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ABSTRACT

Hybrid organic/inorganic nanocomposites with magnetic properties have been prepared, based on
nanostructured PI-b-PMMA block copolymer and selectively placed magnetic FeOs nanoparticles.
Magnetic nanoparticles have been functionalized with PMMA brushes by atom transfer radical
polymerization in order to increase the compatibility with the PMMA block of the copolymer. The success
of nanoparticle modification has been probed by infrared spectroscopy and thermogravimetric analysis.
Morphological characterization of the neat block copolymer and the nanocomposites has been studied by
small-angle X-ray scattering and atomic force microscopy measurements. For as cast films of
nanocomposites, the surface perpendicular lamellar nanostructure was altered with the nanoparticle
addition, and a morphology consisting on a mixture of surface parallel and perpendicular lamellae was
formed for low nanoparticle amount, while for higher nanoparticle content some cylindrical domains were
observed. For films annealed by solvent vapors, the cylindrical morphology of the neat copolymer thin film
was maintained for low nanoparticle content, while the ordered morphology was disrupted for the highest
nanofiller content. Magnetic characterization by vibrating sample magnetometer and superconducting
quantum interference device has demonstrated that magnetic properties of nanoparticles have been
transferred to the nanocomposites, exhibiting superparamagnetic behavior similar to that of the maghemite
nanoparticles at room temperature.

1. INTRODUCTION

Hybrid nanocomposites based on block copolymer matrices with embedded inorganic
nanoparticles have attracted great attention due to their potential in tailoring their

properties for numerous applications [1, 2]. The ability of block copolymers to self-
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assemble into continuous nanostructures such as lamellar, cylindrical or spherical, among
others, makes them excellent candidates for engineering the self-assembly of inorganic
nanoparticles within nanodomains, in order to design periodic arrangements for materials
with enhanced properties at nanometer scale [3-5]. The addition of functional
nanoparticles endows the hybrid nanocomposites with specific advantageous optical,
conductive, electric, or magnetic properties [6-8], for various fields of application such
as photonic, band gap materials, solar cells, sensors, and high-density magnetic storage
devices [1, 9-11]. Several works have been carried out on the preparation of
nanocomposites based on block copolymers matrices and magnetic nanoparticles [12-16],
in order to prepare hybrid films which can be applied as high density magnetic storage

media, thermoresponsive magnetic sensors or drug carriers.

However, when preparing organic-inorganic hybrid nanocomposites the tendency of
nanoparticles to aggregate is a big challenge to overcome. Different methods have been
used to prevent this problem. For example, Peponi et al. [3] demonstrated that the use of
dodecanethiol as surfactant enhanced the dispersion of conductive silver nanoparticles in
the desired domains of poly(styrene-b-butadiene-b-styrene) (SBS) copolymer. Emrick et
al [17] controlled the surface hydrophobicity by using different surfactants in order to
disperse CdSe nanoparticles in poly(styrene-b-2-vinylpiridine) (PS-6-P2VP) copolymer,
creating hierarchically ordered patterns with CdSe nanoparticles located in the PS or
P2VP domains depending on the surfactant. Another common method for dispersing and
placing nanoparticles into the desired nanodomain is the growth of polymer brushes on
the nanoparticles surface. Different approaches have been used for this purpose such as
grafting to, grafting through and grafting from. The control of the functionality, density
and molar mass of the polymer brushes is crucial for adequate surface modification. In
the first method (grafting to) an end-functionalized polymer reacts with the reactive sites
on the nanoparticle surface. Our group in previous works [18] used successfully the
grafting to method to obtain an adequate placement of maghemite nanoparticles on the
interfaces of PS-b-PCL diblock copolymer [PCL: poly(e-caprolactone)]. Hailu et al. [19]
also used this method to successfully disperse TiO» nanoparticles within neat block
copolymer thin films. The second method (grafting through) consists from a surface
polymerization through a covalently linked monomer in which the inorganic phase is
incorporated inside the polymer chains. Following this method our group [20] modified

semiconductive CdSe nanoparticles with PS polymer brushes, achieving relatively good



placement of the nanoparticles at the PS nanodomains of a SBS triblock copolymer, and
also Fe3O4 nanoparticles with PMMA brushes in order to be placed at PMMA domains
of poly(styrene-b-methylmethacrylate) PS-6-PMMA copolymer [21]. In the grafting
from method the polymer chains grow in situ from an initiator that has been previously
anchored to nanoparticle surface. The grafting from technique results in significantly
higher grafting density since the steric barrier towards incoming polymer, imposed by the
in situ grafted chain does not limit the access of smaller monomer molecules to the active
initiation sites [22]. By means of this method Xu et al. [14] modified magnetite
nanoparticles with different length PMMA brushes, concluding that the dispersion of the
nanoparticles was better when the polymer brushes were the shortest in length. Our group
[13] also followed this method to disperse Fe;O4 nanoparticles into a P2VP-b-PMMA
diblock copolymer.

In this work maghemite nanoparticles were modified via atom transfer radical
polymerization (ATRP), following the grafting from method. PMMA brushes with
controlled molar mass were successfully grown from nanoparticle surface. The
functionalization of nanoparticles is necessary since it allows their selective placement at
PMMA domains for the preparation of hybrid nanocomposites based on maghemite and
poly(isoprene-b-methylmethacrylate) PI-b-PMMA  block copolymer. Obtained
morphologies and structures were analyzed by atomic force microscopy (AFM) and
small-angle X-ray scattering (SAXS) measurements. Magnetic characterization was also
carried out in order to check whether the magnetic properties of nanoparticles have been

transferred to the nanocomposite films.

2. EXPERIMENTAL
2.1.Materials

PI-b-PMMA block copolymer was synthesized through anionic polymerization and
sequential addition of monomers under high vacuum conditions. The standards required
for anionic copolymerization have been described elsewhere [23]. The block weight ratios
were 48 wt% of Pl and 52 wt% of PMMA, with Mnpi= 41800 g/mol and Mnpmma= 48000
g/mol. Maghemite (Fe;O3) nanoparticles with a nominal size of 9 nm were purchased
from Integram Technologies, Inc. The methyl methacrylate monomer (MMA; 99%) was
purchased from Aldrich (Germany) and was distilled under reduced pressure over CaH»

before use. 2-(4-chlorosulfonylphenyl) ethyltrichlorosilane (CTCS) was purchased from



ABCR (Germany) and used in a 50 wt% solution in dichloromethane, containing 30 wt%
of free sulfonic acid and small amounts of silylsulfonic acid, without any further
purification. Copper (I) bromide (CuBr; 98.0%), copper (II) bromide (CuBr2; 99.9%), and
bipyridine (Bip; 99.0%) were purchased from Aldrich (Germany) and used as received.
Hydrofluoric acid (48-51 %) was purchased from Probus.

2.2.Nanoparticle modification
Silanization process

In this work, the immobilization of CTCS initiator on the nanoparticles surface was
carried out following the procedure of Marutani et al. [24]. Extra-dry toluene, CTCS, and
nanoparticles were mixed in an ultrasonic bath at room temperature. Nanoparticles were
subsequently washed with tetrahydrofuran (THF), until any silane rest was eliminated
(the presence of silane after washing was probed by FTIR), and then were vacuum dried

at 40 °C for a period of 2 days.
Grafting from polymerization process

The polymerization of MMA was performed with CuBr/bip as catalyst [25, 26] and CTCS
on the surface of nanoparticles as initiator. First, CuBr (16.06 mg), CuBr (2.35 mg), bip
(78.55 mg), and 0.25 g of CTCS-modified nanoparticles were placed in a flask under
nitrogen atmosphere and deoxygenated MMA (30 mL) was also added. The flask was
then sealed under nitrogen atmosphere and the mixture was left to react under stirring at
70 °C for 3 h. Nanoparticles were subsequently washed with tetrahydrofuran (THF), until
any monomer rest was eliminated (probed by FTIR), and then were vacuum dried at 40
°C for a period of 2 days. This polymerization conditions were optimized in order to
obtain polymer brushes with the desired molar mass, big enough for compatibilization
and low enough for the placement of nanoparticles at PMMA domains (as the chains are
smaller, wetting of them by PMMA block chains is expected to be better) [ 14].
Cleavage of PMMA brushes from the nanoparticle surface

In order to characterize the molar mass of PMMA brushes, they were cleavaged from the
nanoparticle surface with the following procedure. In a polyethylene flask 100 mg of
nanoparticles were inserted together with 3.5 mL of toluene and 3.5 mL of aqueous HF

(5 %), and were left to react for 2 h. Then organic and aqueous phases were separated and



the process was repeated at least twice [27]. The separated brushes where analyzed by gel

permeation chromatography (GPC).
2.3.Nanocomposite preparation

Nanocomposite thin films were prepared by solvent casting with dichloromethane as
solvent. It seems to be adequate for both blocks (x<0.5 [28]), as x Flory-Huggins
interaction parameters are 0.35 and 0.49 for Pl and PMMA, respectively, as obtained from

equations 1 and 2.

X~ 034+ (8p — 85)? (1)

_ |Econ _ [AHy—RT
S—J " —\/ " (2)

Where y is the Flory-Huggins interaction parameter, V solvent specific volume, R ideal

gas constant, 7' temperature, 6 solubility parameter, E.on cohesive energy and AHy

enthalpy of vaporization.

This enables a quick formation of lamellar nanostructure [29]. Nanoparticles were
dissolved in dichloromethane by sonication and then PI->-PMMA was added. Solution
droplets were placed on a silicon wafer and maintained at room temperature until
complete solvent removal. Nanocomposites with nanoparticle amounts from 0.1 to 5 wt%

were prepared.

The effect of solvent vapor annealing on the adopted morphologies was also analyzed.
For this purpose, films obtained for solvent casting were placed in a 250 mL flask with
10 mL of acetone at room temperature for 96 h. Acetone is a selective solvent for PMMA
(Flory-Huggins interaction parameters of 0.50 and 0.92 for PMMA and PI, respectively,

as obtained from equations 1 and 2).
2.4.Characterization techniques

FTIR was carried out with a Nicolet Nexus 600 FTIR spectrometer, performing 20 scans

with a resolution of 4 cm™.

TGA was performed with a Mettler Toledo TGA/SDTAS851 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 AFM with a scanning
probe microscopy instrument AFM Dimension ICON by 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.

SAXS measurements were performed on a Ganesha 300XL SAXS-WAXS system
(SAXSLAB ApS, Copenhagen/ Denmark) equipped with a GENIX 3D microfocus X-ray
source and optic, a three-(scatterless)-slit collimation system, a fully evacuated sample
chamber and beam path, and a movable two-dimensional (2D) Pilatus 300 K detector.

Samples on mica were measured at room temperature.

Magnetic measurements were performed with SQUID magnetometer and VSM. The
SQUID magnetometer (MPMS-7T, Quantum Design) has a superconducting magnet of
7T, it was used to obtain the ZFC and FC curves. The VSM (CFMS, Cryogenic Ltd) has

a superconducting magnet of 14 T.

3. RESULTS AND DISCUSSION

3.1.Iron oxide nanoparticle silanization

Nanoparticles were surface-modified with CTCS silane, since its sulfonyl chloride groups
will allow the growth of PMMA chains from the surface [26]. The success of the
silanization process has been studied by FTIR and TGA measurements, as it can be seen
in Figure 1. CTCS is bonded to the nanoparticle through the hydroxyl groups at the
surface. In the FTIR spectra (Figure 1A) characteristic bands related to CTCS can be seen:
the stretching vibration of the sulfonyl group at 1406 and 1174 cm™ and the stretching
vibration of Fe-O-Si bond at 1121 cm™. TGA thermogram (Figure 1B) also shows the
presence of CTCS at the surface and has been used to calculate the amount of grafted
silane [30]. Before calculating the amount of grafted silane, hydroxyl density should have
been calculated. The weight loss of the unmodified nanoparticles is related to physisorbed
water and the hydroxyl groups present at their surface. The physisorbed water is lost
between 25 and 150 °C, while the hydroxyl groups are degraded between 150 and 750 °C
[31]. To calculate the hydroxyl density the weight loss of pristine nanoparticles between
150 and 750 °C should be taken into account, accompanied with the specific surface area
value (123 m?/g, calculated by BET). The hydroxyl surface density was calculated to be

8.1 OH/nm? and the calculated surface density of the initiator 1.1 molecules/nm?;



therefore the yield of the silanization process was calculated approximately to be equal to

13 %.
3.2.PMMA brush synthesis by ATRP

The growth of PMMA brushes from the surface of maghemite nanoparticles was also
verified by FTIR and TGA studies. In the FTIR spectra of Figure 1A bands related with
PMMA can be seen: C=O stretching vibration at 1703 cm™ and C-O-C stretching
deformation vibration at 1237 cm™. The presence of bands related to the methacrylate
group confirmed that the polymerization of PMMA brushes was carried out successfully.
The grafting density of polymer brushes was calculated directly from the weight loss of
TGA thermogram (Figure 1B) according to the method used by Cosio-Castafieda et al.
[31], obtaining a value of 0.8 chains/nm?. This grafting density value is in the order of
those calculated by other authors [32] following the same method. Moreover, if this
grafting density value is compared to that obtained in our previous work by the grafting
to method (0.04 chains/nm?) [18], the increase of density maybe attributed to the ATRP
method adopted for the polymer brush synthesis. According to Ferreira et al. [33], as

oVN > 1, where N is the number of monomers in the chains and o the grafting density,
nanoparticles are functionalized by dense brushes. Brushes of approximately 1000 g/mol
were obtained, as measured by GPC after cleavage. As mentioned above, the
polymerization process was previously optimized in order to obtain short brushes which

lead to better dispersion within the PMMA domains of the copolymer [14].

3.3.Morphological characterization of nanocomposites based on PI-b>-PMMA

and modified nanoparticles

Morphological characterization of both as cast and solvent annealed nanocomposite films

was carried out by SAXS and AFM measurements.
3.3.1. As cast nanocomposites

In Figure 2 AFM phase images of as cast nanocomposite films can be seen, together with
that of neat copolymer. For the neat diblock copolymer, regular lamellar morphology with
lamellae perpendicular to the surface can be easily seen from the AFM phase image
(Figure 2A), but when nanoparticles are added the orientation of lamellae changes,
resulting in a mixture of perpendicular and parallel lamellae [34]. This could be due to

nanoparticle addition that could modify the interaction between block copolymer domains



and the substrate, evolving an orientation change of the lamellar nanostructure [35, 36].
For the highest nanoparticle concentration some cylinder forming structures appear
between the PMMA lamellae, probably be due to the placement of the PMMA
functionalized nanoparticles within the PMMA domains that could lead to an increase of
the volume fraction of PMMA domains, the system undergoing a transition from lamellar

to cylindrical morphology [37].
3.3.2. Solvent vapor annealed nanocomposites

As it was previously mentioned, nanocomposites were also annealed in acetone vapors.
Acetone is a selective solvent for the PMMA block, and as it was shown in our previous
work, when PI-h-PMMA block copolymer is placed into acetone environment its
nanostructure changes from lamellar to cylindrical [29]. If a block copolymer thin film is
exposed to a solvent selective for one of the blocks, the nanostructure is enhanced
significantly, and a long-range orientation order is achieved [38]. In Figure 3 the SAXS
patterns of as cast neat block copolymer film can be seen. The first order peak is at qi=
0.0121 nm™! and the third order peak at qz= 3-q:1 = 0.0363 nm’!, indicative of lamellar
nanostructure [39]. Furthermore, the lack of the second order peak is attributed to the
almost symmetric volume fractions (f) leading to zero intensity when n = 2, according to
the following equation from which the intensity of each permitted reflection is calculated
for alternating lamellae morphology in a SAXS pattern:

I~ (S’ G)

n

On the other hand, the solvent vapor annealed neat diblock copolymer first order peak is
at qi= 0.0072 nm', second order peak at o= V3-qi= 0.0108 nm™' and fourth order peak

at q4= V 7-qi= 0.0252 nm™!, which is consistent with the permitted reflections ratio for a

hexagonally packed cylindrical nanostructure [40].

As it can be seen in the AFM phase images of Figure 4 the cylindrical morphology
obtained for the neat diblock copolymer after solvent annealing (Figure 4A) is maintained
for nanocomposites with 0.1, 1, and 2 wt% nanoparticles (Figure 4B, 4C and 4D,
respectively), even if some small defects are evident in the nanostructure probably due to
the presence of nanoparticles. For the nanocomposite with the highest nanoparticle
content (5 wt%) (Figure 4E), the cylindrical nanostructure is disrupted and disordered

morphology is obtained. The addition of fillers to the block copolymer and the solvent



treatment can modify the order-disorder transition temperature of a block copolymer [41,
42]. These facts could be the reason of reaching disordered state with 5 wt% of
nanoparticles after exposure to acetone, the combined effect of the nanoparticles and

solvent exposure could facilitate that the system reaches disordered state more easily.
3.3.3. Degradation by UV light irradiation

In order to better visualize the location of the maghemite nanoparticles on the
nanostructures, the organic part of the as cast nanocomposites was removed by exposure
to UV light irradiation [43, 44]. Figure 5 shows AFM phase images of neat copolymer
films exposed to UV light for different times. PMMA block domains are degraded first.
When the copolymer is exposed to UV light irradiation for 6 h (Figure 5B) the lamellar
nanostructure of the film is maintained, although the height profile of the copolymer is
smoother, indicating that the PMMA block has degraded more than the PI segments. By
exposing the copolymer for 48 hours (Figure 5C) the nanostructure totally disappears and
both blocks are degraded. When UV light irradiation is applied to the nanocomposites the
organic part is removed, leaving the iron oxide nanoparticles on the silicon surface. Figure
6 shows the AFM phase images for the nanocomposite with 1 wt% nanoparticles as an
example, after 48 h of exposure to UV light. As it can be seen, nanoparticles with quite
homogeneous size are well dispersed in the nanocomposite. If we compare the AFM
phase image of the nanocomposites with 1 wt% of nanoparticles and the AFM image of
the iron oxide nanoparticles after removing the block copolymer matrix by UV light
irradiation (superposition of images shown in Figure 7), it can be concluded that the
position of the nanoparticles coincides almost totally with the PMMA domains,
suggesting that the iron oxide nanoparticles are located within the PMMA domains of the

block copolymer matrix, due to their functionalization with PMMA brushes.
3.4.Magnetic characterization

In order to magnetically characterize the nanocompostites, both zero-field-cooled/field-
cooled (ZFC/FC) curves and M vs B (B applied magnetic field, M induced magnetic
moment) measurements have been carried out by SQUID. In Figure 8 ZFC/FC curves of
as cast nanocomposite films with 2 and 5 wt% of nanoparticles can be seen. Both samples
exhibit a typical superparamagnetic behavior at room temperature and ferromagnetic one
at low temperatures [45-47]. Below the blocking temperature (Tp) the field-cooled (FC)

and zero-field-cooled (ZFC) magnetization curves diverge, magnetic moment are



singledomain, pinned by anisotropy at low temperature and thermally disordered above
the blocking temperature. If the results obtained from the nanocomposites with 2 and 5
wt% of nanoparticles are compared, it can be seen that the T, is higher when the
nanoparticle concentration is higher. As the Ty is related to the size of nanoparticle; or
formed aggregates, it seems that for higher nanoparticle concentration bigger aggregates

are formed.

Apart from FC/ZFC curves the hysteresis loops were also measured at different
temperatures of 2, 50 and 150 K (Figure 9) with VSM. Below the blocking temperature
the hysteresis loops are hysteretic while appear as non-hysteretic above the Tp. In the M
vs B magnetization curve at 2 K the hysteresis is observed with a coercivity of
approximately 300 Oe and a remanence of 1.5-10° emu, whereas above the Ty both the
coercivity and remanence are zero, demonstrating the superparamagnetic behavior of the
final nanocomposites [35, 48]. This superparamagnetic behavior was detected for all the

nanocomposites prepared.
4. CONCLUSIONS

In this work we have demonstrated that the grafting from technique is an adequate method
to modify nanoparticles increasing their compatibility with a copolymer, in order to
increase their dispersion within the desired domains (PMMA ones in this case).
Successful grafting of PMMA brushes from the nanoparticle surface with a grafting
density of 0.8 chain/nm? has been achieved. This functionalization of the nanoparticle
surface enables a good dispersion of nanoparticles in the polymeric matrix and also their
placement within the PMMA domains. Morphological changes promoted by solvent
treatment and nanoparticle addition have been studied. For as cast films, nanoparticle
addition provokes a morphological change even for low nanoparticle amount, provoking
a change in the orientation of lamellae, and, for the highest content, also the formation of
some cylinders. For solvent annealed nanocomposites, the nanostructure of neat
copolymer is maintained up to 2 wt% of nanoparticles. The selective location of well
dispersed nanoparticles within the PMMA domains was corroborated removing the
organic part of the nanocomposites by exposure to UV light irradiation. Through
magnetic measurements the relevant magnetic properties of the nanocomposites were
verified, concluding that magnetic properties of nanoparticles were transferred to the

nanocomposites.
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FIGURE AND SCHEME CAPTIONS
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Figure 1. A) FTIR spectra of silanized and PMMA-modified nanoparticles. Inner

spectrum shows a magnification of modified nanoparticle spectrum. B) TGA thermogram

of neat, silanized, and PMMA-modified Fe,O3 nanoparticles.



Figure 2. AFM phase images of as cast A) neat block copolymer and nanocomposite

films with B) 0.1, C) 1, D) 2 and E) 5 wt% of nanoparticles
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Figure 3. SAXS patterns of neat block copolymer and solvent vapor annealed samples
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Figure 4. AFM phase images of A) neat block copolymer and nanocomposite films with

B) 0.1, C) 1, D) 2 and E) 5 wt% of nanoparticles, annealed under acetone vapors solvent

for 96 h



Figure 5. AFM phase, 3D height and profile images of A) neat block copolymer, B) neat
block copolymer exposed to UV light irradiation for 6 h and C) neat block copolymer
exposed to UV light irradiation for 48 h.



Figure 6. AFM phase and 3D height images of nanocomposite with 1 wt% of
nanoparticles exposed to UV light irradiation for 48 h.

Figure 7. A) AFM phase image of as cast nanocomposite films with 1 wt% of
nanoparticles, B) AFM phase image of nanocomposite film with 1 wt% of nanoparticles

exposed to UV light irradiation for 48 h, C) superposition of figures 7A and 7B.
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Figure 8. ZFC and FC curves at 100 Oe for as cast nanocomposites with 2 and 5 wt% of

nanoparticles
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Figure 9. M vs B curves at 2, 5 and 150 K for the as cast nanocomposite with 5 wt% of

nanoparticles
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