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In this contribution we present a molecular dynamics study of a microgel colloidal particle filled with
magnetic nanobeads. The microgel is constructed of crosslinked polymer chains, some beads of which
are magnetic. We vary the concentration of magnetic particles and the degree of crosslinking in the
microgel to analyse the influence of both factors on the radius of gyration, microstructure and the initial

magnetic susceptibility of our soft magnetic colloid. We show that even for a loosely crosslinked micro-
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gel, the concentration of magnetic filler must be rather high in order for the magnetic dipolar interactions
to affect the shape and the internal structure of the soft colloid.
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1. Introduction

The combination of magnetic particles of nano- or/and micro-
meter size and a polymer matrix gave rise to a new class of soft
materials [1-5]. Among them, the most actively studied are mag-
netic gels, in which the polymer matrix is swollen by a carrier lig-
uid [6-13], and soft magnetic elastomers, also known as
magnetorheological elastomers, that are magnetic rubber-like dry
materials [5,14-20].

Characteristic to these materials, the coupling between the
magnetic interactions and the deformation of the polymer matrix
makes them very promising for various technological applications,
such as adaptive damping devices, vibrational absorbers, artificial
muscles and many others [16,21-26]. However, despite the grow-
ing scientific and industrial interest that magnetic gels and elas-
tomers are attracting, their properties are still far from being
completely understood.

Magnetic gels and elastomers have been studied to date using
different strategies. Computer simulations of these systems are
usually based on coarse-grained approaches: magnetic particles
are represented as beads with point magnetic dipoles, whereas
the polymer matrix is either modelled implicitly [27,28] or repre-
sented with different levels of detail [29-38]. Along with computer
simulations, several works employ continuum analytical theories
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[39-42] to describe the magneto-elastic coupling of these
materials.

Among magnetic soft materials, one class of the most novel and
interesting systems are the ones known as microgel particles or
soft colloids. These particles are formed by polymers crosslinked
in a network whose size is of the order of 10 nm to 1 pm. The syn-
thesis of microgels is usually based on polymerisation techniques
with added crosslinkers [43,44]. Crosslink density influences both
the particle’s internal structure and its swelling properties. Since
swelling and deswelling are determined by the balance between
the elastic forces of crosslinkers and the rest of interactions in
the system, it can be controlled by different factors like, for exam-
ple, temperature, solvent quality or, when the microgel particle
carries embedded magnetic beads, external magnetic fields [43-
48]. This ability to change their size in response to external pertur-
bations makes microgels advanced materials with potential for
many applications [49-52,43]. In addition, self-assembly of con-
centrated microgels can be tuned by change or additionally
imposed electric fields [53-56]. In particular, microgels with
embedded magnetic particles [45] are interesting materials from
the point of view of both, technological applications and funda-
mental knowledge, and are the main subject of this work.

In this study we analyse the influence of interparticle magnetic
interactions on the shape, microstructure and magnetic suscepti-
bility of a microgel particle by means of computer simulations.
We thoroughly study microgels with different degrees of crosslink-
ing and containing different amount of permanently magnetised
particles. We also vary the strength of magnetic interparticle inter-
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actions, analysing the effect of such parameters on the gyration
radii of the microgels and their initial susceptibility. Finally, we
also extract information about the formation of clusters of mag-
netic particles in the system.

The manuscript is organised as follows: In the next section we
introduce the microgel model and our simulation approach. The
main results are provided in Section 3. Finally, the summary of
the work and the outlook can be found in Conclusions.

2. Model and methods

We chose a coarse-grained modelling approach for microgel
particles based on a bead-spring explicit representation of the
polymer matrix [57]. In our model, a microgel particle is composed
of N, = 6 linear polymer chains. Each polymer contains Ny, = 100
monomers of diameter ¢ = 1. The monomers repel each other via
a soft-core Weeks-Chandler-Andersen potential:
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with a cut-off distance r. = 2'/®g, being r the distance between the
particle centres and 8 = 1/kpT the Boltzmann factor. The monomers
are bonded in polymer chains by means of FENE springs, defined by
the following potential:
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where r; = 1.50 is the maximal bond extension and ¢; = 22.5 is the
interaction strength.
In order to create a crosslinked polymer network, we place the
polymers inside a spherical shell with a radius equivalent to the

end-to-end distance of a single non-constrained polymer, GN2>,
and add different amounts of cross-links, Ny = {20, 100,200},
as bonds between selected pairs of particles. These bonds are rep-
resented by the harmonic potential

BUNY) = S K(r — o). 3)
where K = 10 is the spring constant. The candidates to form cross-
linked pairs necessarily belong to different polymers and are chosen
randomly among the pairs separated by the distance not greater
than 1.20. If there are not enough candidates to form the desired
number of pairs separated by this distance, we gradually increase
this distance by 0.1¢ and again look for the candidates to link. After
crosslinking, we remove the spherical shell and let the microgel
relax. In this manner, we obtain microgels whose degree of
crosslinking corresponds to 7%, 33% and 67% to the total number
of monomers comprising the microgel, N = N,Ny,.

In order to fill the microgel with magnetic particles, we replace
a certain number of monomers along the polymer chains, Nmgg,
with magnetic dipolar particles. This replacement is performed
randomly to ensure independence from the initial configuration.
The diameter and the soft-core and bonding interactions of the
magnetic beads are identical to the ones defined for the polymer
monomers, with the only addition of a permanent magnetic
moment, u, located at the particle center. The magnetic moment
can freely rotate in three-dimensional space. Therefore, any pair
of magnetic particles, i and j, experience a dipole-dipole interac-
tion defined by
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where L, is the vacuum permeability. The strength of this potential
is characterised by the dipolar coupling parameter,
A= BUyp? /ATa3, that is the ratio of magnetic energy per particle
in the minimum configuration to the thermal energy. After filling
the microgel with magnetic particles, we again equilibrate it.

To elucidate how much the dipolar interactions affect the
microgel conformations, we varied the fraction of magnetic parti-
cles, Vigg = Nmqg/N, from 0.5% to 10%. In addition, we changed
the strength of the dipolar interactions in a broad range, corre-
sponding to values of the dipolar coupling parameter
i=1,2,...,8.

We performed molecular dynamics simulations of the micro-
gels with the simulation package ESPREsSo [58]. To integrate the
equations of motion, we employed a velocity Verlet integrator with
a fixed time step At = 0.01. The dimensionless temperature of the
system in simulations was kept constant, T* = 1, by means of a
Langevin thermostat with dimensionless friction equal to unity.
The simulations started by placing the polymers inside the spher-
ical shell and warming up the system during 107 integration steps.
Then, the crosslinking procedure was carried out and the spherical
shell was removed. After this, the system was first equilibrated for
10 x 108 integration steps and then measurements were obtained
in a last cycle of 10 x 10° steps. Finally, we sampled each set of
parameters with 10 independent runs using different initial
configurations.

It is worth mentioning that our crosslinking routine is con-
structed in order to efficiently build a spherical microgel particle
with embedded magnetic beads. Being a numerical trick, it is not
aimed at reproducing any chemical process. The final microgel,
however, represents a rather realistic coarse-grained approxima-
tion of the systems found in Refs. [43-48]. Note that having six
chains in the simulation does not mean that our model captures
the physics of microgels made only of six chains. The model is
rather general and it helps understanding possible effects of
magneto-elastic coupling in soft matter, albeit neglecting all
molecular detail.

3. Results and discussions

Fig. 1 shows some examples of microgel configurations for dif-
ferent degrees of crosslinking and Z. Microgels with more
crosslinkers are more compact and hold a more spherical shape,
whereas the microgels with few crosslinkers are rather fuzzy.
The increase in the strength of dipolar interactions, defined by 2,
leads to the formation of chains of magnetic particles. At high /,
the chains formed in microgels with few crosslinkers tend to close
into rings, as a ring is the ground state for dipolar spheres [59-62]
and the network is not rigid enough to prevent the closure of the
chains.

Fig. 2 shows the radius of gyration of the microgels, R,, as a
function of the fraction of magnetic particles. This parameter,
scaled with the value corresponding to analogous non-magnetic
microgels, allows us to estimate the influence of the degree of
crosslinking and magnetic particles on the characteristic size of
the microgels. One can observe that the degree of crosslinking of
the polymer network strongly affects the size of the microgels.
The less crosslinked the polymer network is, the bigger are the
changes in the size of the microgels with the increase of the role
of the magnetic interactions, either led by the increase of the frac-
tion of magnetic particles or by the increase of . The increase of
the magnetic particle fraction leads to a decrease in size of the
microgels. However, the strength of dipolar interactions should
be rather high (4 > 4) in order to make this change in size signifi-
cant, especially for microgels with a high degree of crosslinking
(see Fig. 2c).
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Fig. 1. Simulation snapshots of the microgels with magnetic particles. (a)
Neros = 20,7 = 1; (b) Neos = 200, 2 = 15 (€) Neros = 20,2 = 5; (d) Neros = 200, 4 = 5;
(€) Neros = 20, 2 = 8; (f) Neros = 200, 2 = 8. Nonmagnetic particles are represented in
gray. The magnetic particles, which fraction is kept constant at vpq = 0.1, are
depicted as red spheres of bigger size than the actual one to distinguish them from
the nonmagnetic ones.

To analyse the self-assembly of the magnetic particles into
chains and rings, we compute the probability P(d) of finding d
neighboring magnetic particles in a vicinity ér < 1.2¢ from a given
magnetic particle. The result of this calculation is depicted in Fig. 3.
If the microgels contain few magnetic particles (see Fig. 3a—c), they
tend to not cluster, independently of the degree of crosslinking of
the polymer network. Only extremely high dipolar interactions
/.~ 8 can force them to form pairs. The situation changes when
we increase the number of magnetic particles by a factor of 10
(see Fig. 3d-f): it becomes more likely to find magnetic particles
in a cluster as we increase 1. Moreover, at high 2 > 6, the vast
majority of magnetic particles are most likely to have two neigh-
bors. This means that dipolar interactions are high enough to allow
the formation of long chains regardless the arrangement of mag-
netic particles in the polymer network and its degree of crosslink-
ing. Such long chains are observed in simulations for both
microgels with few and many crosslinkers at high / (see the simu-
lation snapshots in Fig. 1e and f)).

We have also measured the initial magnetic susceptibility of the

microgels, Y, = Ppag (<m2> - (m>2>/kBT [63], that is depicted in
Fig. 4. Here, m = > . /Nynqg and Pmag 1S the number density of
the magnetic particles. The initial susceptibility grows with the

increase of the magnetic particles in the system and rises as the
microgel becomes more compact, i.e., for highly crosslinked poly-
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Fig. 2. The radius of gyration of microgels with embedded magnetic particles
rescaled by the corresponding radius of gyration of non-magnetic microgels Rg/Rg
vs the fraction of magnetic particles vy at different strength of dipolar interactions
. () microgels with few crosslinkers Njys = 20, (b) microgels with Njy,s = 100, (c)
microgels with Ny = 200.

mer network, when compared to weakly crosslinked microgels at
the same /. The crosslinkers tend to decrease the distance between
the magnetic particles, facilitating the chain formation as Fig. 3
confirms. However, having many magnetic particles embedded in
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Fig. 3. The probability P(d) of finding d neighboring magnetic particles in a vicinity ér < 1.2¢ from a given magnetic particle. The plots (a)-(c) in the upper row are obtained
for microgels with magnetic particle fraction vi,eg = 0.01, the plots (d)—(f) in the lower row are obtained for microgels with magnetic particle fraction vj,q; = 0.1. The plots in
the first column (a) and (d) correspond to Njs = 20; the plots in the second column (b) and (e) correspond to Nj,,s = 100; the plots in the third column (c¢) and (f) correspond
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Fig. 4. The initial magnetic susceptibility y, of the microgels vs the fraction of magnetic particles v, at different strength of dipolar interactions 4: (a) Njus = 20, (b)

Niinks = 100, (€) Nijinks = 200.

the microgels results in long chain formation at high 1 = 8. These
chains develop through the microgel network and try to close into
rings. Although it is not always possible for them to form totally
closed structures due to the tightly crosslinked network, nearly
closed structures also contribute to decrease the total magnetic
moment of the system and, therefore, lead to a decrease of the ini-
tial susceptibility (see the data for 2 = 8 labeled in red in Fig. 4).

4. Conclusion

In this paper, we studied microgels with embedded magnetic
particles in its polymer network by means of molecular dynamics
computer simulations. We showed that the size of microgels
decreases with growing strength of dipolar interactions and that
microgels can be much easier deformed when they are loosely
crosslinked. However, regardless the degree of crosslinking, the

growth in the fraction of magnetic particles leads to the formation
of long chains of magnetic particles at high /. On the other hand,
the polymer network, especially when highly crosslinked, hinders
the closure of the chains into rings. In this case, the magnetic par-
ticles form nearly closed structures that result in a strong decrease
of the initial magnetic susceptibility of such systems. The later has
to be taken into account in the design of soft magnetic materials,
especially when a high magnetic response is desired.

Acknowledgements

This work was partially funded by the Austrian Research Fund
(FWF): START-Projekt Y 627-N27. S.S.K. acknowledges funding
from the Ministry of Education and Science of the Russian Federa-
tion (Contract No. 02.A03.21.006, Project No. 3.1438.2017/4.6) and
support from ETN-COLLDENSE (H2020-MSCA-ITN-2014, Grant No.



230 E.S. Minina et al./Journal of Magnetism and Magnetic Materials 459 (2018) 226-230

642774). Computer simulations were performed at the Vienna Sci-
entific Cluster (VSC).

References

[1] G. Filipcsei, L. Csetneki, A. Szilagyi, M. Zrinyi, Oligomers - Polymer Composites -
Molecular Imprinting, Springer, Berlin Heidelberg, Berlin, Heidelberg, 2007, pp.
137-189.

[2] H. Bose, Viscolelastic properties of silicone based magnetorheological
elastomers, Int. J. Mod. Phys. B 21 (2007) 4790-4797.

[3] J. Thévenot, H. Oliveira, O. Sandre, S. Lecommandoux, Magnetic responsive
polymer composite materials, Chem. Soc. Rev. 42 (2013) 7099-7116.

[4] T. Gundermann, S. Odenbach, Investigation of the motion of particles in
magnetorheological elastomers by x ct, Smart Mater. Struct. 23 (2014) 105013.

[5] S. Odenbach, Microstructure and rheology of magnetic hybrid materials, Arch.
Appl. Mech. 86 (2016) 269-279.

[6] T. Shiga, A. Okada, T. Kurauchi, Magnetroviscoelastic behavior of composite
gels, J. Appl. Polym. Sci. 58 (1995) 787-792.

[7] M. Zrinyi, Intelligent polymer gels controlled by magnetic fields, Colloid Polym.
Sci. 278 (2000) 98-103.

[8] S. Reinicke, S. Dohler, S. Tea, M. Krekhova, R. Messing, A.M. Schmidt, H.
Schmalz, Magneto-responsive hydrogels based on maghemite/triblock
terpolymer hybrid micelles, Soft Matter 6 (2010) 2760-2773.

[9] N. Frickel, R. Messing, A.M. Schmidt, Magneto-mechanical coupling in cofe204-
linked paam ferrohydrogels, . Mater. Chem. 21 (2011) 8466-8474.

[10] R. Messing, N. Frickel, L. Belkoura, R. Strey, H. Rahn, S. Odenbach, A.M. Schmidt,
Cobalt ferrite nanoparticles as multifunctional cross-linkers in paam
ferrohydrogels, Macromolecules 44 (2011) 2990-2999.

[11] P. Ilg, Stimuli-responsive hydrogels cross-linked by magnetic nanoparticles,
Soft Matter 9 (2013) 3465-3468.

[12] Y. Xu, X. Gong, S. Xuan, Soft magnetorheological polymer gels with
controllable rheological properties, Smart Mater. Struct. 22 (2013) 964-1726.

[13] L. Roeder, P. Bender, M. Kundt, A. Tschope, A.M. Schmidt, Magnetic and
geometric anisotropy in particle-crosslinked ferrohydrogels, Phys. Chem.
Chem. Phys. 17 (2015) 1290-1298.

[14] M.R. Jolly, J.D. Carlson, B.C. Muoz, T.A. Bullions, The magnetoviscoelastic
response of elastomer composites consisting of ferrous particles embedded in
a polymer matrix, J. Intell. Mater. Syst. Struct. 7 (1996) 613-622.

[15] J.M. Ginder, M.E. Nichols, L.D. Elie, J.L. Tardiff, Magnetorheological elastomers:
properties and applications, in: M.R. Wuttig (Ed.), Smart Structures and
Materials 1999: Smart Materials Technologies, volume 3675 of Proceedings
SPIE, SPIE, 1999, pp. 131-138.

[16] J. Carlson, M.R. Jolly, Mr fluid, foam and elastomer devices, Mechatronics 10
(2000) 555-569.

[17] Z. Varga, G. Filipcsei, M. Zrinyi, Magnetic field sensitive functional elastomers
with tuneable elastic modulus, Polymer 47 (2006) 227-233.

[18] A. Fuchs, Q. Zhang, ]. Elkins, F. Gordaninejad, C. Evrensel, Development and
characterization of magnetorheological elastomers, J. Appl. Polym. Sci. 105
(2007) 2497-2508.

[19] A.V. Chertovich, G.V. Stepanov, E.Y. Kramarenko, A.R. Khokhlov, New
composite elastomers with giant magnetic response, Macromol. Mater. Eng.
295 (2010) 336-341.

[20] A. Boczkowska, S. Awietjan, Microstructure and properties of
magnetorheological elastomers, in: A. Boczkowska (Ed.), Advanced
Elastomers - Technology, Properties and Applications, InTech, Rijeka, 2012.

[21] H.-X. Deng, X.-L. Gong, L.-H. Wang, Development of an adaptive tuned
vibration absorber with magnetorheological elastomer, Smart Mater. Struct.
15 (2006) N111.

[22] T. Sun, X. Gong, W. Jiang, J. Li, Z. Xu, W. Li, Study on the damping properties of
magnetorheological elastomers based on cis-polybutadiene rubber, Polym.
Test. 27 (2008) 520-526.

[23] W. Li, X. Zhang, Research and applications of mr elastomers, Recent Patents
Mech. Eng. 1 (2008) 161-166.

[24] H. Bose, R. Rabindranath, J. Ehrlich, Soft magnetorheological elastomers as new
actuators for valves, J. Intell. Mater. Syst. Struct. 23 (2012) 989-994.

[25] W.H. Li, X.Z. Zhang, H. Du, Magnetorheological Elastomers and Their
Applications, volume 11 of Advanced Structured Materials, Springer, Berlin
Heidelberg, Berlin, Heidelberg, 2013, pp. 357-374.

[26] Y. Li, J. Li, W. Li, H. Du, A state-of-the-art review on magnetorheological
elastomer devices, Smart Mater. Struct. 23 (2014) 123001.

[27] D.S. Wood, P.J. Camp, Modeling the properties of ferrogels in uniform magnetic
fields, Phys. Rev. E 83 (2011) 011402.

[28] D. Ivaneyko, V.P. Toshchevikov, M. Saphiannikova, G. Heinrich, Magneto-
sensitive elastomers in a homogeneous magnetic field: A regular rectangular
lattice model, Macromol. Theory Simul. 20 (2011) 411-424.

[29] M.R. Dudek, B. Grabiec, K.W. Wojciechowski, Molecular dynamics simulations
of auxetic ferriteogel, Rev. Adv. Mater. Sci. 14 (2007) 167-173.

[30] M.A. Annunziata, A.M. Menzel, H. Lowen, Hardening transition in a one-
dimensional model for ferrogels, J. Chem. Phys. 138 (2013) 204906.

[31] G. Pessot, P. Cremer, D.Y. Borin, S. Odenbach, H. Lwen, A.M. Menzel, Structural
control of elastic moduli in ferrogels and the importance of non-affine
deformations, J. Chem. Phys. 141 (2014) 124904.

[32] M. Tarama, P. Cremer, D.Y. Borin, S. Odenbach, H. Lwen, A.M. Menzel, Tunable
dynamic response of magnetic gels: Impact of structural properties and
magnetic fields, Phys. Rev. E 90 (2014) 042311.

[33] D. Ivaneyko, V. Toshchevikov, M. Saphiannikova, Dynamic moduli of magneto-
sensitive elastomers: a coarse-grained network model, Soft Matter 11 (2015)
7627-7638.

[34] G. Pessot, H. Lowen, A.M. Menzel, Dynamic elastic moduli in magnetic gels:
Normal modes and linear response, J. Chem. Phys. 145 (2016) 104904.

[35] R. Weeber, S. Kantorovich, C. Holm, Deformation mechanisms in 2d magnetic
gels studied by computer simulations, Soft Matter 8 (2012) 9923-9932.

[36] R. Weeber, S. Kantorovich, C. Holm, Ferrogels cross-linked by magnetic
nanoparticles—deformation mechanisms in two and three dimensions studied
by means of computer simulations, J. Magn. Magn. Mater. 383 (2015) 262-
266.

[37] A. Ryzhkov, P. Melenev, C. Holm, Y. Raikher, Coarse-grained molecular
dynamics simulation of small ferrogel objects, ]. Magn. Magn. Mater. 383
(2015) 277-280.

[38] A.V. Ryzhkov, P.V. Melenev, M. Balasoiu, Y.L. Raikher, Structure organization
and magnetic properties of microscale ferrogels: The effect of particle
magnetic anisotropy, J. Chem. Phys. 145 (2016) 074905.

[39] E. Jarkova, H. Pleiner, H.-W. Miiller, H.R. Brand, Hydrodynamics of isotropic
ferrogels, Phys. Rev. E 68 (2003) 041706.

[40] S. Bohlius, H.R. Brand, H. Pleiner, Macroscopic dynamics of uniaxial magnetic
gels, Phys. Rev. E 70 (2004) 061411.

[41] O.V. Stolbov, Y.L. Raikher, M. Balasoiubc, Modelling of magnetodipolar
striction in soft magnetic elastomers, Soft Matter 7 (2011) 8484-8487.

[42] AY. Zubarev, On the theory of the magnetic deformation of ferrogels, Soft
Matter 8 (2012) 3174-3179.

[43] H.M. Wyss, ]. Mattsson, T. Franke, A. Fernandez-Nieves, D.A. Weitz, Microgel
Suspensions: Fundamentals and Applications, Wiley-VCH Verlag GmbH & Co,
KGaA, 2011.

[44] ].A. Bonham, M.A. Faers, ].S. van Duijneveldt, Non-aqueous microgel particles:
synthesis, properties and applications, Soft Matter 10 (2014) 9384-9398.

[45] S. Backes, M.U. Witt, E. Roeben, L. Kuhrts, S. Aleed, A.M. Schmidt, R. von
Klitzing, Loading of PNIPAM based microgels with CoFe204 nanoparticles and
their magnetic response in bulk and at surfaces, J. Phys. Chem. B 119 (2015)
12129-12137.

[46] R. Turcu, V. Socoliuc, I. Craciunescu, A. Petran, A. Paulus, M. Franzreb, E. Vasile,
L. Vekas, Magnetic microgels, a promising candidate for enhanced magnetic

adsorbent  particles in  bioseparation: synthesis, physicochemical
characterization, and separation performance, Soft Matter 11 (2015) 1008-
1018.

[47] H. Kobayashi, R.G. Winkler, Universal conformational properties of polymers
in ionic nanogels, Sci. Rep. 6 (2016) 19836.

[48] P.S. Mohanty, S. N6jd, K. van Gruijthuijsen, J.J. Crassous, M. Obiols-Rabasa, R.
Schweins, A. Stradner, P. Schurtenberger, Interpenetration of polymeric
microgels at ultrahigh densities, Sci. Rep. 7 (2017) 1487.

[49] N. Murthy, M. Xu, S. Schuck, J. Kunisawa, N. Shastri, J.M.]. Frchet, A
macromolecular delivery vehicle for protein-based vaccines: Acid-
degradable protein-loaded microgels, Proc. Nat. Acad. Sci. 100 (2003) 4995-
5000.

[50] J. Retama, B. Lopez-Ruiz, E. Lopez-Cabarcos, Microstructural modifications
induced by the entrapped glucose oxidase in cross-linked polyacrylamide
microgels used as glucose sensors, Biomaterials 24 (2003) 2965-2973.

[51] Z. Guo, H. Sautereau, D.E. Kranbuehl, Structural evolution and heterogeneities
studied by frequency-dependent dielectric sensing in a styrene/
dimethacrylate network, Macromolecules 38 (2005) 7992-7999.

[52] V.C. Lopez, J. Hadgraft, M. Snowden, The use of colloidal microgels as a
(trans)dermal drug delivery system, Int. . Pharm. 292 (2005) 137-147.

[53] J. Riest, P. Mohanty, P. Schurtenberger, C.N. Likos, Coarse-graining of ionic
microgels: theory and experiment, Zeitschrift fiir Physikalische Chemie 226
(2012) 711-735.

[54] S. N6jd, P.S. Mohanty, P. Bagheri, A. Yethiraj, P. Schurtenberger, Electric field
driven self-assembly of ionic microgels, Soft Matter 9 (2013) 9199-9207.

[55] P.S. Mohanty, P. Bagheri, S. N6jd, A. Yethiraj, P. Schurtenberger, Multiple path-
dependent routes for phase-transition kinetics in thermoresponsive and field-
responsive ultrasoft colloids, Phys. Rev. X 5 (2015) 011030.

[56] P.S. Mohanty, S. Nojd, M.]. Bergman, G. Nagele, S. Arrese-Igor, A. Alegria, R. Roa,
P. Schurtenberger, J.K.G. Dhont, Dielectric spectroscopy of ionic microgel
suspensions, Soft Matter 12 (2016) 9705-9727.

[57] M. Rubinstein, R.H. Colby, Polymer Physics, Oxford University Press, 2003.

[58] H.J. Limbach, A. Arnold, B.A. Mann, C. Holm, ESPResSo - an extensible
simulation package for research on soft matter systems, Comput Phys
Commun 174 (2006) 704-727.

[59] T.A. Prokopieva, V.A. Danilov, S.S. Kantorovich, C. Holm, Ground state
structures in ferrofluid monolayers, Phys Rev E 80 (2009) 031404.

[60] T. Prokopieva, V. Danilov, S. Kantorovich, Ground state microstructure of a
ferrofluid thin layer, ] Exp Theor Phys 113 (2011) 435-449.

[61] J.G. Donaldson, P. Linse, S.S. Kantorovich, How cube-like must magnetic
nanoparticles be to modify their self-assembly?, Nanoscale 9 (2017) 6448-
6462

[62] S.S. Kantorovich, A.O. Ivanov, L. Rovigatti, ].M. Tavares, F. Sciortino,
Temperature-induced structural transitions in self-assembling magnetic
nanocolloids, Phys. Chem. Chem. Phys. 17 (2015) 16601-16608.

[63] R. Kubo, The fluctuation-dissipation theorem, Rep. Prog. Phys. 29 (1966) 255.


http://refhub.elsevier.com/S0304-8853(17)32177-7/h0005
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0005
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0005
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0005
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0010
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0010
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0015
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0015
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0020
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0020
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0025
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0025
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0030
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0030
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0035
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0035
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0040
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0040
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0040
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0045
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0045
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0050
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0050
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0050
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0055
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0055
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0060
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0060
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0065
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0065
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0065
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0070
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0070
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0070
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0075
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0075
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0075
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0075
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0075
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0075
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0080
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0080
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0085
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0085
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0090
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0090
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0090
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0095
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0095
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0095
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0100
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0100
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0100
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0100
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0100
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0105
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0105
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0105
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0110
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0110
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0110
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0115
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0115
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0120
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0120
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0130
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0130
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0135
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0135
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0140
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0140
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0140
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0145
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0145
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0150
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0150
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0155
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0155
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0155
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0160
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0160
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0160
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0165
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0165
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0165
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0170
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0170
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0175
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0175
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0180
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0180
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0180
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0180
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0185
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0185
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0185
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0190
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0190
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0190
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0195
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0195
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0200
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0200
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0205
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0205
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0210
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0210
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0215
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0215
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0215
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0215
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0220
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0220
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0225
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0225
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0225
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0225
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0230
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0230
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0230
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0230
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0230
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0235
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0235
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0240
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0240
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0240
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0245
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0245
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0245
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0245
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0250
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0250
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0250
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0255
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0255
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0255
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0260
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0260
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0265
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0265
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0265
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0270
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0270
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0275
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0275
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0275
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0280
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0280
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0280
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0285
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0285
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0290
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0290
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0290
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0295
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0295
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0300
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0300
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0305
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0305
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0305
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0310
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0310
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0310
http://refhub.elsevier.com/S0304-8853(17)32177-7/h0315

	The influence of the magnetic filler concentration on the properties of a microgel particle: Zero-field case
	1 Introduction
	2 Model and methods
	3 Results and discussions
	4 Conclusion
	Acknowledgements
	References


