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ABSTRACT: The arrangement of maghemite (y-Fe,05) nanoparticles (NPs) in
poly(styrene-d8-block-n-butyl methacrylate) P(Sd-b-BMA) diblock copolymer
(DBC) films via a self-assembly process was investigated toward the fabrication
of highly ordered maghemite—polymer hybrid thin films. The resulting thin films
exhibited a perforated lamella with an enrichment layer containing NPs as
investigated with X-ray reflectometry, scanning electron microscopy, atomic force
microscopy, and time-of-flight grazing incidence small angle neutron scattering as a
function of the NP concentrations. The NPs were selectively deposited in the PSd
domains of the DBC during the microphase separation process. At low NP
concentrations, the incorporation of the NPs within the DBC thin films resulted in

time of flight mode '

' )

an enhanced microphase separation process and formation of highly oriented and

ordered nanostructured hybrid films. At higher NP concentrations, the aggregation of the NPs was dominating and large sized
metal oxide clusters were observed. The superparamagnetic properties of the metal oxide—polymer hybrid films at various NP
concentrations were probed by a superconducting quantum interference device magnetometer, which shows that the hybrid films
are highly attractive for optical devices, magnetic sensors, and magnetic recording devices.
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1. INTRODUCTION

Doping various types of functional nanoparticle (NP) fillers
into a polymer matrix produces hybrid materials with
interesting thermal, mechanical, electric, optical, or magnetic
properties, which offer great versatile applications such as
thermoplastic resins, solar cells, sensors, packaging, target dru%
delivery, metal catalysis, and magnetic storage devices.'~
Generally, the main advantage of NPs arises from the high
surface-to-volume ratio.'’ Particularly, applications using
maghemite NPs (y-Fe,O;) profit from the low magnetic
remanence and coercivity compared with those of bulk
magnetic material, such as in medical applications and high-
density memory devices."'"'* Diblock copolymers (DBCs) are
powerful and promising tools for the manufacture of diverse
nanoscale ordered structures via a low-cost, highly efficient self-
assembly method.'"”'* The tuning of the polymer domain
spacing in the range of 10—100 nm can be achieved by selecting
the molecular weight and the chemistry of the polymer
blocks."> An ordered, highly periodic polymer template is
essential for producing well-defined metal oxide—polymer
nanocomposites.'¢™* Employing the selective metal oxide
NP deposition in one block of the DBC films enables a highly
ordered metal oxide NP distribution within the polymer film.
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Both enthalpic and entropic interactions, such as metal oxide—
metal oxide interactions play important roles on the overall
spatial distribution of the metal oxide NPs within the polymer
matrix.'”** Morphological modifications of the nanostructured
DBC films upon incorporation of the metal NPs has been
reported.”" For instance, Lo and Lin investigated the alignment
of magnetic pyridine-grafted Fe,P nanorods in P(S-b-VP) DBC
as functions of both the nanorod concentration and the length
of the long-axis of the nanorods.”* The nanorods selectively
deposit into the PVP domains and follow the polymer
morphology at short lengths, whereas large aggregates at long
lengths and high concentrations of the metal nanorods were
observed.”” Aissou et al. showed that the dopamine-terminated
methoxy poly(ethylene oxide) coated FePt NPs are deposited
into the spherical PEO domains of the P(S-b-EO) DBC by
employing a toluene/water solvent annealing process.”> Akcora
et al. investigated the morphology of norbornene (NOR)/
deuterated norbornene dicarboxylic acid (NORCOOH) DBC
with varied block volume fractions upon the incorporation of
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Fe,0; NPs.** The interactions between metal oxide NPs and
polymer lead to deformation of the initial spherical morphology
of the DBC.**

In previous investigations, we have already studied several
hybrid nanocomposite systems based on different types of PS-
coated inorganic iron oxide NPs and DBCs.*>~*® In the present
work, we aim at investigating the nanomorphology of
poly(styrene-d8-block-n-butyl methacrylate) P(Sd-b-BMA)
DBC films in relation to the incorporated maghemite NPs
for the special morphology of a perforated lamella with an
enrichment layer containing NPs. Using real-space techniques,
such as atomic force microscopy (AFM) and scanning electron
microscopy (SEM), and reciprocal-space techniques, such as X-
ray reflectivity (XRR) and time-of-flight grazing incidence small
angle neutron scattering (TOF-GISANS), the film structure is
probed. The time-of-flight (TOF) mode enables simultaneous,
nondestructive GISANS measurements at many different
wavelengths in a single experiment.””*° By utilizing a variation
of wavelengths of the neutron beam, the complex inner
structures are determined at different depths in the probed
samples.””>"*>> With this unique technique, various film depths
are simultaneously accessible, and additional structural
information such as possible polymer enrichment at either
polymer—air or polymer—substrate interfaces and the DBC/
NPs morphological correlation can be probed.>** The
magnetic properties of the hybrid films were probed with a
Quantum Design magnetic property measurement system. In
the present study, a unique “hybrid structure”, which consists of
a single iron-oxide-doped PSd layer at the polymer—substrate,
perforating a top PBMA layer, is achieved.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. The DBC poly(styrene-d8-block-n-
butyl methacrylate), denoted P(Sd-b-BMA), was purchased from
Polymer Standard Service GmbH (Mainz, Germany) and used without
any further purification. The number-average molecular weight of
P(Sd-b-BMA) and weight fraction of PSd were 158 kg/mol and 0.53,
respectively. The polydispersity was M,,/M,, = 1.18. On the basis of the
theoretical phase diagram of DBCs, a lamella morphology is expected
for the bare P(Sd-b-BMA) bulk sample.>* We have used deuterated PS
so that the scattering length densities of the involved materials, PSd =
5.99 x 10~* nm™% PBMA = 5.54 X 107> nm2, and Fe,0; = 7.18 X
10™* nm™ have significant neutron contrast for the TOF-GISANS
experiment. The Flory—Huggins segment—segment interaction
parameter (y) of PS and PBMA is 0.015 at room temperature.35
Thus, the probed DBC is in the intermediate segregation regime (yN
~ 44). PS-coated maghemite NPs (y-Fe,O;) were synthesized using a-
lithium polystyrenesulfonate (LPSS, obtained from Heidelberg
University, Heidelberg, Germany). The NPs synthesis protocols
were described in detail elsewhere.*® The mean diameter of the NPs
was 6.6 nm with a log-normal size distribution (width = 0.2). The size
and the chemical identity of the employed NPs were examined using
small-angle X-ray scattering (SAXS) and Mdssbauer techniques. These
results are provided in Figures S1 and S2 (Supporting Information).

Silicon substrates (Si 100, n-type, Silchem) were cut into pieces (7
X 7 cm?) and immersed into an acid cleaning bath (200 mL of H,SO,,
purity 95%; 70 mL of H,O,, purity 30%; and 130 mL of deionized
water) at 80 °C for 1S min, followed by vigorous rinsing with
deionized water and subsequent drying with N, gas.*” Different NP
concentrations in the polymer solutions were prepared by using
toluene as solvent and having a fixed polymer concentration of 12.4
mg/mL. The weight ratio of maghemite NPs with respect to the
polymer P(Sd-b-BMA) was varied (0, 0.1, 0.5, 1, 3, 7, and 15 wt %).
The polymer was prepared at room temperature. The hybrid films
were produced by spin coating on the precleaned Si substrates
(parameters: acceleration time, 9 s; spin-coating time, 30 s; and

spinning speed, 2000 rpm). The as-prepared hybrid films were further
annealed at 160 °C for S h for equilibrating the morphology.26

2.2. Characterization Techniques. The structure of the prepared
metal oxide DBC hybrid films was investigated using XRR, SEM,
AFM, and TOF-GISANS. Magnetic properties were probed with a
SQUID magnetometer.

2.2.1. Atomic Force Microscopy (AFM). AFM measurements were
done with a JSPM-5200 AFM (Jeol) using tapping mode in ambient
conditions. The applied tips had a curvature radius of less than 15 nm
and were mounted onto cantilevers (ULTRASHARP NSC35/ALBS,
MikroMasch) with a spring constant of 7.5 N/m and a resonance
frequency of 170 kHz. All AFM data were processed and analyzed by
the software WinSPM v2.14.

2.2.2. Scanning Electron Microscopy (SEM). An NVision40
FESEM by Carl Zeiss AG was used for SEM measurements with
accelerating voltages of 0.4 and 4 kV at working distances of 0.9 and 1
mm. To confirm the sample homogeneity, we carried out SEM
measurements on each sample in many randomly selected areas, which
were located on the four corners and in the center of the square
sample.

2.2.3. X-ray Reflectometry (XRR). XRR measurements were
performed on a D8 ADVANCE (Bruker). The X-ray radiation was
produced by a Cu anode with a wavelength of 4 = 0.154 nm. The XRR
curve was measured for an angular range of 0° < 20 < 7°. Film
thickness information was obtained by fitting the reflectivity profiles
using the Parratt a.lgorithm.38

2.2.4. Time-of-Flight Grazing Incidence Small Angle Neutron
Scattering (TOF-GISANS). TOE-GISANS experiments were performed
at the REFSANS instrument of the Helmholtz Zentrum Geesthacht at
the Heinz Maier-Leibnitz Zentrum, Garching, Germany.**~** A fixed
incident angle, under which the neutron beam impinged on the
samples, was set to 0.48° resulting in a critical wavelength for total
external reflection of 4. = 0.97 nm for the investigated P(Sd-b-BMA)
films. Instead of a monochromatic neutron beam, a continuous
neutron spectrum with a wavelength range from 0.23 to 1.22 nm was
used. The wavelength discrimination of the incident beam was
controlled using a high-speed double chopper system.*” For analysis,
the neutron spectra were sliced into wavelength channels with a
resolution of 10% for each channel®® Neutrons with a short
wavelength can fully penetrate our investigated films, whereas
neutrons with a wavelength longer than 1.02 nm are scattered at a
finite depth of less than 60 nm (the penetration depth strongly
depends on the scattering length density of the investigated sample)
for the selected fixed incident angle. As a consequence, depth profiles
of the film structure are obtained from the TOF-GISANS data with
different neutron wavelengths. The sample was placed horizontally on
a sample stage. The scattering signal was recorded on a 2D *He
detector. A sample—detector distance (SDD) of 10.52 m was used® A
beamstop was installed at a fixed position and used to block the direct
beam to avoid high intensity on the detector. A schematic view of the
TOF-GISANS experiment setup geometry is shown in Figure 1.
Gravity effects were corrected in the data analysis procedure. To
achieve sufficient statistics, the counting time for each sample was set
to 24 h. All measurements were carried out at ambient conditions with
no solvent involved. Structural information in different orientations is
obtained from horizontal (g, direction, parallel to the sample surface)
and vertical cuts (a; + o direction, normal to the sample surface) of
the 2D intensity distribution. The horizontal cuts (qy profiles) were
fitted with a model assuming a Lorentzian distribution of length
scales.'”

2.2.5. Magnetic Property Measurements (MPM). Direct current
(DC) magnetization measurements as a function of temperature were
performed using a superconducting quantum interference device
(SQUID) magnetometer (MPMS XL-7, Quantum Design, San Diego,
CA). The samples were measured while applying a range of external
magnetic fields varied from —700 to 700 mT in the film plane. The
measurements were carried out at temperatures of 2, S, 20, 50, 100,
and 200 K.
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Figure 1. Schematic view of the geometry used in the TOF-GISANS
experiments. The incident angle is «;, and the exit angle is ar The
horizon (dashed line) separates the reflected and transmitted signal.

3. RESULTS AND DISCUSSION

In the present investigation, the metal oxide—polymer hybrid
films were prepared by mixing solutions with different weight
ratios of PS-coated y-Fe,0O; NPs and the DBC P(Sd-b-BMA),
followed by spin coating on precleaned Si substrates. Using spin
coating, the film thickness can be easily controlled by tuning
parameters such as spin time, spin sgeed, spin speed
acceleration, and solution concentration.*** The film uni-
formity and control on the film thickness are crucial factors in
application of the investigated hybrid thin film. In the present
study, the spin coating parameters and the polymer
concentration were chosen to create a film thickness that is
almost equal to the periodic domain spacing of the employed
DBC. Via several pretests, it turned out that the necessary
concentration to achieve the desired film thickness was 12.4
mg/mL.

3.1. Film Thickness. Several previous investigations
emphasized the effect of film thickness on the morphological
orientation of DBC films.****~* Because the determination of
the film thickness with a high precision is of significant interest
for the investigated hybrid films, XRR data were collected. Film
thickness values were extracted from the fit of these XRR data
by a Parratt algorithm®® and plotted as a function of the NP
concentration in Figure 2.

The total film thickness monotonically increases from 65.9 +
3.3 nm to 784 + 2.4 nm with increasing NP concentration
from 0 to 15 wt %. All preparation parameters were kept
identical for the film fabrication, and the change of the viscosity
of solution used for spin coating was almost not affected by the
addition of the NPs. Therefore, the increase of the film
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Figure 2. Thicknesses of the metal oxide—polymer hybrid films
measured with XRR versus NP concentration (the solid line serves as a

guide to the eye).

thickness is mainly attributed to the extra volume due to the
incorporated maghemite NPs in the metal oxide—polymer
hybrid films. From the values of the Flory—Huggins interaction
parameter y (0.015) and the degree of polymerization N
(2912) of the investigated DBC (yN = 43.68), the geriodic
domain spacing, d, in the bulk can be calculated with*

d~ N2/3)(1/6 (1)

where a = 0.67 nm is the characteristic segment length, yielding
a periodic domain spacing of 68 nm. Because the selected DBC
is symmetric, a lamella morphology is expected. The calculated
bulk periodic domain spacing of 68 nm is slightly smaller than
the prepared total film thickness. According to previous
investigations on thin DBC films, there are two major
possibilities of the film morphology.>>**™>" A perpendicular
lamella morphology is predicted for film thicknesses t < d,
which maximizes the conformational entropy of the polymer
chains by allowing the equilibrium periodic domain to be
expressed laterally.>>**** A parallel lamella morphology is
obtained for ¢ > d due to the surface boundary conditions.>>!
Generally, the morphological orientation is mainly driven by
the free energy minimization of the system.>® As seen from
Figure 2, the film thickness increases nonlinearly with the NP
concentrations. At low NP concentrations (<1 wt %), the film
thickness monotonically increases at a steep slope. However, at
high NP concentrations (>7 wt %), the increase has a much
lower slope. This nonlinear film thickness dependence on the
NP concentration indicates that the NPs were initially
incorporated into the hybrid film at low concentrations, leading
to an expanded polymer chain conformation and film swelling.
In contrast, at a high NP load, the added NPs mostly are not
embedded within the polymer film anymore. Instead, the NPs
form individually isolated random arrangements of particle
aggregates on the top surface.

3.2. Surface Structures. The nanoscale surface structures
of the hybrid film were examined by SEM. Because the electron
penetration depth of SEM is approximately 10 nm, an SEM
image shows not only the top surface morphology but also the
morphology within a depth of 10 nm. Figure 3 displays selected
SEM images of hybrid films with different NP concentrations.
For all SEM images, dark areas and light gray areas correspond
to the PSd and PBMA domains, respectively.””

The rarely seen, brightest surface objects are small aggregates
of maghemite NPs. The morphology of the NP-free DBC film
surface (Figure 3a) indicates a cylinder rather than a lamellar
morphology. Several cylindrical-like structures (dark areas) are
visible (Figure 3a) with an imperfect lateral ordering. In
contrast, highly oriented arrays of cylindrical morphology with
a long-range lateral order are observed (Figure 3b) for the
hybrid film at a low NP concentration (0.5 wt %). The surface
chemistry of the employed PS-coated maghemite NPs enhances
the compatibility of the NPs to the PSd block, and thus, the
enthalpic interaction at the interfaces between NPs and PSd
domains favors mixing.>® In general, the Flory—Huggins
interaction parameter, y, expresses the enthalpic interaction
between the polymer blocks, which is generally in the range of
0.01—0.1 for most DBC systems.>* For the investigated hybrid
film system, there are three interaction parameters, ¥psqa_pmas
Xpsa—nps and  Yppma_npsy Which represent the chemical
incompatibility between PSd and PBMA, PSd and NPs, and
PBMA and NPs, respectively. Due to the PS-coating on the
NPs, it is assumed that the interaction parameter ypgq_yp, is
approaching zero value. The interaction parameter y for a

dx.doi.org/10.1021/am505143h | ACS Appl. Mater. Interfaces 2014, 6, 18152—18162



ACS Applied Materials & Interfaces

Research Article

© 4l "
SO ¢
1
.é’go. e * 15wi%
@ 1, A 7wt
s R = 0.5wt%
=N ! ] ® 0 wt%|
£ b Ty, Tl
™ i“ P,
1
or"“”“m
.0 .

Figure 3. Selected SEM images of the hybrid films with different NP
concentrations: (a) 0, (b) 0.5, (c) 7, and (d) 15 wt %. Insets are the
FFT patterns of each image. (e) Power spectral density (PSD)
functions obtained from radial averaging of the intensity distribution in
the FFT patterns with different NP concentrations: (bottom to top) 0,
0.5, 7, and 15 wt %. The PSD profiles are shifted along the y axis for
clarity.

mixture of PS and deuterium-substituted PS is about 1.8 X
107*3 Therefore, the PS-coated NPs are compatible with PSd.
However, Yppyma_nps is assumed to be close in value to
Ipsa—pema (0.015), assuming negligible changes in the entropic
contribution. Thus, the PS-coated NPs have a high affinity for
the PSd domains, about 85 times larger than for the PBMA
domains.>® Compared to the NP-free film, at rather low NP
concentration (0.5 wt %), a highly ordered, densely packed
cylindrical microphase separation structure is found in Figure
3b. This reveals that the structural ordering of the hybrid film is

further enhanced by the incorporation of the maghemite NPs.
In our previous study we observed that adding a low
concentration of NPs into a polymer template is not only
leading to a perfect order, but also could switch the orientation
of a lamellar structure from a surface-parallel to a surface-
perpendicular morphology.®” Similarly, Lin et al. showed that
the incorporation of selectively located CdSe NPs into a P(S-b-
2VP) DBC resulted in the perpendicular orientation, because of
the compensation of the surface energies difference between PS
and P2VP domains.*' In the present investigation, the highly
ordered nanostructures at low NP load is attributed to the
increased diffusion of the NPs within the PS domains during
the annealing process, leading to an improved localization of
the NP doped PS domains.

Upon further NPs upload (>0.5 wt %), the long-range
ordered morphology is perturbed (Figure 3c,d) because a large
number of NPs within the PS chain limit their ability to diffuse
and localize. Consequently, the PS domains have less chance to
optimally organize. Instead, cylinders with a deformed shape
are observed. The insets in Figure 3 are the fast Fourier
transform (FFT) patterns of the SEM images. The presence of
ring-like FFT patterns indicates that the domains in the SEM
images are isotropically distributed all over the films with a
narrow distribution of the center-to-center domain spacing. At
0.5 wt % NP concentration, the ring in FFT patterns becomes
better pronounced, and a second order ring appears. As the NP
concentration increases, the intensity of the ring decreases, and
the width increases.

In general, at low NP concentrations (0.5 wt %), the NPs are
well distributed in the preferred PSd domains and swell these
domains. At high NP concentrations (>0.5 wt %), the
cylindrical PSd domains start to expand anisotropically, and
the interfacial curvature increases. In order to accommodate
more NPs, the PSd chains continue to stretch, and the initially
highly ordered perpendicular cylinder morphology at low NP
concentrations tends to form a parallel-like cylinder morphol-
ogy at high NP concentrations. Such morphological trans-
formations were previously reported for metal—polymer hybrid
system at high NP concentrations.** ® At very high NP
concentration (15 wt %), additional NPs cannot be
accommodated within the PSd domains anymore. Thus, an
ill-defined structure is observed (Figure S3, Supporting
Information). In this case, the entropy penalty dominates,
and the NPs are prone to form aggregates. Such behavior is in
agreement with a Monte Carlo simulation, which reveals NP
aggregation at high NP concentration embedded in a DBC
system.

Figure 3e shows a plot of the PSD functions extracted from
FFT data of different NP concentrations. All PSD curves
exhibit a most prominent peak intensity, I, at the same g value
independent of the NP concentration. The peak I corresponds
to the most pronounced lateral structure on the film surface,
which indicates the interdomain distance of the DBC film.
From the PSD curves, a lateral distance of 58 + 2 nm is derived
irrespective of the NP concentration. Thus, the incorporation
of NPs does not affect the lateral domain spacing of the DBC
matrix hosting the NPs. At low NP concentration (0.5 wt %),
the peak I becomes more pronounced and narrower, which
reveals highly ordered nanostructure of the related polymeric
interdomains. At higher NP concentrations, the peak I gets less
pronounced and broader but remains in the same q position.
Thus, the presence of the NP clusters start to affect the order of
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polymer nanostructure; however, it does not enlarge the
domain distance.

To get the topographical information on the metal oxide—
polymer hybrid films, AFM images were collected. AFM
examines the surface structure with a different contrast as
compared with SEM. The related surface nanomorphology of
the hybrid films is shown in Figure 4 for various NP

Figure 4. Selected AFM images of the hybrid films with different NP
concentrations: (a) 0, (b) 0.2, (c) 0.5, (d) 3, (e) 15, and (f) 25 wt %.

concentrations. It follows the same trend as already reported
from the SEM images. For all AFM images, bright areas and
dark areas correspond to the PBMA and PSd domains,
respectively. At low NP concentrations, the order of the
cylindrical domains increases with increasing amount of NP,
whereas at high NP concentrations, order is lost by the further
addition of NPs. At considerable high NP concentration (25 wt
%), there are substantial NP aggregates, which form irregular
sizes and disperse randomly instead of following the alignment
of the PSd domains from the DBC template (Figure 4f). The
NP cluster cannot be further accommodated inside the PSd
cylindrical domains; therefore, the localization of the NPs is no
longer correlated with the polymer template and ill-defined
structures are formed. An improved visualization of the
developed NP aggregates is shown in AFM images with a
larger scan range (Figure S4, Supporting Information). In
addition to the microphase separation structure (PSd

cylindrical domains), bigger wave-like structures in micrometer
scale are observed as well (Figure S4, Supporting Information).

In addition to visualizing the surface structure, AFM gives
information about the root-mean-square (rms) surface rough-
ness. The rms roughness of the NP-free film is 1.11 nm on the
local scale probed in Figure 4a. With increasing NP
concentration the rms roughness gradually increases from
1.13 to 3.48 nm. The determination of the film roughness is
perturbed by the presence of large NP clusters at the surface.
However, the rms roughness remains small and well below 4
nm, which indicates that all prepared films have a relatively
uniform surface. AFM images with corresponding height color
bar and height profile are presented in Figure SS (Supporting
Information).

3.3. Buried Structures. The formation of cylinder-like
structures, the improvement of the domain alignment upon
adding small amounts of NPs, and the morphological changes
upon further increasing the amount of NPs has been observed
on the top surface of the investigated hybrid films via real space
techniques (AFM and SEM). However, these morphological
features cannot be adequately explained without getting
additional structural information from the polymer—substrate
interface and from inside the film (buried structures). To access
such structure information with AFM or SEM is very difficult.
As a consequence, we applied TOF-GISANS, because TOF-
GISANS not only probes the structure information from the
film surface, but also gives access to the inner film morphology
in terms of lateral structures and size distributions with depth-
dependence.®® Details of the TOF-GISANS technique are
described elsewhere.”® Moreover, due to the large illuminated
sample volume, the information extracted with TOF-GISANS
measurements has a high statistical relevance.

Figure S shows the 2D GISANS patterns of three DBC films
with different NP concentrations (0, 0.5, and 15 wt %). Out of
18 different neutron wavelengths used to probe our samples,
only five selected wavelengths are presented in Figure S (from
top to bottom, 0.324, 0.475, 0.574, 0.774, and 1.024 nm).
Generally, the lower part of the scattering images (below the
dashed line) shows the transmitted intensity dominated by
direct beam, which is partially shielded by a square-shaped
direct beamstop for protecting the detector against the high
intensity. The minimum intensity position (dashed line)
represents the sample horizon. In the upper part of the
scattering images (above the dashed line), the reflected
GISANS signal is located.”"®* The most intense signal in
the reflected part is the specular peak, where the incident angle
(a;) and the exit angle (a;) are equal. It shows a slight drop
(within 2 pixels) in vertical position at relatively long neutron
wavelengths due to the gravity effect acting on the neutron
beam.**®® Corrections were made in the analysis to
compensate for gravity. Slightly below the specular peak, a
less intense Yoneda peak is observed, which is a material
characteristic intensity peak. It moves along the (o; + )
direction with increasing neutron wavelength. ® The position of
the Yoneda peak is strongly dependent on the material
chemical composition and mass density.”” The Yoneda peak
is located at the position of the critical angle (a.) of the
investigated film and shows a wavelength, 4, dependence
according to

1/2
o
1 (2)
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Figure S. Selected 2D GISANS patterns of NP-free and metal oxide—
polymer hybrid films with different NP concentrations: (al—a$) 0,
(b1-bS) 0.5, and (cl—cS) 15 wt %. The corresponding mean
wavelengths are (top to bottom) 0.324, 0.475, 0.574, 0.774, and 1.024
nm. The position of the Yoneda peak (Y) changes at different
wavelength, while the specular peak (S) has a fixed position. The direct
beam (DB) is shield by a square beamstop. The transmission and
reflection signals are represented above and beneath the sample
horizon (dashed line), respectively.

where p is the neutron scattering length density of the specific
materials.”’ At long wavelengths, it follows @, > @, and thus,
only a few neutrons can penetrate the film. In contrast, at
shorter wavelengths (where @, < @), the neutrons can
systematically penetrate the samples and the measurement is
bulk sensitive. From surface to bulk sensitive measurements
using different wavelengths of the TOF-GISANS measurement,
depth sensitive structural data are obtained. Irrespective of the
neutron wavelength, along the vertical direction in the 2D
GISANS data, no intensity modulation is observed, which
reveals that there is no well-defined periodic structure parallel
to the film surface.

Lateral structure information is extracted from two side
peaks, which are observed in the 2D GISANS data. These side
peaks are located at the same height along both sides of the
Yoneda peak (Figure S) and originate from the presence of a

highly ordered lateral structure oriented perpendicular to the
sample surface. At 0.475 nm wavelength, the intensity of the
side peak, located at g, = 0.119 nm™, is highly pronounced. In
Figure S, in the third row the 2D GISANS patterns change
interestingly with incorporation of the NPs from left to right. At
a low NP concentration (0.5 wt %, Figure Sb3), the side
maxima become more intense and the overall scattered
intensity is enhanced, which corresponds to a highly ordered
structure of the hybrid film and an enhanced contrast of the
two phases, the NPs containing PSd domains and the NP-free
PBMA domains, respectively. In contrast, for higher NP
concentration (15 wt %, Figure Sc3), the side peaks broaden
again, indicating that the morphology is less ordered.

For further quantitative analysis, at all different wavelengths,
line cuts were taken in both vertical (at g, = 0) and horizontal
directions (around the Yoneda peak position for the DBC of
P(Sd-b-BMA)) for all TOF-GISANS measurements. Shown in
Figure 6 is the example of the NP-free film investigated in a
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Figure 6. Line cuts from the 2D GISANS data for the NP-free film in
(a) vertical direction as a function of the detector angle (o; + @) and
(b) horizontal direction as a function of the lateral scattering vector
component g,. The sample horizon (H), the Yoneda peak position
(Y), and the specular peak position (S) are indicated by dashed lines.
The horizontal line cuts are fitted (red solid lines) with a model
explained in the text. The dashed line I guides the eye to the
determined peak position. All the cuts were shifted along y axis for
clarity. From bottom to top the neutron wavelength increases: 0.229,
0.276, 0.324, 0.375, 0.426, 0.475, 0.524, 0.574, 0.624, 0.674, 0.724,
0.774, 0.824, 0.874, 0.0924, 0.974, 1.024, and 1.074 nm.

configuration where the neutron beam impinges the film from
the air side. In addition, the vertical and horizontal line cuts of
all other investigated hybrid films with different NP
concentrations are shown in Figure S6 (Supporting Informa-
tion). Vertical cuts (&, + ;) offer information perpendicular to
the film surface, whereas horizontal cuts (q,) provide lateral
structural information parallel to the film surface. In Figure 6a,
the vertical dashed line (H) indicates the sample horizon at
minimum intensity. The transmission signal and reflection
signal are shown left (@ + a; < 0.48°) and right (o + o >
0.48°) with respect to the sample horizon, respectively. The
transmitted signal originates from the transmission scattering
through the neutron transparent silicon substrate. The intense
direct beam is shielded by the beamstop at a scattering angle a;
+ ap = 0°. The tilted dashed line (Y) and the solid line (S) in
Figure 6a represent the observed Yoneda maximum positions
and the specular reflection peak positions (2a; = 0.96),
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respectively. In Figure 6b, the horizontal line cuts provide
lateral domain spacing information. All data in the horizontal
cuts (points) are fitted with a model assuming prominent
lateral distances with a Lorentzian distribution. The corre-
sponding fits are represented by red solid lines in Figure 6b.
Due to the different wavelengths employed in the TOEF-
GISANS experiments, each horizontal cut covers a different g,
range. Thus, compared to a single wavelength GISANS
measurement, a large g, range can be probed. All horizontal
cuts show a smooth decay of the scattered intensity at smaller
g, values. In addition, at short wavelengths in the horizontal
cuts (first four q, profiles from bottom in Figure 6b), where a,
is far below a;, only broad intensity peaks are observed. Broad
peaks indicate an ill-defined lateral structure, which is located at
the polymer—substrate interface in the present sample. As the
wavelength increases, the GISANS signal becomes more
sensitive to the middle part of the film. A prominent intensity
peak, which is highly visible at large g, values, shows a neat
structure located in the middle part of the film. The peak
position corresponds to the interdomain spacing (D = 4x/

3q) of 59 + 1 nm, which originates from the microphase
separation process. This value is consistent to that obtained
from the FFT of the SEM images (Figure 3a). At longer
wavelengths, the well-pronounced peak moves out of the
accessible g, range and is therefore no longer visible in the
horizontal line cuts (Figure 6b).

Figure 7a shows the linear wavelength dependence of the
critical angle for the material PSd, Si, and PBMA, which are
involved in the NP-free DBC films. All the ideal expected
Yoneda peak positions are obtained according to eq 2, using the
ideal scattering length densities ppgq = 5.99 X 10~ nm™, pg; =
2.07 x 107* nm™, and ppgya = 5.54 X 1075 nm™% The
experimentally observed Yoneda peak positions (Figure 7a)
match the wavelength-dependent ideal expected critical angle of
the PSd at short wavelengths. At longer wavelengths, no
Yoneda peak position can be probed because the Yoneda peak
overlaps with the high-intensity specular peak. Yoneda peak
positions in agreement with the critical angle of the PSd
indicate that a PSd enrichment layer at the polymer—substrate
interface is present. As we discussed earlier concerning the
SEM images (Figure 3), a cylindrical morphology composed of
PSd domains, which are dispersed in a majority matrix of
PBMA, is found at the polymer—air interface, despite the
symmetric composition of the DBC with a PSd volume fraction
(fpsa) of 0.53. From the GISANS measurements, we conclude
that a PSd enrichment layer must exist at the polymer—
substrate interface. This enrichment layer induces a morpho-
logical transition to a perforated lamella.

The critical angle positions of the metal oxide—polymer
hybrid films are shown in Figure S6 (Supporting Information)
for some selected samples with different NP concentrations. All
samples with all NP concentrations exhibit an analog behavior
of the Yoneda peak position. Thus, the presence of a PSd
enrichment layer at the polymer—substrate interface is not
affected by embedded metal oxide NPs.

To figure out the effect of the NP concentration on the
morphology inside the film, we analyzed the most pronounced
intensity maximum of the horizontal line cuts. Measurements
and fits for a selected neutron wavelength of 0.475 nm are
shown in Figure 7b for different NP concentrations. The full set
of horizontal line cuts of the 2D GISANS data from the hybrid
films with different NP concentrations is shown in Figure S7
(Supporting Information). As a main feature, a well-
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Figure 7. (a) Ideal expected critical angles positions (lines) of the
surface components (PSd, Si, and PBMA) as a function of the
wavelength for the NP-free DBC film. The solid squares (M) are the
experimental Yoneda peak positions obtained from the vertical cuts at
the corresponding wavelengths. The horizontal dashed line indicates
the employed incident angle. (b) Horizontal line cuts (M) of the 2D
TOEF-GISANS data measured at a wavelength of 0.475 nm and
corresponding fits (solid lines) of the hybrid films with NP
concentrations of (bottom to top) 0, 0.5, 1, 7, and 15 wt %. (c)
Full width half-maximum values obtained from the fits of the
horizontal line cuts as a function of the wavelength.

pronounced peak in the intensity (I), located at large g, values,
is seen. The peak position remains unchanged. This indicates
that the interdomain spacing of the polymer, which is initially
created by microphase separation, is independent of the NP
concentration. According to the fit results, the value of the
interdomain spacing is constant at 59 + 1 nm. However, it is
obvious that the peak width (full width half-maximum, fwhm)
becomes much narrower after adding a rather low concen-
tration of NPs (0.5 wt %). Upon further NP loading, the peak
width becomes broader again. At a high NP concentration (15
wt %), the peak turns to a fairly weak intensity and a very broad
width. The sharpness of this peak indicates the systematic order
of the nanostructure. The fwhm values are extracted from the
corresponding fits of the horizontal line cuts and plotted in
Figure 7c. Both the position and the width of the peak provided
by the fits to the line cuts explicate the buried lateral structure
of the hybrid films. In short, incorporation of selectively located
NPs enhances the long-range order of the nanostructure.
However, the average interdomain spacing remains constant
with a systematic loss of order upon further addition of NPs.
Therefore, the analysis of the TOF-GISANS data complements
the observations from the real space investigation using SEM
and AFM.
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To clarify the morphological evolution of the metal oxide—
polymer hybrid film in the nanoscale regime, we show a cross-
sectional schematic representation at different NP concen-
trations in Figure 8. The NP-free film exhibits moderately

—_—
Q
S—

(c)

Figure 8. Schematic representation of the cross section of metal
oxide—polymer hybrid films for (a) the NP-free film and (b) low and
() high NP concentrations; (red) PSd domain, (blue) PBMA domain,
(black) maghemite NPs, and (gray) silicon substrate.

ordered, perforated lamella microphase separated morphology,
with a PSd enrichment layer at the polymer—substrate interface
(Figure 8a). On one hand, due to a lower surface energy,
PBMA and PSd prefer to segregate to the polymer—air and
polymer—substrate interface, respectively.68 On the other hand,
when the polymer film thickness equals to the polymer domain
spacing, the polymer is prone to form surface-perpendicular
structure.*” Weith et al. investigated the orientation of lamella
in DBC films in terms of a mean-field model.”” They found a
lamella orientational transition across the block copolymer film
from a parallel oriented lamella at a selective boundary to a
perpendicular oriented lamella at a neutral boundary due to
lower free energy.69 At low NP concentrations (Figure 8b), the
selectively embedded NPs are well distributed inside the PSd
domains, which enhances the enthalpy contribution and results
in highly ordered structures. Additionally, the film thickness
starts to expand due to the progressive increase of the NPs
deposited inside the PSd enrichment layer at the polymer—
substrate interface. At high NP concentrations (Figure 8¢c), a
highly ordered cylindrical morphology is deformed, and small
clusters are formed that perturb long-range ordered structures.
The film thickness increases significantly by swelling a large
quantity of NPs into the PSd enrichment layer.

3.4. Magnetic Properties. SQUID magnetometry (Quan-
tum Design MPMS) is employed to examine the magnetic
properties of some selected metal oxide—polymer hybrid films.
For 15 wt % NP embedded in the DBC film, the temperature
dependence is probed (Figure 9). Due to the special film
morphology (perforated lamella with an enrichment layer
containing NP) the temperature dependence differs from the
previously reported behavior, which showed saturation magnet-
ization and slope of the magnetization curve to be independent
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Figure 9. (a) Magnetic moments measured as a function of the

external magnetic field. (b) Remanence and (c) coercivity at different

temperatures for a metal oxide—polymer hybrid film with 15 wt % NP
concentration (the black solid lines are guides to eyes).

from temperature in case from randomly oriented diblock
copolymer matrix with y-Fe,0; NP.**

From Figure 9a, it is observed that the maximum
magnetization (magnetic moment per unit volume) is temper-
ature dependent and the highest value of the saturation
magnetization is reached at a temperature of 2 K. The ratio of
the magnetization to the saturation magnetization (M/M,) is
inversely proportional to the measured temperature. This
behavior is consistent with the equation”®

M  uB

M,  3k,T 3)

S

where M is the magnetization, M, is the saturation magnet-
ization, y is the magnetic moment, B is the magnetic field, k; is
the Boltzmann constant, and T is the temperature. The
remanence (Figure 9b), which is extracted from the measured
hysteresis loops (Figure 9a), is temperature dependent as well.
The remanence reduces strongly with increasing temperature,
whereas a weaker decrease was reported for other diblock
copolymer films with embedded iron oxide nanoparticles.”®
Owing to thermal agitation, the coercive fields (Figure 9c)
decrease strongly with increasing temperature. Below a certain
characteristic temperature, the hysteresis in the magnetization
data is seen, which is characteristic for a superparamagnetic
behavior.”' Néel defined the specific characteristic temperature
as a blocking temperature of superparamagnetic particles, which
is delineated by the Néel—Brown expression

KV
T = T5€Xp k—T
B
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where 7 is a relaxation time, 7, is the inverse attempt frequency,

K is the uniaxial anisotropy, and V is the particle volume.
Magnetic moments measured at 2 K for selected samples

with different NP concentrations are shown in Figure 10a. The
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Figure 10. (a) Magnetic moments measured as a function of external
magnetic field at 2 K for different NP concentrations: 0.5, 1, 7, 15, and
25 wt %. (b) The remanence, M,, saturation magnetization, M,, and
relative remanence, M,/M,, extracted from magnetic moments as a
function of NP concentration at 2 K.

NP concentration dependence of the remanence, M,, saturation
magnetization, M, which are extracted from Figure 10a, and
calculated relative remanence, M,/M; are shown in Figure 10b.
Within experimental error, M, and M, show the same trend of
being monotonically increasing with NP concentration.
However, the relative remanence (M,/M,) remains constant
irrespective of concentration. Such behavior was reported for
diblock copolymer films with embedded iron oxide NP.”® Thus,
taking all above results of magnetic properties into consid-
eration, the hybrid film system follows a superparamagnetic
behavior.”* The related superparamagnetic behavior can be
explicated in details with a modified Stoner—Wohlfarth—Néel
model.”*”*”® In contrast to a randomly oriented diblock
copolymer film matrix, for the perforated lamella with an
enrichment layer containing NPs, the developed thermody-
namics of the superspins was not modified by either an elastic
torsion mechanism or a statistical distribution of the anisotropy

constants, which was observed in our previous investiga-
tions 227273

4. CONCLUSIONS

Superparamagnetic metal oxide—polymer hybrid films of PS-
coated maghemite NPs embedded in the P(Sd-b-BMA) DBC
template are systematically investigated using XRR, SEM, AFM,
TOF-GISANS, and SQUID in the case of the special
morphology of a perforated lamella with an enrichment layer
containing NPs. Using a film thickness comparable to that of
the periodic interdomain spacing of the investigated DBC, this
special film morphology has been obtained. At low NP
concentrations, a highly ordered arrangement of maghemite

NPs in the polymer films is obtained via a self-assembly
process, and the PS-coated NPs are selectively incorporated
into the PSd domains of the DBC, while the interdomain
distance remains almost constant, irrespective of NP concen-
tration. Keeping lateral nanostructures at the DBC film surface
constant, irrespective of the NP load is interesting for
applications as it does not change the periodicity of the
magnetic nanostructure.

Furthermore, because of the modification of the system
enthalpy, the ordered and perpendicular orientation of
nanostructure was enhanced with the presence of a low
amount of NPs. At high NP concentrations, iron oxide NP
clusters were formed, which perturbed the initially developed
long-range ordered structure. Interestingly, a large quantity of
NPs was deposited into the PSd enrichment layer at the
polymer—substrate interface, which resulted in an overall
pronounced film thickness increase. The main advantage of
the current process is the simplicity and high reproducibility of
the film preparation. The magnetic properties of the hybrid
films show superparamagnetic behavior, which renders the
present investigated hybrid film system interesting for a number
of applications in fields as diverse as medical devices, magnetic
sensors, and magnetic memory devices.

B ASSOCIATED CONTENT

© Supporting Information

Additional experimental results including SAXS, Mossbauer
spectra of maghemite (y-Fe,O;)NPs; SEM and AFM images of
the metal oxide—polymer hybrid films; and Yoneda peak
positions and horizontal line cuts extracted from the TOF-
GISANS data of the hybrid films with different NP
concentrations. This material is available free of charge via
the Internet at http://pubs.acs.org.
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