-b-PMMA/Fe;0,-35.7K (16 wt %)
annealed at 185 °C for 240 h. As shown in Figure 6e.f, this
system has aggregates with a diameter of about 164 nm. Parts
¢ and d of Figure 7 present the ZFC and FC curves and M—H
curves. The Ty, is ~11 K, nearly the same as the well-dispersed
Fe;0,-2.7K shown in Figure 7a. This observation suggests that
a PMMA brush of molecular weight 35.7K separates Fe;O4 NPs
enough to reduce the dipolar interaction, even when the NPs
form aggregates. Hence, this composite may be able to obtain
high particle densities without altering the NP magnetic proper-
ties. For the PS-b-PMMA/Fe;04-35.7K system, the M—H
behavior shown in Figure 7d is qualitatively similar to the PS-
b-PMMA/Fe;04-2.7K system. Namely, below Ty, a hysteresis
is observed with a coercivity of ~60 Oe, whereas above Ty, the
response reflects superparamagnetic behavior.

Conclusions

In conclusion, we investigate the self-assembly process for
nanocomposite films of lamellar-forming PS-b-PMMA and
PMMA-grafted Fe;O4 NPs. At fixed grafting density, the Fe;O,4
NPs are grafted with PMMA brushes having molecular weights
of 2700, 13 300, and 35 700 g/mol. For the shortest PMMA
brush, the morphology of nanocomposite films goes from
dispersed to aggregated upon increasing NP concentration, ¢p.
For ¢np < 4 wt %, the PS-b-PMMA morphology at the surface
evolves from [JLam to a mixture of [JLam and |[Lam. For ¢yp
= 1 and 4 wt %, the transition from [JLam to |[Lam is slowed
by the segregation of individual NP and small aggregates to
grain boundaries, respectively. At ¢np = 10 wt %, NPs form
small aggregates which frustrate the assembly of a lamellar
structure. Upon increasing brush molecular weight, the Fe;O4
NPs are driven into large aggregates, relative to domain size,
that appear in the as-cast films, and as a result, the block
copolymer assembles into onionlike rings around these ag-
gregates. The blocking temperatures of the nanocomposite films
having well-dispersed and aggregated NPs are similar, suggest-
ing that a 35.7K brush length is sufficient to prevent magnetic
dipolar coupling between neighboring NPs.
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