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Abstract: We present a novel type of magnetorheological material that allows one to restructure
the magnetic particles inside the finished composite, tuning in situ the viscoelasticity and magnetic
response of the material in a wide range using temperature and an applied magnetic field. The
polymer medium is an A-g-B bottlebrush graft copolymer with side chains of two types: poly-
dimethylsiloxane and polystyrene. At room temperature, the brush-like architecture provides the
tissue mimetic softness and strain stiffening of the elastomeric matrix, which is formed through the
aggregation of polystyrene side chains into aggregates that play the role of physical cross-links. The
aggregates partially dissociate and the matrix softens at elevated temperatures, allowing for the
effective rearrangement of magnetic particles by applying a magnetic field in the desired direction.
Magnetoactive thermoplastic elastomers (MATEs) based on A-g-B bottlebrush graft copolymers
with different amounts of aggregating side chains filled with different amounts of carbonyl iron
microparticles were prepared. The in situ restructuring of magnetic particles in MATEs was shown to
significantly alter their viscoelasticity and magnetic response. In particular, the induced anisotropy

led to an order-of-magnitude enhancement of the magnetorheological properties of the composites.
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1. Introduction
and Magnetic Response of

Magnetoactive Thermoplastic Magnetoactive elastomers (MAEs) [1-10] are composite materials consisting of mag-
Elastomers. Polymers 2023, 15, 4607. netic nano- or microparticles embedded into the polymer matrix. Under the influence of
https:/ /doi.org/10.3390/ an external magnetic field, these materials can change their physical properties due to
polym15234607 magnetic interactions of magnetic particles (MPs) and magnetoelastic coupling. MAEs

can deform [11-16] and change electric [17-20] and rheological [21-29] properties. An
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enormous magnetic response is used as the basis for many of the important practical appli-
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Revised: 27 November 2023 devices, active braking systems, pressure and magnetic field sensors, etc. [30-38]. Some of

Accepted: 1 December 2023 the possible applications are reviewed in [39].

Published: 3 December 2023 It is well known that the softer the MAE, the higher its magnetorheological response [4].
For example, in [40], an extremely soft MAE with a storage modulus of less than 1 kPa

exhibited an increase in its value by four orders of magnitude when placed in a 300 mT

magnetic field. However, making polymer matrices this soft is a challenging task due
to the entanglement of polymer chains. At low exposure time (or high frequency), such
This article is an open access article  tOpOlogical restraints act as effective cross-links. The traditional approach to overcome this
distributed under the terms and limitation is to use low-molecular-weight oil as a plasticizer [41,42]. Materials produced
conditions of the Creative Commons ~ With this method are susceptible to oil leakage, which can occur during deformation or over
Attribution (CC BY) license (https://  time. Recently, we reported a different approach to the design of supersoft MAEs based
creativecommons.org/licenses /by / on polymer networks with brush-like strands and demonstrated that they achieve the
40/). same level of magnetic response as highly diluted traditional linear MAEs but without the
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addition of a low-molecular-weight plasticizer [43]. The elimination of hazardous leakage
components, while maintaining the softness and tissue mimetic properties of the matrix,
expands the applications of these materials, particularly in medicine.

The development of magnetopolymer materials with an oriented distribution of MPs
is another promising area of research. A traditional way to fabricate an anisotropic material
is by curing material in a magnetic field [18,22,44-58]. Anisotropic MAEs have a number of
properties that differ from their isotropic counterparts [59-66]. It is clear that many physical
properties of anisotropic materials are direction-dependent. For example, an anisotropic
material can be a conductor in the direction of MP alignment, while the isotropic counterpart
is an insulator [18]. Magnetorheological properties also change significantly: Anisotropic
MAE:s tend to be stiffer and have a larger absolute modulus gain in the magnetic field
due to the better interaction of MPs in chain-like structures [22-24,53-55]. The anisotropic
distribution of MPs inside the material is one of the main ways to fabricate soft robots
based on MAEs [30,46—49].

In a recent work [67], we proposed a new platform for the design of magnetoactive
materials whose properties can be programmed after curing. The developed magnetoactive
composite was based on a thermoplastic matrix formed by bottlebrush graft copolymers
(A-g-B) with PS and PIB side chains. The side chains effectively dilute the system, thus
providing us with the tissue mimetic softness of the material without using any additional
plasticizer and strain stiffening. In addition, the PS side chains form network nodes
because they are incompatible with the PIB side chains at room temperature. These nodes
melt reversibly at moderate temperatures, which opens up the possibility of the in situ
restructuring of MPs using both temperature and magnetic field. We call these materials
magnetoactive thermoplastic elastomers (MATESs) to distinguish them from traditional
chemically cross-linked MAEs and to emphasize the thermoactivity of the matrix. In MAEs,
the MPs can only be restructured once during material synthesis, and after synthesis, the
MPs are fixed in position, so that shifts in the magnetic field are reversible. In MATEs,
on the other hand, one can melt the material at any time, set the desired distribution of
MPs using an external magnetic field, and then cool the material back to room temperature
(RT), thus “freezing” the MPs in a new configuration. Note that due to the non-chemical
nature of the polymer network, it is not necessary to go above the melting temperature to
restructure the MPs.

In this work, we present a novel MATE based on an A-g-B bottlebrush graft copolymer
with side chains of two types: polydimethylsiloxane and polystyrene. We experimentally
study the magnetorheological properties of MATEs with 5, 10, and 20 vol% of carbonyl
iron as MPs (@pp) based on a polymer bottlebrush with different architecture (3% and 4%
of aggregating PS block ¢4), show the possibility to restructure MPs inside the polymer
matrix in situ, and investigate the impact of such restructuring. Thus, we demonstrate the
universality of the proposed A-g-B platform and show for the first time the reprogramming
of material properties by applying a magnetic field in different directions.

2. Materials and Methods

The viscoelastic properties of A-g-B bottlebrush graft polymers are defined by a
unique set of architectural parameters that include the degree of the polymerization (DP)
of the brush backbone (ny},), the DP between side chain units (ng), the DP of the brush
side chain (ng.), the DP between the A-block units (ny), and the DP of the A-block units
(na) [68]. The total volume fraction of the A-block monomer incorporated in the network is
expressed as ¢ 4. A-g-B synthesis proceeded via free radical copolymerization of the A and
B-block macromonomers, polydimethysiloxane (PDMS), and polystyrene (PS) (Figure 1a).
PDMS was sourced commercially from Gelest Inc., Morrisville, PA, USA®, whereas the
PS was fabricated with atom transfer radical polymerization (ATRP) using a hydroxyl-
terminated a-haloketone initiator, which was functionalized post-polymerization using
2-methyl isocyanoethyl methacryate. N-butyl acrylate (nBA) was used as a spacer molecule
to control ng. PDMS, PS, and nBA were copolymerized over a 24 h period under an
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inert atmosphere, and the crude mixture was subsequently washed to remove unreacted
monomer. "H NMR was used to determine the n, and ng of the system (Figures S1 and S2).
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Figure 1. Preparation of A-g-B MATEs: (a) chemical structure and the architectural parameters of
A-g-B copolymer; a schematic representation of A-g-B matrix filled with magnetic microparticles;
(b) tensile stress—strain curves and (c) temperature dependence of the storage modulus, G/, and
the loss modulus, G”, of A-g-B elastomers with different volume fractions of the PS block as indi-
cated at the frequency w = 10 rad/s; (d) schematic representation of temperature changes in the

matrix structure.

2.1. Preparation of Magnetic Composites

Two A-g-B copolymer compositions with different volume fractions (¢4 = 0.03 and
0.04) of polystyrene A-block (na = 60) and respective ny values were prepared. Both A-g-B
systems were blended with magnetic iron microparticles (p = 7.8 g/cm?) at a volume frac-
tion of ¢pp = 0.05, 0.10, and 0.20. The MPs used in this study were spherical magnetically
soft carbonyl iron particles of 4.5 um in diameter (R-20 brand from Spektr-Khim, Moscow,
Russia). MAEs were prepared by vortex mixing and sonication of the A-g-B polymer
with ~10 mass equivalents of dichloromethane and the calculated mass of particles before
transferring the blend to a Teflon Petri dish for the flash evaporation (110 °C) of the solvent.
The dry MAE samples were then hot-melt-pressed at 85 °C into a 1 mm thick homogenous
film to prepare them for analysis.
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2.2. Mechanical Characterization of A-g-B: Tensile and T-Sweep

Due to the microphase separation of the PS and PDMS blocks, the synthesized poly-
mers form thermoplastic elastomers with a characteristic stress—strain J-curve when sub-
jected to a uniaxial tensile measurement at a strain rate of ¢ = 0.005 s~ (Figure 1b). An RSA-
G2 DMA (TA Instruments) was used for uniaxial tensile measurements. Samples were pro-
cured using a steel die dog bone cutter with dimensions 12 mm (length) x 2 mm (width).

Using an Anton Paar Physica MCR 302 rheometer with 20 mm disk geometry, the
neat materials were subjected to a temperature sweep (20-120 °C) at a constant frequency
(10 rad/s) and strain (0.1%). Upon heating, A-g-B elastomers soften to allow for particle
rearrangement in a magnetic field (Figure 1c). Matrix softening is expected to result from
a reduction in the incompatibility between A and B units as temperature increases. This
leads to a change in the micellar structure, similar to ordinary AB copolymers, and a partial
breakdown of the physical network (schematically shown in Figure 1d). Notably, G’ > G”
within the temperature range examined.

The magnetorheological study was performed with an Anton Paar Physica MCR 302
(Anton Paar, Graz, Austria) rheometer equipped with an MRD 170/1T magnetic cell. The
magnetic cell has an electromagnet capable of generating a homogeneous magnetic field
perpendicular to the measuring plate. The magnetic flux density B can be varied from zero
to 1T by varying the drive current in the coil of the electromagnet in the range 0-5 A. The
lower plate of the measuring unit was stationary. The movement of the upper plate was set
to perform harmonic oscillations v = y( sin(wt), where v is the shear strain, yg is a shear
strain amplitude, and w is the angular frequency. Disk-shaped samples with a diameter
of 20 mm were cut from the film and placed between the plates of the measuring system.
The height of all samples was about 1 mm. For all tests, we set low shear strain amplitude
Yo = 0.1%, which corresponds to the linear viscoelastic response of the material. For the
frequency test, the angular frequency was varied in the range w = 1-100 rad/s. In other
measurements, the angular frequency was assumed to be 10 rad/s unless otherwise stated.

3. Results
3.1. Magnetic Response at Room Temperature

It is well known that magnetically active elastomers can be significantly reinforced
when exposed to a magnetic field. Figure 2 shows the frequency dependence of the storage
modulus and damping factor of the synthesized isotropic MATEs measured at magnetic
field values of B = 0T and B = 1T. All samples exhibited the so-called magnetorheological
effect: an increase in the elastic modulus in the magnetic field. This effect was more
pronounced at higher concentrations of MPs. The sample with ¢4 = 0.03 and ¢pp = 0.20
showed an increase of the storage modulus in the magnetic field by 257% from 33 to 118 kPa
at an angular frequency w =10 rad/s.

The damping factor, tané = G” /G’, indicates the ratio of dissipated energy to elas-
tically stored energy during one cycle of mechanical loading. In the magnetic field,
the damping factor decreased (Figure 2c,d), which also indicates the reinforcement of
the MATEs.

3.2. Orientation of MPs Inside MATEs

The developed MATEs open the possibility of creating anisotropic structures of mag-
netic particle distribution in situ by using both magnetic field and temperature. Figure 3a,b
show the process step by step. Point 1 corresponds to the initial state of the sample: The
polymer matrix was stiff, and MPs were randomly distributed inside the matrix. Then,
the sample was heated, and at point 2, the polymer matrix became softer, which led to
a decrease in the storage modulus of the material and an increase in the damping factor.
Although the damping factor did not exceed unity, the “living” polymer matrix still al-
lowed MPs to move without huge elastic restraints due to the possible rearrangements
of physical cross-links formed by PS chains. In this soft state of the polymer matrix, the
magnetic field was turned on (point 3), which led to a sharp increase in the storage mod-
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ulus and a decrease in the damping factor due to the magnetic interaction of the MPs
and the formation of chain-like structures. This effect was much more pronounced than
the magnetorheological effect at room temperature (Figure 2a,c). The temperature was
then lowered (point 4) while the magnetic field was maintained to rearrange and reinforce
the PS aggregates and “freeze” the MPs in their new positions. When the magnetic field
was turned off (point 5), the storage modulus was almost twice the initial value, which
is a typical difference between isotropic and anisotropic samples [23,24]. The formation
of chain-like structures by MPs was observed using scanning electron microscopy (SEM).
Figure 3d,e show the cross-section of the initial sample with random MP distribution and
the sample with aligned MP distribution after magnetic field and temperature treatment. It
is worth noting that the MP chains are quite short because the material does not reach its
melting point, and better alignment can be achieved by using higher temperatures.
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Figure 2. Frequency dependence of (a,b) storage modulus and (c,d) damping factor of MATEs based
on polymer with (a,c) 3% PS side chains and (b,d) 4% PS chains with different concentrations of MPs
as indicated, measured at magnetic field values of B = 0T (solid symbols) and B = 1T (empty symbols).
MPs volume fraction ¢pp = 0 (black squares) 0.05 (red circles) 0.10 (green triangles) and 0.20 (blue
diamonds). Strain amplitude dependences of the storage modulus and damping factor are presented
in Figure S3.
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Figure 3. Temperature dependence of (a) storage modulus and (b) damping factor of MATE based
on polymer matrix with 3% of PS containing 20 vol% of MPs. Arrows indicate the direction of the
temperature change. The sample was heated to soften the polymer matrix (black line). After that,
the magnetic field was applied, and the temperature returned to room temperature (red line) to
fix MPs in chain-like ordered positions. Green line shows the next cycle of sample heating. The
corresponding dependences for the other samples are presented in Figures S4 and S5; (c) schematic
image of the polymer state and MP distribution at corresponding points of the curves (a,b). SEM
images of MATE'’s cross-section in (d) point 1 and (e) point 5.

3.3. Magnetic Responses of Isotropic and Anisotropic Samples

Not only did the storage modulus of the MATEs themselves change due to the for-
mation of chain-like structures by the MPs, but also the magnetic response, which can be
characterized by the relative increase in the storage modulus of the MATEs in the magnetic
field. Figure 4a,b show the dependence of the storage modulus on the increase and decrease
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in the magnetic field for the initial sample with a uniform distribution of MPs and the
oriented sample with aligned MPs. It is clearly seen that although the value of the off-field
modulus of the oriented sample is higher, both its relative and absolute increase are greater
for the oriented sample. This can be attributed to the stronger interaction of columnar-
ordered MPs with each other in the magnetic field due to the smaller distance between
the particles [69-71] and the change in the particle microstructure [72]. The hysteresis loop
can be explained by the formation of a strong network of MPs in the magnetic field, which
was not completely reformed when the magnetic field was turned off. Therefore, hysteresis
was more pronounced in isotropic MATESs, because oriented ones came closer to this optimal
network, which was formed to some extent. Figure 4c,d show the response of MATEs with
different MP distributions at different temperatures to periodically turning on and off the
magnetic field. The oriented sample exhibited the highest off-field and on-field storage moduli
due to the reasons discussed earlier. While the MATE at a high temperature of 85 °C had
the lowest off-field modulus due to the softer polymer matrix, it showed a higher on-field
modulus than the initial sample due to fewer restrictions on the movement of MPs within the
polymer medium. At room temperature, the samples were quite stable to periodic magnetic
field cycles: They showed only a small change in their moduli with each magnetic field cycle,
and the typical relaxation times to reach the plateau seemed to be a few minutes. At high
temperatures, however, the time dependence of the MATE properties was more pronounced
due to the greater freedom of the MPs inside the heated polymer matrix.
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Figure 4. Magnetic response of initial isotropic and anisotropic samples based on polymer matrices
containing (a,c) 3% PS chains and (b,d) 4% PS chains: (a,b) show the field dependence of the storage
modulus on increasing and decreasing magnetic field for the initial sample with isotropic distribution
of MPs (black squares) and anisotropic sample with aligned MPs (red circles). The direction of the
magnetic field change is indicated by arrows. The corresponding dependencies for other samples
are presented in SI, Figures S6 and S7; (c,d) show the time dependence of MATEs with different MP
distributions at different temperatures when the magnetic field is periodically turned on and off.
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3.4. Programming of the MATEs" Properties

We have already shown that it is possible to generate oriented MP structures inside
MATE: at high temperatures and drastically change their properties and magnetic response.
Due to the temperature-sensitive nature of the polymer matrix, it is also possible to fine-tune
these properties by using different treatment temperatures. Figure 5a,b show the temperature
dependence of the storage modulus and damping factor of the MATEs in MP orientation
cycles similar to Figure 3 discussed above. First, the initial sample was heated to temperature
Tmax (solid symbols), and then the magnetic field B = 1T was turned on, and the sample was
cooled to room temperature (empty symbols). Then, the magnetic field was turned off, and
the cycle was repeated, with Trax increasing each time. It can be seen that the mechanical
properties of the MATEs gradually improved with each cycle, both in the magnetic field and
in the zero field, because each temperature increment softened the polymer matrix even more
so that the MPs had fewer and fewer constraints to form an optimal structure. This allowed
us to vary the properties of the sample over a wide range. Figure 5c,d show the dependence
of the storage modulus and the damping factor relative change in the magnetic field on
treatment temperature Trax, where the first point of each curve corresponds to the initial state
of the sample. Similar to the storage modulus, the magnetic response can also be tuned with
treatment temperature due to the better reorganization of MPs at higher temperatures.
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change and digits near the curves indicate the number of cycles. Similar curves for the samples with
low MP concentrations are available in SI, Figures S8 and S9. Magnetic response considering the
(c) storage modulus and (d) damping factor of MATEs with 20 vol% of MPs depending on treatment
temperature. T = 25 °C refers to the initial sample. Different colors are for matrices with different
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permanent magnets

3.5. Reorientation of MP Structures and Reprogramming the MATEs” Properties

To demonstrate the possibility of reorienting the magnetic aggregates, MATE samples
were subjected to additional heating cycles, followed by cooling in a magnetic field oriented
parallel to the disc-shaped sample surface. The geometry of the rheometer did not allow
for such reorientation, so instead we heated the sample in an oven with permanent NdFeB
magnets attached to apply a magnetic field parallel to the surface of the disk-like samples
(Figure 6). The heating temperature in this case was set to 85 °C, similar to the experiments
discussed above. The sample was exposed to a parallel magnetic field during 2 h of heating
and 30 min of cooling down to room temperature. After that, the permanent magnets
were removed. The SEM image of the magnetic structures oriented parallel to the disk
surface is shown in Supplementary Information, Figure S10. It should be noted that the
magnetic field of the permanent magnets near the surface is only B ~ 0.4T (measured with
a magnetometer in the absence of the sample), which is considerably weaker than B = 1T
used in our previous experiments. Moreover, the magnetic field generated by a pair of
permanent magnets was not perfectly uniform. Hence, this reorientation method did not
exactly replicate the reorientation in the rheometer.

MATE sample

(b)

Figure 6. (a) Configuration for producing MATEs with magnetic structures oriented parallel to the

surface of disk-like samples; (b) photo of a MATE sample confined within a blue plastic mold and
placed between two permanent magnets to orient the MP structures parallel to the disc surface.

We then measured the magnetic response of the sample treated this way. It should
be stressed that the uniform magnetic field was applied perpendicular to the internal
aggregate orientation. Unexpectedly, the increase in the storage modulus of the sample
was significantly higher than that of the initial isotropic sample and the sample after the
first temperature-field treatment performed in the rheometer (compare Figures 7 and 4a).
After orienting the magnetic structures parallel to the disk surface, the value of G’ increased
almost twofold at the highest field of 1T. Therefore, we repeated the temperature and
magnetic field treatment of the same sample again in the rheometer according to the
protocol shown in Figure 3a and obtained the material with a novel structure of magnetic
particles demonstrating a tremendous magnetic response. Figure 7 compares the room-
temperature magnetic responses of the initial isotropic sample (curve 1) and the anisotropic
samples with magnetic aggregates oriented parallel (curve 2) and perpendicular (curve 3)
to the disk surface. One can see that the highest magnetic response is realized when the
external magnetic field is oriented along the internal structure of the magnetic filler. This
result is consistent with the data reported in [22,53-55,73].
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Figure 7. Magnetic response of MATE samples based on the polymer matrix with 3% of PS containing
20 vol% of MPs with different arrangements of MPs: 1 (black squares)—initial isotropic sample, 2
(green circles)-sample with parallel MP orientation, and 3 (red circles)-sample with perpendicular
MP orientation. The figures on the right schematically show the MPs distributions inside disk-shaped
samples and the orientation of the applied magnetic field B (red arrows).

It should be emphasized that the process of magnetic particle rearrangement at ele-
vated temperatures is partially hindered by the fact that the A-g-B matrix is in an elastomeric
state at the maximum treatment temperature of 100 °C. In addition, the resulting magnetic
particle structures depend on their pretreatment orientation. In particular, the average
distances between magnetic particles in isotropic composites can be expected to be larger
than the interparticle distance in chain-like structures formed by heating and cooling the
sample in a magnetic field. The smaller the distance, the stronger the interaction between
the particles in the magnetic field, and thus the more effective their restructuring. Magnetic
particles within the preoriented samples exposed to a perpendicular magnetic field respond
as aggregates, in contrast to isolated particles. Moreover, the restructuring of the magnetic
filler is highly time-dependent due to the relaxation of the A-g-B matrix, which is locally
stressed by particle displacements from their initial positions in the applied magnetic field.
This may explain the significant increase in the magnetic response of the material with a
prealigned arrangement of magnetic particles.

4. Discussion

The results obtained demonstrate that the A-g-B brush platform provides a promis-
ing route to produce magnetoactive thermoplastic elastomers with programmable and
reprogrammable viscoelasticity and magnetic response. In contrast to chemically cross-
linked polymer networks, the A-g-B brushes comprise active dispersing media that not
only exhibit thermosensitive viscoelastic properties but also provide the possibility to
restructure magnetic particles. The latter can be achieved by applying magnetic fields of
different orientations at elevated temperatures, even below the melting temperature of the
A-g-B matrix. Cooling to room temperature results in a material with oriented magnetic
aggregates trapped in a physical network. It was found that the temperature field treatment
led to an improvement in the magnetic response of MATEs by two orders of magnitude
when the magnetic field and magnetic aggregates were colinear.

The results of this work demonstrate that thermoplastic elastomers are promising for
the in situ restructuring of magnetic particles. The A-g-B-based MATEs have multiple ad-
vantages compared to conventional thermoplastic elastomers: (i) At room temperature, the
brush structure provides tissue-mimetic softness and strain stiffening; (ii) upon heating, the
dissociation of A-g-B networks occurs at moderate temperatures controlled by copolymer
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architecture; and (iii) in a melt state, the compact conformations of disentangled brush
molecules lead to much lower viscosity than their linear counterparts [74].

An ability to reprogram material properties in situ impacts the future of soft robotics
and medical devices. In addition, the thermoplastic nature of the A-g-B matrix enables
injection molding and the 3D printing of the magnetic composites, preventing particle
sedimentation [30].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15234607/s1, Figure S1: 1H NMR methacrylate function-
alized polystyrene macromonomer; Figure S2: 1H NMR of PDMS-nBA-PS A-g-B network title;
Figure S3: Amplitude dependence of the storage modulus and damping factor of MATEs with
different MP concentrations. Figure S4: Temperature dependence of the storage modulus and the
damping factor for MATEs based on polymer matrix containing 3% PS chains; Figure S5: Temperature
dependence of the storage modulus and the damping factor for MATEs based on polymer matrix
containing 4% PS chains; Figure S6: Dependence of the storage modulus and damping factor on the
increase and decrease in magnetic field for the initial sample with an isotropic distribution of MPs
and the oriented sample with aligned MPs based on the matrix with 3% PS; Figure S7: Dependence
of the storage modulus and damping factor on the increase and decrease in the magnetic field for the
initial sample with isotropic distribution of MPs and the oriented sample with aligned MPs based on
the matrix with 4% PS; Figures S8 and S9: Programming of the MATEs’ properties; Figure S10: SEM
image of the sample with 20% MPs based on polymer matrix with 3% fraction of PS-block after
treatment in magnetic field parallel to the sample surface.
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