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1. Introduction

The development of magnetic hybrid films containing diblock copolymers

(DBCs) and magnetic nanoparticles (NPs) by printing is a highly promising
method for scalable and low-cost fabrication. During printing, the drying
and arrangement kinetics of the DBC and magnetic NPs play an important
role in the film formation concerning morphology and magnetic properties.
In this study, the morphology evolution of ultrahigh molecular weight DBC
polystyrene-block-poly(methyl methacrylate) and magnetic iron platinum

Magnetic films have captured great
research attention in applications of
magnetic sensors, inductors, magnetic
energy, and data storages. For some
special applications, flexible magnetic
films are essential.’® For example, in
case of wearable magnetic sensors, their
ability to withstand mechanical defor-

(FePt) NPs is investigated with grazing-incidence small-angle X-ray scattering
(GISAXS) in situ during printing. For comparison, a pure DBC film is printed
without FePt NPs under the same conditions. The GISAXS data suggest that
the addition of NPs accelerates the solvent evaporation, leading to a faster
film formation of the hybrid film compared to the pure film. As the solvent

is almost evaporated, a metastable state is observed in both films. Com-
pared with the pure film, such a metastable state continues longer during
the printing process of the hybrid film because of the presence of FePt NPs,
which inhibits the reorganization of the DBC chains. Moreover, investigations
of the field-dependent magnetization and temperature-dependent suscepti-
bility indicate that the printed hybrid film is superparamagnetic, which makes

mation depends of the flexibility of the
magnetic films. Moreover, such deforma-
tion upon a magnetic force can result in
an amplified current to be output in a
suspended gate organic field effect tran-
sistor as a non-contact controllerl To
achieve flexible magnetic films, polymers
are regarded as well suited candidates to
act as a soft matrix to host hard magnetic
nanoparticles (NPs).’) Polymers are flex-
ible, lightweight, and easy to process with
wet chemical methods and therefore have

this film class promising for magnetic sensors.

gained increasing attention in device fabri-
cation. In particular, diblock copolymers
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(DBCs) have been proven as a powerful matrix and an effective
template to host NPs, due to the ability to form various periodic
nanostructures (such as cylinders, lamellae, and spheres).[10-12l
Moreover, the DBC-assisted magnetic NPs assembly is also an
effective approach to control the NP arrangement inside the
polymer matrix due to the different interactions of the NPs with
the two blocks of the DBC.

Various methods, such as spin coating, solution casting,
spray coating, and printing, have been developed for the wet
chemical fabrication of magnetic hybrid NP-DBC films.[3-1!
For instance, Konefal et al. prepared magnetic hybrid films
by spin coating, in which iron oxide (magnetite, Fe;O,) NPs
were dispersed uniformly inside the P4VP domains of the
DBC polystyrene-block-poly(4-vinylpyridine) ~ (PS-b-P4VP).[3]
Hammond et al. fabricated nanocomposite films containing a
cylindrical polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP)
DBC and spindle type hematite (o-Fe,03;) NPs via a solution
casting method. The alignment of the -Fe,0; NPs can be
further improved by employing a uniaxial external magnetic
field during solution casting. In our previous studies, various
methods, like spin coating, spray coating, and printing, were
utilized to prepare magnetic NP-DBC films with different
morphologies and magnetic properties.'>71 Among these fab-
rication methods, printing has obtained increasing attention
because of its large-scale production capability in industrial
applications.>1819 Moreover, printing is an effective method to
obtain homogeneous films with smooth surfaces on a macro-
scopic level compared to other methods such as spray coating.
To achieve a favorable morphology, it is necessary to have a sys-
tematic investigation on the morphological evolution of hybrid
NP-DBC films during printing process.

During the printing process, grazing-incidence small-angle
X-ray scattering (GISAXS) has been proven to be an effective
approach to track the morphology evolution without destroying
the films.1820-221 For instance, Liu et al. employed in situ
GISAXS measurements to study the morphology evolution in
slot-die printed polymer-based active layers during the drying
process.'® Préller et al. studied the morphology evolution of
[6,6]-phenyl-Cg;-butyric acid methyl ester aggregation in printed
active layers via in situ GISAXS.?Y Zhu et al. reported the real-
time evolution of PTzBI-Si:N2200 blend films during printing
based on in situ GISAXS.2! With in situ GISAXS, Marques et al.
and Gu et al. followed the structure evolution during film drying
process in PS-b-P2VP DBC and polyisoprene-block-polystyrene-
block-poly(4-vinylpyridine) triblock terpolymer, respectively.?>23]
In our previous studies, the kinetics of printed different films,
such as PbS quantum dot stacking and bulk heterojunction
films, were in-depth investigated via in situ GISAXS.[*+2]

To date, concerning magnetic NP-DBC hybrid films, less
attention has focused on the kinetics of printed magnetic
hybrid films during the film formation process. The kinetics
of the magnetic hybrid films and the arrangement of the mag-
netic NPs inside the DBC films during the printing process are
rarely investigated. Most studies focused on the final printed
magnetic NP-DBC hybrid films.”?! In our previous studies,
the kinetics of magnetic hybrid films during spray coating
were successfully investigated.l2¢l However, spray coating is
a layer-by-layer deposition technology, which is different from
printing.
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In the present study, the slot-die printing technique is
applied to fabricate magnetic hybrid films by using an ultrahigh
molecular weight (UHMW) DBC PS-b-PMMA to host magnetic
iron platinum (FePt) NPs with a radius of around 3.8 £ 0.4 nm.
We select 3 wit% of FePt NPs to avoid a significant NP aggre-
gate formation, which would not only perturb the DBC nano-
structure templating of the NP arrangement, but also allow for
a reasonable magnetic response of the printed magnetic hybrid
films. With in situ GISAXS, the kinetics of the magnetic hybrid
NP-DBC films and the arrangement of the magnetic NPs
during solvent evaporation are investigated. The structure for-
mation in different stages of the film formation is monitored.
As a reference, a pure DBC PS-b-PMMA film without magnetic
NPs is printed under the same conditions. The surface struc-
tures and magnetic properties of the printed films are probed
by scanning electron microscopy (SEM) and superconducting
quantum interference device (SQUID) magnetometry, respec-
tively. The in situ GISAXS data suggest that the addition of
FePt NPs accelerates the solvent evaporation, leading to a faster
film formation of the hybrid film compared to the pure DBC
film. A metastable state is observed in both films when the
solvent is almost evaporated. With in situ GISAXS measure-
ments, the influence of the FePt NPs on the duration of such
a metastable state and the microphase separation structure of
the DBC film during printing is investigated. The obtained
magnetic data show that the printed magnetic hybrid NP-DBC
film is superparamagnetic, which is beneficial to scale up the
flexible magnetic film fabrication for magnetic sensors.[16:20]
Moreover, the present work provides a profound insight for the
future optimization of printed magnetic hybrid NP-DBC films,
as well as other hybrid NP-DBC systems (such as zirconium
oxide NP-DBC and gold NP-DBC).[1011

2. Results and Discussion

2.1. Surface Morphology of the Final Printed Films

SEM is applied to examine the surface morphology of the final
printed pure and hybrid films. The SEM images of the printed
pure PS-b-PMMA film at low and high magnifications are
shown in Figure 1a,c, respectively. The bright matrix and dark
domains correspond to PS and PMMA blocks, respectively.?’]
According to our previous study of UHMW PS-b-PMMA with
a PMMA volume fraction of 0.172, PMMA cylinders dispersed
in the PS matrix are expected as microphase separation struc-
ture.”] This microphase-separated structure is attributed to
the use of UHMW DBC, which exhibits a very high segrega-
tion strength between PS and PMMA blocks, according to the
block ratio.?®] In Figure 1a,c, indeed parallel and perpendicular
PMMA cylinders are observed. The average half-length of the
parallel PMMA cylinders and average radius of the PMMA cyl-
inders are about 27 £ 5 and 59 + 11 nm, respectively.

For the hybrid NP-DBC film, magnetic FePt NPs (brighter
spots) are observed in addition. The NPs are positioned inside
the PMMA domains as shown in Figure 1b,d. In the hybrid film,
the FePt NPs have a higher selectivity to the PMMA domains
versus the PS phase because the FePt NPs are functionalized
with PMMA chains. Moreover, less parallel PMMA cylinders are
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Figure 1. SEM images of printed films of a,c) pure PS-b-PMMA reference film and b,d) hybrid film containing 3 wt% of FePt NPs at low (a,b) and high
(c,d) magnifications. The parallel PMMA cylinders are marked with blue rectangles in the high magnification images.

observed in the hybrid system (Figure 1d; Figure S5b, Supporting
Information) compared with the pure film (Figure 1c; Figure S5a,
Supporting Information). The parallel PMMA cylinders are
marked with blue rectangles in Figure 1c,d and Figure S5,
Supporting Information. Such decreased number of parallel cyl-
inders can be attributed to the presence of a polymer-rich layer
during the solvent evaporation and a strong interaction between
the polymer and the functionalized FePt NPs.2-31l It has been
reported that a polymer-rich layer at the interface of liquid and
vapor was formed during solvent evaporation of polymer solu-
tion.? The formed layer can attract more NPs to the interface if
the interaction Fyp_polymer i higher than the interaction Fyp_goivent-
In case of the present study, the used FePt NPs are function-
alized with PMMA chains and the DBC is PS-b-PMMA. Thus,
the interaction Fyp_plymer 1S Strong enough to move some NPs
to the interface, causing more PMMA chains (functionalized
on NP surface) to appear on the sample surface. However, such
behavior increases the contact area between air and PMMA,
leading to an increase in the surface energy of the hybrid system
due to a higher surface energy of PMMA (Jpynva = 41 mN m™)
compared with that of PS (s = 40 mN m™).5233 To minimize
the surface energy of the hybrid system, formation of more
upstanding PMMA cylinders is supported. As a consequence,
more PMMA domains are flipped from a parallel to a vertical
orientation in the hybrid system.

2.2. Morphology Evolution during Printing

To study the impact of FePt NPs on the morphology evolu-
tion of PS-b-PMMA DBC film and the arrangement of the NPs
during the film formation process, the film printing is com-
bined with in situ GISAXS (as shown in Figure S6, Supporting
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Information). Printing is done at room temperature to see the
structure evolution during solvent evaporation. This is different
from our previous in situ studies on spray deposited magnetic
NP-DBC films, which focused on the dry regime.l”?%l The
sprayed films dried so fast that the morphological evolution
during solvent evaporation process was not observed through
in situ GISAXS. During printing, the DBC solution flows out
along a solution guide mask and is then spread evenly on the
substrate via movement of the sample holder.?* For the in
situ GISAXS measurements, we define the moment when the
sample holder stops as t=0s.

For the pure PS-b-PMMA film (without FePt NPs), selected
2D GISAXS data at different times are displayed in Figure S7,
Supporting Information. With increasing time, the overall
signal intensity in the Yoneda peak region increases first due to
the evaporation of solvent and then remains relatively stable in
the later stages.[””) The DBC structure is developing along with the
solvent evaporation. For the hybrid film containing 3 wt% FePt
NPs, the selected 2D GISAXS data at different times are dis-
played in Figure S8, Supporting Information. Similar to the
observations in the pure PS-b-PMMA film, the overall intensity
in the Yoneda peak region increases first with increasing time,
while it remains relatively stable at later stages.

To extract the DBC morphology changes during printing,
horizontal line cuts of the 2D GISAXS data are performed (as
indicated in Figure S7, Supporting Information with a red rec-
tangle at t = 0 s). Figure 2a shows selected horizontal line cuts
(black dots) of the printed pure PS-b-PMMA film at selected
times from the in situ printing. All horizontal line cuts are dis-
played in an 2D intensity mapping for the pure PS-b-PMMA
film in Figure 2b.3¥ For the pure DBC film, it can be seen that
the intensity along the g, direction becomes relatively stable
after t = 18.9 s (marked with a white dashed line), indicating
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Figure 2. a) Selected horizontal line cuts of the 2D GISAXS data during printing of the pure PS-b-PMMA film at selected times (0.0, 6.3, 12.6, 18.9,
25.2, 31.5, 44.1, and 63.0 s from bottom to top). The fits are shown with red lines and shifted along the y axis together with their corresponding cuts.
The structure factor contribution of PMMA domains and form factor contribution of PMMA elongated structure are denoted with | (blue arrow) and Il
(purple arrow), respectively. b) 2D mapping of all horizontal line cuts obtained from the 2D in situ GISAXS data during printing of the pure PS-b-PMMA
film. c) Radii of the PMMA domains (R,) and PMMA elongated structure (R;) and distance of the PMMA domains (D) obtained from the fits. The

semi-transparent colored area indicates a metastable state.

that the solvent is almost evaporated and a relatively stable film
is formed.

For a quantitative insight, horizontal line cuts are modeled
based on the effective interface approximation and the distorted
wave Born approximation (DWBA).*>¥ Further information
on the modeling can be seen in the Supporting Information.
The corresponding fits and obtained radii of the pure PS-
b-PMMA film are summarized in Figure 2a,c, respectively. Two
main features (I and II) are observed (Figure 2a). Features I
and IT are structure factor contribution of the PMMA domains
(perpendicular PMMA cylinders and parallel PMMA cylinders
along the radial direction) and form factor contribution of the
elongated PMMA structure (parallel PMMA cylinders along the
length direction), respectively.

In the initial stage (t < 18.9 s), feature I shifts to higher g,
values with increasing time, indicating that the average center-
to-center distance of the PMMA domains decreases over time.
In more detail, the average radius and the average center-to-
center distance of the PMMA domains decrease from 117 + 12
to 28.1 = 1.5 nm and 480 + 67 to 135 + 6 nm, respectively. Such
decreases in the PMMA domain size and inter-domain distance
are similar to the reported observations of the drying process of
a block copolymer film.[?3] The polymer chains shrink due to the
solvent evaporation over time, leading to decreases in PMMA
domain radius and inter-domain distance of neighboring
PMMA domains. As the solvent is almost evaporated, the film
changes from a wet state to a solid-like state and the mobility
of polymer chains is strongly suppressed due to the lack of suf-
ficient solvent molecules. Thus, feature I remains constant with
further increasing time (after 18.9 s) with an average radius of

Adv. Funct. Mater. 2022, 32, 2107667 2107667 (4 Of9)

the PMMA domains of 28.1 nm and an average center-to-center
distance of 135 nm. Looking in more detail, feature I turns out
to be metastable in the time range from 18.9 to 273 s as seen
from the increasing error bars marked with semi-transparent
colors in Figure 2¢, which indicates a loss in order. Such reor-
ganization of the polymer chains is caused by a small amount
of residual solvent inside the DBC film.[?’l For ¢ > 273 s, the
error bars remain constant and since the average radius and the
average center-to-center distance of the PMMA domains also
remain constant within in the error bars, a final stable DBC
film is obtained. In contrast, in our previous in situ studies on
spray deposited magnetic NP-DBC films,!”2%l the DBC micro-
phase structures remained almost stable during the entire
spray process due to the lack of mobility of the polymer chains.
Since an extremely rapid evaporation of the solvent happened
in the spray process, the above-mentioned metastable state was
not observed in our previous in situ studies.

Besides feature I, in the lower g, region (0.010-0.015 nm™),
an additional scattering feature (denoted as feature II, shown
as a purple arrow in Figure 2a) is observed at t > 6.3 s. It arises
from the form factor of elongated PMMA structures, which
are ascribed to the parallel PMMA cylinders seen in the SEM
images (Figure 1c). As time increases to 18.9 s, this feature II
shifts to higher g, values. The corresponding average radius of
the elongated PMMA structure decreases from 124 + 17 to 61 +
8 nm. For t > 18.9 s, feature II remains constant as discussed
for feature I. Error bars do not change for feature II. This may
be because the reorganization of the polymer chains has a great
influence on the radial size of the cylinders but has a small
influence on the height or length of the cylinders.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Selected horizontal line cuts of the 2D GISAXS data during printing of the hybrid film containing 3 wt% FePt NPs at selected times (0.0,
6.3,12.6, 18.9, 25.2, 31.5, 44.1, and 63.0 s from bottom to top). The fits are shown with red lines and shifted along the y axis together with their cor-
responding cuts. The structure factor contributions of PMMA domains and FePt NPs are denoted with features | (blue arrow) and Il (green arrow),
respectively. The form factor contributions of PMMA elongated structure are denoted with Il (purple arrow). b) 2D mapping of all horizontal line cuts
obtained from the 2D GISAXS data during printing of the hybrid film. c) Radii of the PMMA domains (R)), PMMA elongated structure (Ry;), and FePt
NPs (Ry;) and distances of the PMMA domains (D)) and of nearest neighbor FePt NPs (Dy;;) obtained from the fits. The semi-transparent colored

areas indicate a metastable state.

Figure 3a shows selected horizontal line cuts from the
2D GISAXS data of the hybrid NP-DBC film and the corre-
sponding fits. The 2D intensity mapping from all horizontal
line cuts of hybrid NP-DBC film is shown in Figure 3b. Obvi-
ously, a relatively stable hybrid film is formed already at t =
12.6 s (Figure 3b), which is faster as compared to the pure PS-
b-PMMA film (t = 18.9 s). This indicates that the addition of
FePt NPs accelerates the majority of the solvent evaporation,
which will be explained further below. For modeling of the
horizontal line cuts, three characteristic features are required.
Two features resemble the PMMA domains (perpendicular and
parallel orientation) and the third feature the FePt NPs.

As shown in Figure 3a, in the hybrid film formation the evo-
lution of feature I is similar to that of pure film. However, fea-
ture I of the hybrid film remains constant at t > 12.6 s, while in
case of the reference film this happens at ¢t > 18.9 s. Thus, the
hybrid film dries faster compared to the pure film in terms of
forming a metastable film during printing. Since the used sol-
vent toluene exhibits a higher selectivity to PS versus PMMA,
the solvent prefers to move to the surface to evaporate through
the PS phase. The polymer-solvent interaction parameter is
Xps—toluene = 0.34 and ¥prvmatoluene = 0.45.1381 Less parallel PMMA
cylinders are formed due to the presence of the NPs and more
PS is at the surface of the hybrid film compared with the pure
DBC film as observed from the SEM images. Thus, the sol-
vent molecules have more chances to evaporate in the hybrid
system. As the solvent evaporates faster, one might expect a less
ordered DBC structure in the hybrid film versus the pure film,
especially for the use of UHMW DBC.*# [n general, for long
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polymer chains more time to phase separate into ordered struc-
tures is necessary.’%) However, instead of getting a less ordered
DBC structure, feature I shows higher order at t > 12.6 s
for the hybrid film containing 3 wt% FePt NPs (marked with
blue arrow in Figure 3a) compared with the pure film (marked
with blue arrow in Figure 2a). Such increased order of the
DBC structure in the hybrid film originates from the reduced
number of parallel PMMA cylinders (as seen in SEM) due to
the addition of the FePt NPs. The more parallel PMMA cylin-
ders are present, the more they disturb the DBC structure,!”’!
because they are distributed in the film with random orienta-
tions (Figure 1). With further increasing time, again an increase
in the error bars of feature I is observed (from 12.6 to 33.6 s,
marked with semi-transparent colors in Figure 3c). The respec-
tive metastable state of the hybrid film is longer (21.0 s) as com-
pared to the pure DBC (8.4 s). Obviously, the presence of the
FePt NPs limits the movement of the polymer chains, while
residual solvent molecules enable a local reorganization of the
polymer chains.”) As shown in Figure 3c, the average center-
to-center distance of the PMMA domains decreases in the
beginning of the film formation and remains constant around
146 + 5 nm (Figure 3c) at t 2 12.6 s. Comparing the final printed
films, the PMMA domains (feature I) are larger for the hybrid
film (average radius 33.4 + 2.7 nm, Figure 3c) compared with
the pure DBC film (28.1 £ 2.5 nm, Figure 2c) due to the space
required for accommodating the FePt NPs inside the PMMA
domains.

Similar to the pure DBC film, a constant feature II
(elongated PMMA structure) is seen at lower g, values after

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Top-view sketch of the main morphology evolution during printing for a) pure and b) hybrid films from a wet state (W) to a semi-dry state
(Semi-D) to a dry state (D), in which the solvent is almost evaporated. The states are shown at different times as indicated in the bottom of the sketch.

The green dots only represent the amount of solvent (toluene).

a relatively stable film has formed (¢t > 12.6 s). The corre-
sponding average radius of the elongated PMMA structure
remains constant at around 63 £ 8 nm (Figure 3b). However,
we do not see a decrease of feature II at the early stages of the
solvent evaporation, which is different to the observation in
the pure DBC film. Such difference can be explained by the
formation of fewer parallel PMMA cylinders in the hybrid film
compared with the pure DBC film due to the addition of FePt
NPs. As a result, these parallel PMMA cylinders are located
sparsely inside the semi-dry film and do not have a sufficient
scattering contribution to be seen in the GISAXS measure-
ments. With further solvent evaporation, the number of par-
allel PMMA cylinders per unit volume gradually increases and
finally passes the threshold to be detectable in the GISAXS
data att > 12.6 s.

At the studied NP concentration, the FePt NPs are no
longer dispersed only as isolated NPs but also aggregate. Con-
sequently, for the hybrid film, one more structure factor is
required to model the inter-domain distance of neighboring
FePt NPs, which is denoted as feature III (marked with a
green arrow in Figure 3a). The form factor representing the
radius of NPs remains constant during the entire film forma-
tion, since the size of the FePt NPs does not change during
the printing.**? Information about the PMMA chains located
on the NP surface during printing is gained from analyzing
the nearest neighbor distance of the NP. As seen in Figure 3a,
the feature IIT shifts to higher g, values with increasing until
12.6 s, which is similar to the changes of feature I. The cor-
responding average nearest neighbor distance of the FePt
NPs decreases from 42 + 13 to 20 + 6 nm (Figure 3b), while
the average FePt NP radius is 3.9 + 0.6 nm (Figure 3c). When
t > 12.6 s, feature III remains constant due to the absence of
mobility of NPs caused by an almost complete evaporation of
the solvent.

Adv. Funct. Mater. 2022, 32, 2107667 2107667 (6 of 9)

2.3. Visualization of the Main Morphology Evolution

During printing, the main morphology evolution occurs before
the solvent almost evaporates. To better show the main mor-
phology evolution, a top-view sketch of the film formation of
the DBC without (Figure 4a) and with FePt (Figure 4b) NPs
during the print process until the solvent almost evaporates
is illustrated. Initially, a wet (W) film is deposited. During the
drying process, both PS and PMMA chains shrink as the sol-
vent evaporates, leading to a decrease in the size and the center-
to-center distance of the PMMA domains. Due to the presence
of SiO, on the Si substrate, which is preferentially wetted by the
PMMA block, parallel PMMA cylinders should form. In case of
the pure DBC printing, parallel PMMA cylinders are observed
during the wet (W) stage in the GISAXS measurements.l*3*
Similar to the PMMA domains, the size of these parallel
PMMA cylinders decrease over time. In contrast, in the hybrid
film printing parallel PMMA cylinders are not observed during
wet (W) and semi-dry (Semi-D) stages via GISAXS measure-
ments. They appear at the last stage, namely the dry (D) stage
as explained by the formation of less parallel PMMA cylinders
in the hybrid film compared with the pure film as discussed
before. Importantly, the hybrid film exhibits a faster drying
speed than the pure DBC film due to the different selectivity of
the solvent to PS and PMMA and the different proportions of
PS and PMMA on the surface for pure and hybrid films. The
final dry (D) films differ in their characteristic domain sizes
due to the presence of the NPs in the hybrid film.

2.4. Magnetic Properties
For the analysis of the magnetic properties of final printed hybrid

film, measurements are performed at different temperatures via

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Magnetization curves of the printed hybrid film obtained at various temperatures plotted against magnetic field (from —10 000 to 10 000 Oe).
b) Saturation magnetization (M), coercivity (H.), and magnetic susceptibility (y) versus temperature obtained from the magnetization curves. The

solid red lines serve as guides to the eye.

a SQUID magnetometer. Figure 5a shows magnetization curves
of the printed hybrid film for temperatures between 2 and 300
K. At 2 and 10 K, the magnetization curves exhibit a hysteresis
loop. With increasing temperature, the hysteresis loop narrows
and finally disappears at T > 50 K, indicating a superparamag-
netic behavior of the printed hybrid film.*>#! Such behavior dif-
fers from our previous study on ferromagnetic hybrid polymer
films, which exhibited obvious hysteresis loops with large
hysteresis for all temperatures.”] To further quantify the rela-
tionship between magnetic properties and temperature, the cor-
responding saturation magnetization (M), coercivity (H,.) and
magnetic susceptibility (y) are shown in Figure 5b.

As the temperature increases, M; decreases due to thermal
fluctuations,”*8 which leads to faster fluctuations in mag-
netic moments and higher random anisotropy in the magnetic
domains with increasing temperature. As a result, lower M;
values are obtained at higher temperatures. Due to the super-
paramagnetic behavior of the used fcc-FePt NPs, H, decreases
sharply first and then remains constant with a value of almost
zero.®30 At low temperatures (2 and 10 K), the thermal energy
is too small to overcome the anisotropy energy and the mag-
netic moments are blocked along the applied external magnetic
field.'”l As the temperature increases, such blocked behavior
is weakened, resulting in a decrease of H.. While at high tem-
peratures (T = 50 K), the anisotropy energy can be overcome by
the high thermal energy.l!l In this case, magnetic moments can
spontaneously reverse themselves when the external magnetic
field is removed, leading to an H, of almost zero. Moreover, a
non-monotonic temperature dependence of the y is observed
as shown in Figure 5b. With increasing the temperature from
2 to 50 K, y increases from 0.0115 £ 0.0012 to 0.0421 £ 0.0007.
This increase results from a faster fluctuation of the mag-
netic moments, yielding an enhanced magnetic response at a
higher temperature.?*) However, when the magnetic moments
can be spontaneously reversed, a further increase in tem-
perature causes the magnetic moments to fluctuate quite fast
and become more difficult to be aligned or controlled by an
external magnetic field with a previous used strength.’¥ Thus,
 decreases as the temperature increases from 50 to 300 K.

According to the changes in H, and y (Figure 5b), the char-
acteristic blocking temperature (Tg) of the superparamagnetic
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hybrid film is expected to be between 10 and 50 K. To quantify
T, field-cooling (FC) and zero-FC (ZFC) measurements are
performed for the printed hybrid film at an applied external
magnetic field of 100 Oe. Figure 6 shows the obtained FC and
ZFC curves in the range of 2 to 300 K. A peak is observed at
a temperature of around 24 K (marked with an arrow), indi-
cating the Ty of the printed hybrid film is 24 K. Such value is
much smaller than the Ty (121 K) reported in our previous wet-
chemically processed magnetic film study,?®! due to the unique
properties of the used fcc-FePt NPs.%>? Thus, the hysteresis
loops are observed at temperatures (2 and 10 K) below 24 K and
disappear at temperatures above 24 K, such as 50, 100, 200, and
300 K (Figure 5a).

3. Conclusion

The influence of the presence of FePt NPs on the film forma-
tion of UHMW PS-b-PMMA DBC films is investigated by in

1.5
=== FC
- o= ZFC
& 1.0} \‘
E L]
o '
- ]
£ 05 !
-
= | 41
0.0} Te~24K

0 50 100 150 200 250 300
T (K)

Figure 6. FC (black square) and ZFC (red sphere) curves for printed
hybrid film obtained at a magnetic field of 100 Oe.
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situ experiments during printing. A printed pure DBC PS-
b-PMMA film serves as a reference to understand the impact
of the NPs. The structure formation is monitored with in situ
GISAXS measurements. For both films, pure and hybrid, the
size of PMMA domains decreases as the solvent evaporates
from the initially deposited wet film. Compared to the pure
film, the hybrid film exhibits a faster shrinkage of the PMMA
domains due to the addition of NPs, which accelerates the sol-
vent evaporation. As a result, a faster formation of a metastable
state is observed in the hybrid film compared with the pure
film. The metastable state changes slightly as the time increases
due to the reorganization of polymer chains enabled by a small
amount of residual solvent molecules inside the printed film.
Since the presence of the FePt NPs hinders the reorganization
of the polymer chains, a longer metastable state is observed
during the printing of hybrid film compared with the pure film.
In addition, less parallel oriented microphase-separated struc-
tures of the DBC are formed in the hybrid film compared to
the pure film, which results in a higher ordered structure of the
hybrid film when the solvent is almost evaporated. Similar to
the PMMA domains, the size of the parallel DBC microphase
separation structure is decreased as the solvent evaporates from
the pure film. However, we do not see the similar shrinkage at
the beginning of the solvent evaporation in case of the hybrid
film because of the formation of less parallel PMMA cylinders
in the hybrid film compared with the pure film. This leads to
a weak scattering contribution, which is not detected in the
GISAXS measurements of the hybrid film. Moreover, magnetic
data reveal that the printed hybrid film is superparamagnetic,
which is important for the fabrication of magnetic films used
in magnetic sensors on a large scale. Overall, our study pro-
vides insights for the future optimization of printed magnetic
NP-DBC hybrid films, as well as the hybrid systems based on
DBC and other types of non-magnetic NPs.

4. Experimental Section

Printing  Solutions Preparation: Two PS-b-PMMA solutions with
and without FePt NPs were prepared in toluene with a fixed DBC
concentration of 7 mg mL™". For the PS-b-PMMA solution with FePt NPs,
an NP concentration (weight ratio between NPs and PS-b-PMMA) of 3
wt% was studied. Information on materials of PS-b-PMMA and FePt NPs
are detailed in the Supporting Information.

Sample Preparation: Printing was performed on a pre-cleaned silicon
substrate with a custom-made slot-die coater at room temperature.l*?l
To achieve a favorable film thickness, the solution flow rate, printing
velocity, and distance between the mask and the substrate were set to
0.1 mL min™', 5 mm s, and 0.5 mm, respectively.

Characterizations: GISAXS measurements were performed in situ
at the PO3 beamline (PETRA Ill, DESY, Germany) during the printing.
The scattering signal was recorded on a 2D detector (LAMBDA 750k,
X-Spectrum GmbH) with a pixel size of 55 um x 55 pm with 20 cycles.
Each cycle consisted of 0.1 s X-ray exposure time and 2.0 s waiting
time. To track the morphology of films over a large area and to avoid
beam damage, the in situ GISAXS measurements were carried out
at different spots of the film through laterally moving the sample.
The surface morphology of the final printed films was investigated
with SEM measurements. The magnetic properties of the hybrid
film were probed with SQUID magnetometry measurements. The
detailed characterizations descriptions can be found in the Supporting
Information.
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