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The dispersion of magnetic nanoparticles (NPs) in homopolymer poly(methyl methacrylate) (PMMA) and
block copolymer poly(styrene-b-methyl methacrylate) (PS-b-PMMA) films is investigated by TEM and
AFM. The magnetite (Fe3O4) NPs are grafted with PMMA brushes with molecular weights from M¼ 2.7 to
35.7 kg/mol. Whereas a uniform dispersion of NPs with the longest brush is obtained in a PMMA matrix
(P¼ 37 and 77 kg/mol), NPs with shorter brushes are found to aggregate. This behavior is attributed to
wet and dry brush theory, respectively. Upon mixing NPs with the shortest brush in PS-b-PMMA, as-cast
and annealed films show a uniform dispersion at 1 wt%. However, at 10 wt%, PS-b-PMMA remains dis-
ordered upon annealing and the NPs aggregate into 22 nm domains, which is greater than the domain
size of the PMMA lamellae, 18 nm. For the longest brush length, the NPs aggregate into domains that are
much larger than the lamellae and are encapsulated by PS-b-PMMA which form an onion-ring mor-
phology. Using a multi-component Flory–Huggins theory, the concentrations at which the NPs are ex-
pected to phase separate in solution are calculated and found to be in good agreement with experimental
observations of aggregation.

� 2008 Elsevier Ltd. All rights reserved.
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E1. Introduction

Inorganic nanoparticles (NPs) have been the subject of intense
research over the past decade because of their potential as elec-
tronic, photonic, magnetic, and biomedical materials [1–6]. In-
corporation of these NPs into polymer matrices results in polymer
nanocomposites (PNC), which combine the functionality of the NPs
with the processability of the matrix [7–13]. Typically, the dispersion
of NPs in polymer matrices is problematic and the NPs tend to
macrophase separate or aggregate in the host matrix [14]. However,
a dispersion of NPs in the matrix is necessary to fully utilize the NP
properties to achieve optimal performance of the device. In the
absence of repulsive interactions, van der Waals attraction between
NPs favors clustering and aggregation. NPs can be prevented from
aggregating by grafting polymer brushes or adsorbing surfactant
molecules to their surfaces. The most common approach to prepare
PNC is to mix preformed NPs into a polymer matrix. Surface modi-
fication of the preformed NPs is usually required to achieve good
dispersion in polymer matrices. Traditionally, coupling agents or
surfactants have been widely used to stabilize the NPs [15,16]. More
Q1

: þ1 215 573 2128.
mposto).
s, School of Chemistry, Uni-

All rights reserved.

l., Polymer (2008), doi:10.101

104

105

106

107

108

109
recently, ‘‘grafting to’’ and ‘‘grafting from’’ techniques have become
popular methods to modify NPs with polymer brushes [17–26].

Choosing the proper polymer brush type and length will de-
termine whether the modified NP will be favored, thermodynam-
ically, to disperse in a polymer matrix. Typically, the brush has the
same chemical composition as the homopolymer matrix or, in the
case of block copolymers, one of the blocks [10,11,27,28]. A greater
compatibility can be achieved by grafting brushes that have a fa-
vorable interaction (i.e., negative Flory–Huggins interaction pa-
rameter) with the polymer matrix. However, chemical matching is
not the only factor controlling the compatibility of the polymer-
grafted NPs in the polymer matrix [29]. The dispersion of polymer-
grafted NPs in a homopolymer matrix also depends on other
parameters including the molecular weight of polymer brush (M),
the molecular weight of the matrix (P), and the grafting density of
the brush [30–38]. For example, if the polymer brush is swollen or
wet by the matrix chains, dispersion of the NPs will be favored
[10,39,40]. For planar surfaces, dense polymer brushes are not wet
by the matrix chains if M< P. The interaction between polymer-
grafted spherical particles in a polymer melt has been studied
theoretically by many research groups [29,41–47]. For example,
Leibler and Borukhov used the self-consistent field (SCF) approach
to predict the phase diagram for polymer-grafted NPs in a chemi-
cally identical polymer melt [29]. However, their theory is limited
to colloidal particles where the radius is much larger than the
polymer brush thickness.
6/j.polymer.2008.05.040
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Although many theoretical and experimental studies explore
NPs in homopolymers, less attention has been paid to the disper-
sion of polymer-grafted NPs in block copolymers. In comparison to
the homopolymer case, block copolymers introduce additional
complexities due to new interactions and confinement effects [48].
For example, for the dispersion of polymer A-grafted NPs in an A–B
copolymer, one has to consider the unfavorable interaction be-
tween brush A and block B. Recently, Lan et al. have investigated the
dispersion of polystyrene-grafted silica NPs in homopolymer
polystyrene (PS) and lamellar-forming poly(styrene-b-butadiene)
(PS-b-PB) [49]. They found that NPs disperse for M> P of the PS
matrix, whereas an opposite trend was observed for the same NPs
mixed with PS-b-PB, namely, NPs aggregate in PS-b-PB as M
increases.

In the present study, we describe the dispersion of poly(methyl
methacrylate) (PMMA)-grafted magnetite (Fe3O4) NPs in both
a homopolymer, PMMA, and a block copolymer, poly(styrene-b-
methyl methacrylate) (PS-b-PMMA). The magnetite NPs are grafted
with PMMA brushes ranging from M¼ 2.7 to 35.7 kg/mol. The ef-
fect of M on the dispersion of NPs in PMMA and PS-b-PMMA is quite
different. Namely, for a PMMA matrix with P¼ 37 (�M) or 77 kg/
mol (>M), all NPs are found to uniformly disperse in as-cast films.
Upon annealing, the NPs with the longest PMMA brush remains
dispersed in PMMA, whereas NPs with M¼ 2.7 and 13.3 kg/mol
tend to form aggregates whose size depends on the NP concen-
tration. This behavior is consistent with the wet and dry brush
theory which suggests that high M brushes are more easily wet by
lower P matrices. However, upon mixing the PMMA-grafted NPs
with PS-b-PMMA an opposite trend is observed. In the as-cast films,
uniform dispersion is obtained for NPs with the shortest PMMA
brush, whereas NPs aggregate as M increases. This experimental
observation can be well described by a three-component Flory–
Huggins theory that correctly predicts phase separation in the so-
lution prior to casting.

2. Experimental section

2.1. Materials and methods

Poly(methyl methacrylate) (PMMA) homopolymers with mo-
lecular weights (P) of 37 and 77 kg/mol were purchased from
Polymer Source, Inc. The polydispersities are 1.04 and 1.07, re-
spectively. These homopolymers are denoted as PMMA-37K and
PMMA-77K, respectively. The poly(styrene-b-methyl methacrylate)
(PS-b-PMMA) with a polydispersity of 1.08 was purchased from
Polymer Source, Inc. The molecular weights of the PS and PMMA
blocks are 38 and 36.8 kg/mol, and the volume fractions of the
blocks are fPS¼ 0.53 and fPMMA¼ 0.47, respectively. The PMMA-
grafted magnetite (Fe3O4) NPs were prepared by grafting PMMA
chains onto presynthesized magnetite NPs via surface-initiated
atom transfer radical polymerization (ATRP) [24]. The magnetite
NPs were synthesized and characterized following the methods
described by Sun and Zeng [50]. 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 mag-
netite NPs and tetraoctylammonium bromide as a phase transfer
catalyst were dissolved in toluene, to which a 10% HF aqueous so-
lution was added. The cleaved polymer in the organic layer was
isolated, and then subjected to gel permeation chromatography
(GPC) measurements. Three PMMA brushes with molecular weights
(Mn) of 2.7, 13.3 and 35.7 kg/mol were employed in this study, and
therefore the PMMA-grafted magnetite NPs are denoted as Fe3O4-
2.7K, Fe3O4-13.3K and Fe3O4-35.7K, respectively. The polydispersity
indexes of these PMMA brushes determined by GPC are 1.22, 1.10
and 1.15, respectively. The grafting density (S) was calculated to be
w0.73 chains/nm2 for all three NPs based on the weight fraction of
Please cite this article in press as: Xu C et al., Polymer (2008), doi:10.101
D
P
R
O
O
F

PMMA chains (determined by thermal gravimetric analysis), the NP
diameter, and densities of PMMA and magnetite. Thus, the total
number of PMMA brushes per NP is about 60.

To prepare the polymer–nanoparticle nanocomposites, a 7 wt%
polymer–nanoparticle solution in toluene is prepared. The weight
fraction of NPs in the mixture of polymer and NPs ranges from 1 to
16 wt%. Nanocomposite films were prepared by spin casting this
solution onto piranha cleaned silicon substrates. The films were
dried in a vacuum oven at room temperature for 1 day, and the
resulting nanocomposite films were about 500 nm thick. The films
were then annealed under vacuum at 185 �C for different times.

2.2. Characterization

The NP core diameter was determined using transmission
electron microscopy (TEM, JEOL 2010) operated at 80 kV. A
monolayer of magnetite NPs was prepared by delivering a drop of
dilute nanoparticle–toluene solution onto holy carbon coated
copper grids (mesh size 300, Structure Probe, Inc). The NP core
diameter distribution was obtained from TEM images of at least 150
particles using the grain analysis module from SPIP software (Image
Metrology, Inc). The PMMA brush thickness (h) was estimated from
the distance between adjacent particles in the monolayer film.

The surface morphology of the nanocomposite films was
obtained using an atomic force microscope (AFM, PicoPlus, Agilent
Technologies) in the acoustic AC (AAC) mode. Silicon cantilevers
(PPP-NCL, Nanosensors) with a nominal spring constant of 48 N/m
and tip radius of less than 10 nm were used. The resonance fre-
quency of the PPP-NCL cantilevers is about 190 kHz. Picoscan 5.3.3
(Agilent Technologies) and SPIP were used for AFM image analysis.
TEM was performed to characterize the structure of the nano-
composite films. To prepare TEM cross-sections, nanocomposite
films were coated with an epoxy layer, and then immersed into
liquid N2 to delaminate the bi-layers of epoxy/nanocomposite film
from the silicon substrates. The epoxy-supported nanocomposite
films were microtomed into w50 nm slices with a diamond knife at
room temperature. The microtomed sections were transferred onto
holy carbon coated copper grids. Many cross-sectional TEM images
were captured over different areas and the images shown in Section
3 are representative examples. The equivalent diameter of NP ag-
gregates was determined by analyzing many TEM images using the
SPIP software.

3. Results and discussion

3.1. PMMA-grafted magnetite nanoparticles

Fig. 1 shows TEM images of films containing only PMMA-grafted
magnetite NPs deposited from a good solvent on a substrate.
Fig. 1a–c represents NPs having brush molecular weights of M¼ 2.7,
13.3 and 35.7 kg/mol, respectively. The histograms below each
image represent the corresponding diameters of the core particle,
Fe3O4. For the statistical average denoted by the histograms, the
core diameters are 5.4�1.1, 5.4�1.4 and 5.1�1.3 nm, respectively.
As shown in Fig. 1a–c, the separation between NPs increases as the
brush length, or M, increases. The PMMA brush thickness (h) cor-
responding to the deposition conditions can be determined from
the distance between adjacent particles. For Fe3O4-2.7K, Fe3O4-
13.3K and Fe3O4-35.7K, the average brush thicknesses are 2.9� 0.7,
7.5� 0.8 and 15.9�1.6 nm, respectively. For a random coil confor-
mation, the radius of gyration (Rg) for PMMA brushes is given by
Rg ¼

ffiffiffiffiffiffiffiffiffi
N=6

p
b [51], where N is the degree of polymerization and b is

the monomer size (bPMMA¼ 0.74 nm). Thus, Rg values for Gaussian
chains are 1.6, 3.5 and 5.7 nm, respectively. For all three NPs, h is
larger than Rg, suggesting that the high grafting density (0.73
chains/nm2) produces stretched PMMA brushes. The ratio h/Rg
6/j.polymer.2008.05.040
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Fig. 1. TEM images of PMMA-grafted magnetite nanoparticles (a) Fe3O4-2.7K, (b) Fe3O4-13.3K and (c) Fe3O4-35.7K, and the corresponding histograms (d–f) of NP core diameter
distribution. The average diameter for all three NPs is w5 nm.
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increases from 1.8 to 2.8 as the molecular weight of PMMA brush
increases from 2.7 to 35.7 kg/mol, indicating that the polymer
brush is more stretched at a higher molecular weight. Relative to
a fully stretched brush (h w N), this stretching on the highly curved
surface is much less because of a decrease in chain crowding near
the free ends of the polymer chains.
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E3.2. Dispersion of NPs in homopolymer

In this section, the dispersion of PMMA-grafted magnetite NPs
in PMMA-37K and PMMA-77K is discussed. At fixed grafting den-
sity (0.73 chains/nm2), the primary factors that control dispersion
of the NPs in homopolymer PMMA are the molecular weights of
PMMA brushes (M) and PMMA homopolymer (P). This section
shows how increasing M from 2.7 to 35.7 kg/mol affects the dis-
persion of NPs in matrices having P [ M to P w M. The effect of NP
concentration on the dispersion of as-cast and annealed films is
also explored.

3.2.1. Fe3O4-2.7K NP
Cross-sectional TEM images in Fig. 2 capture the dispersion of

Fe3O4-2.7K NPs in homopolymers PMMA-37K and PMMA-77K.
Fig. 2a displays the morphology of an as-cast PMMA-37K/Fe3O4-
2.7K film containing 8 wt% NPs. The NPs are well distributed in the
as-cast film and no aggregation is observed. After annealing at
185 �C for 4 days, the Fe3O4-2.7K NPs form aggregates in the film, as
shown in Fig. 2b. The individual aggregates range in size from w20
to w50 nm; the average aggregate size is 30.1�7.2 nm. Upon in-
creasing the molecular weight of the matrix from 37 to 77 kg/mol,
the Fe3O4-2.7K NPs remain uniformly dispersed in the as-cast films
at 4 and 9 wt% as shown in Fig. 2c and e, respectively. Similar to the
PMMA-37K case, the NPs aggregate after annealing as shown in
Fig. 2d and f for films with 4 and 9 wt% NPs, respectively. The ag-
gregate size increases from 15.1�3.5 to 34.2� 8.1 nm as NP con-
centration increases from 4 to 9 wt%, respectively.
Please cite this article in press as: Xu C et al., Polymer (2008), doi:10.101
The aggregation behavior of the Fe3O4-2.7K NPs in PMMA is
consistent with the dry brush theory [11,29]. In the dry brush re-
gime, the molecular weight of the polymer brush is lower than that
of the matrix (M< P) and therefore the matrix chains are unable to
penetrate or wet the brush [30]. The wetting of the polymer brush
by homopolymer chains of the same type depends on several pa-
rameters including the molecular weight of the brush (M), the
molecular weight of the matrix chains (P), and the grafting density
[30–32,47]. In general, polymer brushes with a high grafting den-
sity are not wet by a polymer matrix if M< P. As a result, densely
grafted polymer brushes may attract each other in the presence of
a chemically identical polymer melt that satisfies P>M [38,47]. The
aggregation or macrophase separation in the dry brush regime is
also called depletion demixing [29]. For PMMA-grafted NPs in
a PMMA homopolymer, there is an entropic balance between the
translational entropy of the NPs and the conformational entropy of
the PMMA matrix chains. When the gain in the conformational
entropy of the PMMA chains is larger than the entropy loss due to
aggregation of NPs, the entropic balance favors depletion demixing.

In addition to the dry brush explanation, van der Waals (VDW)
and magnetic dipole–dipole interactions can introduce attraction
forces that result in aggregation of PMMA-grafted Fe3O4 NPs. The
VDW interaction energy between two spherical particles is given
by [52]

EVDW ¼ �
A

12

"
d2

r2 � d2 þ
d2

r2 þ 2 ln

 
1� d2

r2

!#
(1)

where A is the Hamaker constant of the NP which is about
2.1�10�19 J for magnetite, d is the NP diameter and r is the sepa-
ration distance between NPs. For the closest center-to-center sep-
aration distance of 7 nm, the VDW interaction energy is about
0.3kBT (T¼ 458 K). Because this value is smaller than the thermal
fluctuation energy, the VDW interaction is not likely responsible for
NP aggregation. In order to estimate the magnetic interaction, the
magnetic NPs are usually taken as point dipoles with well-defined
6/j.polymer.2008.05.040

Original text:
Inserted Text
.



T
E
D
P
R
O
O
F

Fig. 2. Cross-sectional TEM images of nanocomposite films of PMMA-37K/Fe3O4-2.7K (8 wt%) before annealing (a) and after annealing at 185 �C for 4 days (b). Cross-sectional TEM
images of nanocomposite films of PMMA-77K/Fe3O4-2.7K at two different NP concentrations: (c, d) 4 wt%, and (e, f) 9 wt%; (c, e) are the images before annealing whereas (d, f) are
the images after annealing at 185 �C for 4 days. Arrows denote the film/epoxy interface, i.e., the original film surface.
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are aligned in the same direction, the potential energy due to the
magnetic dipole–dipole interaction is given by [52]

Eddðr; qÞ ¼
m0m2

4p

�
1� 3 cos2 q

r3

�
(2)

where m0 is the magnetic constant, m is the magnetic moment, and
q is the angle between the magnetic moment and the distance
vector between two NPs. The maximum potential energy is reached
when the NPs are in contact with each other (i.e., r z 5 nm). The
maximum energy is calculated to be 2.3�10�21 J (0.4kBT). Thus, the
magnetic dipole–dipole interaction is also too weak to cause NP
aggregation. Therefore, the aggregation of Fe3O4-2.7K NPs in PMMA
melts (P¼ 37and 77 kg/mol) likely results from the entropic cost of
the long matrix chains to penetrate the short PMMA brush.

As indicated by the arrows in Fig. 2b,d and f, the Fe3O4-2.7K NPs
also segregate to the film/air interface. Surface segregation has
been reported in systems where the component with the lowest
surface energy tends to segregate to the surface so that the free
energy of the system is minimized. This segregation is purely
driven by minimization of the enthalpic energy. However, in some
cases the entropic energy is an important factor for surface or in-
terface segregation. For example, Mackay et al. demonstrated that
crosslinked polystyrene NPs in a polystyrene matrix segregated to
the substrate interface [53]. Although the PS NPs lose enthalpic
contacts with the polymer chains and translational entropy due to
segregation, the loss is countered by the gain in the conformational
entropy of the matrix PS chains via moving those chains away from
the substrate. Here, surface segregation of the Fe3O4-2.7K NPs is
driven by the conformational entropy gain of the PMMA matrix
chains. The conformational entropy gain for PMMA chains of high
Please cite this article in press as: Xu C et al., Polymer (2008), doi:10.101
molecular weight is larger than the translational entropy loss for
the PMMA-grafted NPs with short PMMA brush. This entropic ef-
fect becomes smaller or negligible as the molecular weight of the
PMMA brush increases, as discussed below for Fe3O4-13.3K and
Fe3O4-35.7K.

3.2.2. Fe3O4-13.3K NP
The dispersion of Fe3O4-13.3K NPs in PMMA-37K and PMMA-

77K is presented by the cross-sectional TEM images in Fig. 3. Fig. 3a
shows that the Fe3O4-13.3K NPs at 8 wt% uniformly disperse in
PMMA-37K before annealing. After annealing at 185 �C for 4 days,
the NPs form aggregates in the film as shown in Fig. 3b. In-
terestingly, some of the NPs aggregate to form elongated shapes.
Similar string-like aggregates of NPs have been reported by Lan
et al. for PS-grafted silica NPs in a PS homopolymer [49]. As P in-
creases from 37 to 77 kg/mol, the Fe3O4-13.3K NPs exhibit a similar
behavior in the higher molecular weight matrix, i.e., uniform dis-
persion in the as-cast film and aggregation after annealing. Similar
to blends containing the Fe3O4-2.7K NPs, the molecular weight of
the PMMA brush on Fe3O4-13.3K NPs is lower than the PMMA
matrices (i.e., M< P). Therefore, the system is in the dry brush re-
gime, and aggregation of NPs is expected. As observed for the
Fe3O4-2.7K case, Fe3O4-13.3K NPs segregate to surface. However,
a comparison shows that fewer NPs are observed to segregate for
the higher M brush. This result is consistent with a weaker driving
force for displacing matrix chains near the surface with the Fe3O4-
13.3K NPs, as mentioned in Section 3.2.1.

3.2.3. Fe3O4-35.7K NP
As discussed earlier, the dispersion of the PMMA-grafted mag-

netite NPs is expected to improve as the molecular weight of the
brush increases. Parts a, b, c and d of Fig. 4 show the cross-sectional
6/j.polymer.2008.05.040
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Fig. 3. Cross-sectional TEM images of nanocomposite films of PMMA-37K/Fe3O4-13.3K (a, b) and PMMA-77K/Fe3O4-13.3K (c, d). The NP concentration is 8 wt% for all images. (a, c)
are the as-cast films whereas (b, d) are the films after annealing at 185 �C for 4 days. Arrows denote the original film surface.
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ETEM images of PMMA-37K/Fe3O4-35.7K films containing 8 (a and b)

and 16 wt% (c and d) NPs. Note, at the same NP concentration (e.g.,
8 wt%), the number density of Fe3O4-35.7K NPs is much less than
the NPs with shorter brushes (e.g., Fe3O4-2.7K) because of the
significant mass density difference between Fe3O4 and PMMA. In
the as-cast films, Fig. 4a and c shows that the Fe3O4-35.7K NPs at 8
and 16 wt% NP, respectively, uniformly disperse in PMMA-37K.
Upon annealing, the NPs do not aggregate and remain well dis-
persed as shown in Fig. 4b and d. This observation is consistent
with wet brush theory. In the wet brush regime, the molecular
weight of the matrix chains is comparable or lower than that of the
polymer brush (i.e., P<M). As a result, the brush can be penetrated
and swollen by the matrix chains, leading to a long-range repulsion
between NPs. Therefore, the polymer-grafted NPs are expected to
remain dispersed under wet brush conditions.

As the molecular weight of the PMMA matrix increases from 37
to 77 kg/mol (i.e., P>M), the dry brush conditions are satisfied and
Fe3O4-35.7K NPs should aggregate in the PMMA-77K matrix.
However, Fig. 4e and f shows that the Fe3O4-35.7K NPs are uni-
formly dispersed in PMMA-77K. A possible explanation is that al-
though it captures the behavior of polymer grafted to planar
surfaces or colloidal particles (particle diameter is much larger than
brush thickness), the brush theory fails to describe the behavior of
brushes attached to NPs where the core diameter is comparable or
less than the brush thickness. Although there have been some
studies considering the curvature effect [40], a modified brush
theory taking into account NP curvature is desirable. In our paper,
the grafting density of brushes is held fixed at 0.73 chains/nm2. The
Please cite this article in press as: Xu C et al., Polymer (2008), doi:10.101
curvature defined as the brush thickness divided by the core par-
ticle radius ranges from w1 to 6 in this study. Correspondingly, the
effective areal chain density at the free end of the brush decreases
as M increases, resulting in a shift of the boundary between dry and
wet brushes toward higher grafting density. A simple geometric
calculation predicts an effective areal chain density of only w0.01
chains/nm2 for the Fe3O4-35.7K NP. Therefore, because of its high
curvature, the Fe3O4-35.7K NPs may be wet by matrix chains with
a higher molecular weight (e.g., P¼ 77 kg/mol).
3.3. Dispersion of NPs in block copolymer

In this section, the dispersion of PMMA-grafted magnetite NPs
in a lamellar-forming block copolymer, PS-b-PMMA, is presented.
The same NPs that were mixed with PMMA homopolymer (Section
3.2) are found to behave very differently in PS-b-PMMA. In the
homopolymer case, NP dispersion is observed to improve upon
increasing the molecular weight of the brush and aggregate-free
nanocomposite films are obtained. However, as brush molecular
weight increases, NP dispersion is reduced in the block copolymer
resulting in the formation of aggregates even in the as-cast nano-
composite films. Small aggregates tend to locate at defects in the
lamellae, whereas larger ones greatly perturb the morphology and
become encapsulated by onion-ring copolymer structures. This
aggregation is explained by a multi-component Flory–Huggins
theory that predicts the phase behavior of the polymer solution
prior to spin casting.
6/j.polymer.2008.05.040
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Fig. 4. Cross-sectional TEM images of nanocomposite films of PMMA-37K/Fe3O4-35.7K at two different NP concentrations: (a, b) 8 wt% and (c, d) 16 wt%. (a, c) are the images before
annealing whereas (b, d) are the images after annealing at 185 �C for 4 days. Cross-sectional TEM images of nanocomposite films of PMMA-77K/Fe3O4-35.7K (8 wt%) before an-
nealing (e) and after annealing at 185 �C for 4 days (f).
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3.3.1. Fe3O4-2.7K NP
The dispersion of Fe3O4-2.7K NPs in PS-b-PMMA at 1 and 10 wt%

is presented in Fig. 5. The AFM height image (Fig. 5a) shows the
surface morphology of an as-cast PS-b-PMMA/Fe3O4-2.7K (1 wt%)
film. The surface shows small, irregular, random features, but is
relatively smooth with a RMS roughness of only 0.5 nm. The TEM
image in Fig. 5b shows that the Fe3O4-2.7K NPs are uniformly dis-
persed in the as-cast film. Upon annealing, the PS-b-PMMA is
expected to self-assemble into lamellae and the PMMA-grafted NPs
are expected to locate within the PMMA domains. Indeed, Fig. 5c
shows that the PS-b-PMMA forms a parallel lamellar structure with
PMMA (light) and PS (dark) lamellae at the substrate and surface,
respectively. Also, the Fe3O4-2.7K NPs have been partitioned into
the PMMA domains and are uniformly distributed. Upon increasing
the NP concentration to 10 wt%, Fig. 5d shows that the surface of
the as-cast PS-b-PMMA/Fe3O4-2.7K film remains relatively smooth.
The RMS roughness is slightly greater, 0.7 nm, than the 1 wt% case,
0.5 nm. Fig. 5e shows that the NPs are uniformly dispersed
throughout the as-cast film. After annealing, the PS-b-PMMA is
unable to self-assemble into a lamellar morphology because the
Fe3O4-2.7K NPs have formed aggregates with an equivalent di-
ameter of about 22 nm. For comparison, the lamellar domain size in
neat PS-b-PMMA is about 18 nm. Similar to the PMMA/Fe3O4-2.7K
case, the aggregation in PS-b-PMMA may be attributed to the in-
ability of the long matrix block (P) to wet the short brush (M) at
high grafting density (0.73 chains/nm2), i.e., dry brush regime. The
competition between the aggregation of NPs and self-assembly of
the block copolymer determines the size of aggregates and the
ultimate structure of nanocomposite films. For the PS-b-PMMA/
Fe3O4-2.7K (10 wt%) film, aggregate formation occurs faster than
PS-b-PMMA self-assembly. Thus, the aggregates are kinetically
trapped by the encapsulating copolymer and unable to grow with
Please cite this article in press as: Xu C et al., Polymer (2008), doi:10.101
further annealing. Comparison of the 1 and 10 wt% behavior sug-
gests that the Fe3O4-2.7K NPs are uniformly dispersed in the PMMA
lamellar domains at low NP concentration (e.g., 1 wt%) because the
interparticle distance is much greater than the range of attractive
forces. Calculations of the interparticle potential in a confined do-
main (i.e., lamellae) are needed to determine the precise mecha-
nism responsible for aggregation of Fe3O4-2.7K.

3.3.2. Fe3O4-13.3K NP
Fig. 6 shows the dispersion of Fe3O4-13.3K NPs (4 wt%) in PS-b-

PMMA. Fig. 6a shows that the surface of the as-cast film is relatively
smooth, except for a few small bumps, and has a RMS roughness of
0.7 nm. As discussed below, these bumps are due to aggregates that
form near the surface of the as-cast films. Fig. 6b shows the cross-
sectional TEM image of the as-cast film. In contrast to Fe3O4-2.7K
NPs in as-cast films, which uniformly disperse up to 10 wt%, the
Fe3O4-13.3K NPs are found as both aggregates and individual NPs.
Once they form in the as-cast films, the aggregates are stable
throughout the annealing process and have an average size of
w37.6 nm. Fig. 6c shows the cross-sectional TEM image of PS-b-
PMMA/Fe3O4-13.3K (4 wt%) after annealing at 185 �C for 10 days.
Individual NPs and small NP aggregates are able to locate within
PMMA domains. However, large NP aggregates are unable to fit
within the PMMA domain and tend to locate at the boundary be-
tween parallel and perpendicular orientations. A detailed study of
the self-assembly of block copolymer nanocomposite films will be
presented in a forthcoming publication.

As discussed earlier, the dispersion of PMMA-grafted NPs in
homopolymer PMMA is improved by increasing the brush molec-
ular weight. However, in as-cast block copolymer films, an increase
in the molecular weight of the brush from 2.7 to 13.3 kg/mol in-
duces aggregation. If depletion attractive forces or entropic forces
6/j.polymer.2008.05.040
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Fig. 5. (a) AFM height image and (b) cross-sectional TEM image of an as-cast PS-b-PMMA/Fe3O4-2.7K (1 wt%) film. (c) Cross-sectional TEM image of PS-b-PMMA/Fe3O4-2.7K (1 wt%)
after annealing at 185 �C for 10 days. (d) AFM height image and (e) cross-sectional TEM image of an as-cast PS-b-PMMA/Fe3O4-2.7K (10 wt%) film. (f) Cross-sectional TEM image of
PS-b-PMMA/Fe3O4-2.7K (10 wt%) after annealing at 185 �C for 8 days. The size of both AFM images is 2� 2 mm2, and the height scale is Dz¼ 0–8 nm.
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Cdominate, similar aggregation behavior would have been observed

in the as-cast films of PMMA/Fe3O4-13.3K. We attribute aggregation
in the block copolymer system to the unfavorable enthalpic
interactions between PS block and PMMA brush. Namely, the
Fe3O4-13.3K NPs have already aggregated in the block copolymer-
NP-toluene solution, and remain in the dried film after spin coating.
Theoretical calculations of phase stability of the polymer solutions
presented in Section 3.3.4 support this argument.

3.3.3. Fe3O4-35.7K NP
Fig. 7 shows the dispersion of 4 and 16 wt% Fe3O4-35.7K NPs in

PS-b-PMMA. Fig. 7a and d shows the surface morphology of the as-
cast films at 4 and 16 wt%, respectively. The roughness increases
U
N
C

Fig. 6. (a) AFM height image and (b) cross-sectional TEM image of an as-cast PS-b-PMMA/Fe
15 nm. (c) Cross-sectional TEM image of PS-b-PMMA/Fe3O4-13.3K (4 wt%) after annealing a

Please cite this article in press as: Xu C et al., Polymer (2008), doi:10.101
from 0.9 to 3.6 nm as the NP concentration increases from 4 to
16 wt%. Both film surfaces contain bumps whose size increases
from w100 to w300 nm as NP concentration increases. These
bumps are consistent with the formation of NP aggregates in the
near surface region of the as-cast films. Indeed, parts b and e of
Fig. 7 are the corresponding cross-sectional TEM images of the as-
cast films. These images show that the Fe3O4-35.7K NPs form ag-
gregates with equivalent diameters of 42.7 and 164.0 nm at 4 and
16 wt% NPs, respectively. These aggregate sizes are similar to the
feature size observed on the surface by AFM. In contrast to the
Fe3O4-13.3K NPs that exist as both aggregates and individual NPs in
PS-b-PMMA, almost all Fe3O4-35.7K NPs are found in aggregates,
indicating a stronger phase separation than in the Fe3O4-13.3K
3O4-13.3K (4 wt%) film. The AFM image size is 2� 2 mm2, and the height scale is Dz¼ 0–
t 185 �C for 10 days.
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Fig. 7. (a) AFM height image and (b) cross-sectional TEM image of an as-cast PS-b-PMMA/Fe3O4-35.7K (4 wt%) film. (c) Cross-sectional TEM image of PS-b-PMMA/Fe3O4-35.7K
(4 wt%) after annealing at 185 �C for 10 days. (d) AFM height image and (e) cross-sectional TEM image of an as-cast PS-b-PMMA/Fe3O4-35.7K (16 wt%) film. (f) Cross-sectional TEM
image of PS-b-PMMA/Fe3O4-35.7K (16 wt%) after annealing at 185 �C for 10 days. The size of both AFM images is 2� 2 mm2, and the height scale is Dz¼ 0–15 nm for (a) and Dz¼ 0–
40 nm for (d).
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Csystem. Upon annealing at 185 �C, the aggregate size remains

similar suggesting that the aggregates are stable upon annealing
(Fig. 7c and f). The morphology of the block copolymer is greatly
perturbed because the size of aggregates is greater than the la-
mellar period (37 nm), and as a result lamellae assemble around the
aggregates (16 wt%, Fig. 7f) to form onion-ring like features.

3.3.4. Three-component Flory–Huggins model of phase stability
The aggregation of NPs grafted with long PMMA brushes in PS-

b-PMMA may be attributed to a decrease in the compatibility
between the PMMA brush and PS-b-PMMA as the molecular
weight of brush increases. In particular, the Fe3O4-13.3K and
Fe3O4-35.7K NPs likely aggregate in the block copolymer–NP–tol-
uene solution, and these aggregates are retained in the as-cast
films. Indeed, small angle x-ray scattering measurements (not
shown) indicate that Fe3O4-2.7K NPs are uniformly dispersed in
solution containing block copolymer, whereas Fe3O4-13.3K and
Fe3O4-35.7K NPs aggregate in solution. We now consider a three-
component system consisting of PS-b-PMMA (A), PMMA-grafted
NPs (B), and toluene (C). The phase behavior can be predicted by
the Flory–Huggins theory, and the free energy per site is given
by [54]

F ¼ fFHðfÞ
kBT

¼ fA

NA
ln fA þ

fB

NB
ln fB þ

fC

NC
ln fC þ cABfAfB þ cACfAfC

þ cBCfBfC (3)

where Ni and fi are the degree of polymerization and local
composition (or volume fraction) of component i. Because C is a
Please cite this article in press as: Xu C et al., Polymer (2008), doi:10.101
solvent, NC¼ 1. The system is assumed to be incompressible, i.e.,
fAþ fBþ fC¼ 1. The spinodal curves represent the limits of
instability of the homogeneous phase and are determined by����������

v2F

vf2
A

v2F
vfAvfB

v2F
vfBvfA

v2F

vf2
B

����������
¼ 0 (4)

This equation can be rewritten as

v2F

vf2
A

� v2F

vf2
B

�
 

v2F
vfAvfB

!2

¼ 0 (5)

where the components can be solved via differentiation of Eq. (3)
and are given by

v2F

vf2
A

¼ 1
NAfA

þ 1
NCfC

� 2cAC (6)

v2F
vfAvfB

¼ v2F
vfBvfA

¼ 1
NCfC

þ cAB � cAC � cBC (7)

v2F

vf2
B

¼ 1
NBfB

þ 1
NCfC

� 2cBC (8)

Based on Eqs. (6)–(8), Eq. (5) can be derived as
6/j.polymer.2008.05.040
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NA A NC C NB B NC C

¼
�

1
NCfC

þ cAB � cAC � cBC

�2

(9)

To simplify the calculation, we have made a few assumptions. First,
we assume that the block copolymer PS-b-PMMA adapts a disor-
dered chain conformation. This assumption is reasonable because
PS-b-PMMA is dissolved in a good solvent (toluene) for both blocks.
Second, the PMMA-grafted NPs are regarded as PMMA star poly-
mers. In Eq. (9), NA is the degree of polymerization of PS-b-PMMA,
whereas NB is the total number of PMMA monomers per NP. The
Flory–Huggins interaction parameters, cPS–PMMA, cPS–toluene and
cPMMA–toluene, are taken from the literature: cPS–PMMA¼ 0.04 (at
25 �C), cPS–toluene¼ 0.40 (at 25 �C) and cPMMA–toluene¼ 0.45 (at
27 �C) [55,56]. Therefore, we could derive the effective Flory–
Huggins interaction parameters in Eq. (9). Using the copolymer
blend theory [57–59], cAB is determined by

cAB ¼ f 2
PScPS—PMMA ¼ 0:01 (10)

where fPS is the volume fraction of the PS block in PS-b-PMMA. cAC

and cBC are calculated to be 0.41 and 0.45, respectively.
Because the volume fraction of PS-b-PMMA in solution is rela-

tively constant, the only unknown factor in Eq. (9) is the critical
volume fraction of the PMMA-grafted NPs. For fB values greater
than this critical value, the PMMA-grafted NPs will macrophase
separate and form aggregates in solution. The critical NP volume
fractions for Fe3O4-2.7K, Fe3O4-13.3K and Fe3O4-35.7K are 2.0%,
0.40% and 0.16%, respectively. In our experiments, the highest
concentration of Fe3O4-2.7K NPs is 10 wt%, which corresponds to
only 0.7 vol%. Since this value is below the critical value of 2.0%, the
Fe3O4-2.7K NPs are predicted to be stable and uniformly dispersed
in solution, consistent with experimental observations. However,
for the Fe3O4-13.3K NPs, a 4 wt% concentration corresponds to
0.63 vol%, which is slightly greater than the critical value of 0.40%.
Therefore, the Fe3O4-13.3K NPs are predicted to form aggregates in
solution, consistent with the observation of aggregate formation in
as-cast films. Because 0.63 vol% is rather close to the critical con-
centration, individual NPs can still be observed in the as-cast films.
In contrast, for the longest PMMA brush (Fe3O4-35.7K NPs), the
corresponding volume fractions for 4 and 16 wt% NP are 1.4 and
3.3 vol%, which are much greater than the critical value of 0.16 vol%.
Thus, almost all Fe3O4-35.7K NPs form aggregates in solution. Thus,
the Flory–Huggins model accurately predicts the NP concentrations
at which aggregation in nanocomposite films is expected.

4. Conclusions

Here we investigate the dispersion of PMMA-grafted magnetite
NPs in homopolymer PMMA and lamellar-forming block copolymer
PS-b-PMMA films. The NPs are grafted with PMMA brushes with
molecular weights of 2.7, 13.3 and 35.7 kg/mol. The dispersion be-
havior of NPs in PMMA and PS-b-PMMA is found to be controlled by
different mechanisms. For NPs with the longest PMMA brush,
a uniform dispersion of NPs in PMMA is obtained, whereas de-
creasing the molecular weight of the brush results in NP aggrega-
tion. This behavior can be explained by wet and dry brush theory,
although a more complex model taking into account the NP cur-
vature is necessary to accurately describe systems containing
polymer-grafted NPs of small diameter (d< 10 nm). On the other
hand, the dispersion of PMMA-grafted NPs in PS-b-PMMA is worse
at high brush lengths. Namely, in as-cast films, a uniform dispersion
is obtained for NPs with the shortest PMMA brush, whereas ag-
gregation of NPs is observed as the molecular weight of brush in-
creases. A Flory–Huggins theory describing the phase stability of
Please cite this article in press as: Xu C et al., Polymer (2008), doi:10.101
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the three-component solution predicts the critical concentrations
at which aggregation is found in solution. These predictions are in
good agreement with experimental observations.
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