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The idea of creating polymer-like structures by crosslinking magnetic nanoparticles (MNPs) opened an
alternative perspective on controlling the rheological properties of magnetoresponsive systems, because unlike
suspensions of self-assembled MNPs, whose cluster sizes are sensitive to temperature, magnetic filaments
(MFs) preserve their initial topology. Considering the length scales characteristic of single-domain nanoparticles
used to create MFs, the MNPs can be both ferro- and superparamagnetic. Moreover, steric or electrostatic
stabilization might not fully screen van der Waals interactions. In this paper, using coarse-grained molecular
dynamics simulations, we investigate the influence of susceptibility of superparamagnetic MNPs—their number
and central attraction forces between them—on the polymeric, structural, and magnetic properties of MFs with
varied backbone rigidity. We find that, due to the general tendency of MFs with superparamagnetic monomers
to bend, reinforced for colloids with a high susceptibility, properties of MFs vary greatly with chain length.
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I. INTRODUCTION

The idea of smart, magnetoresponsive materials has
brought forth a variety of soft matter systems [1-6] since
magnetic fluids were first synthesized [7]. Such materials,
which are responsive to magnetic fields, can be made by
combining magnetic micro- and nanoparticles (MNPs) with
conventional soft materials, such as fluids or gels. Out of
these systems, magnetic filaments (MFs) [8,9], first syn-
thesized as micron-sized magnetic-filled paramagnetic latex
beads forming chains [10,11], open up a plethora of potential
applications [12-15]. They have been experimentally inves-
tigated as artificial swimmers [16], for cellular engineering
uses [17,18], and as biomimetic cilia designs [19,20], just to
name a few.

Even though synthesis techniques of MFs are now rather
diverse and powerful [9,12,19,21-33], there is no clear recipe
for how to create a polymer-like, supracolloidal chain that
exhibits the desirable “polymeric” flexibility and a significant
magnetoresponsiveness that supplants the magnetic response
of the monomers—magnetic nanoparticles. Recent advances
in DNA origami technology and programmable DNA-MNP
assembly techniques have shown a potential to produce flexi-
ble, nanoscale MFs, with a highly controllable microstructure
[34—41]. As it stands, such filaments have not been achieved.
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Theoretically, MFs have mostly been explored in bulk
[42-49]. Their behavior when exposed to an external mag-
netic field has also been scrutinized [50-56]. Theoretical work
has been done on filaments in the context of artificial swim-
mers [57-59], biomedical applications [60—62], micromixers
[63], as well as designs for cargo capture and transport [64].
Magnetic filaments or fibers on the micron scale are in general
valuable for tuning the effective viscosity of magnetorheolog-
ical suspensions [65]. Magnetic and structural properties of
MFs have been studied from the point of view of the magnetic
nature of colloids they consist of, and from a crosslinking
approach [66]. Furthermore, properties of MFs with super-
paramagnetic monomers exhibiting central attraction forces
have been investigated [67].

Key insights from previous works that depict the relevance
of this work can be summarized in the following:

(1) The crosslinking approach is of major importance for
MFs, strongly affecting both their magnetic and structural
properties.

(2) MFs with superparamagnetic colloids can not only
exhibit a more substantial magnetic response to applied mag-
netic fields than their counterparts with ferromagnetic ones,
but also exhibit qualitatively different behavior that is depen-
dant on monomer number.

(3) Magnetic colloids are never completely impartial
towards the solvent they are in, and synthesis attempts
have underlined van der Waals (vdW) forces as an
uncircumventable element of a prospective experimental
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system, the effect of which scales with monomer number
and affects the magnetic and structural properties of MFs
tremendously.

Permanent, flexible, linear conformations of magnetiz-
able colloids are a key component of future technologies
that leverage magnetoresponsiveness. Therefore, it is impor-
tant to understand the relation between filament length and
its properties, especially if they consist of superparamag-
netic colloids exhibiting central attraction. To the best of
our knowledge, there are currently no comparative studies
that scrutinize the properties of a single nanoscopic MF as
a function of monomer number, where the colloids can in-
teract via a central attraction and that take into account the
nonlinear contributions to the magnetization of superparam-
agnetic monomers, while exposed to an external magnetic
field. In this manuscript, we employ molecular dynamics
(MD) simulations to fill the gap in understanding of fun-
damental properties of magnetic filaments. We discern two
crosslinking approaches which allow us to contextualize
the effects of dipole interactions, magnetization, and central
forces in terms of either a rather flexible filament back-
bone or a backbone that has significant stiffening against
bending. Even though we do not directly address the me-
chanical properties of MFs here, as we previously did in
Refs. [68,69] for the case of no central attraction between
monomers, or as it has been done in Refs. [14,48,70,71],
we can get a qualitative picture of the elasticity by looking
at gyration radii [72]. We present a comparative analysis of
MF equilibrium, structural, and magnetic properties in con-
stant, homogeneous magnetic fields. With this, we envelop
the phenomenology of a single magnetic filament with su-
perparamagnetic monomers and link it to broadly applicable
and generalizable trends and guidelines for prospective ex-
perimental systems. Specifically, the content of this work
should prove useful for low-density suspensions of polymer-
like structures containing nanoscopic magnetic colloids in
a poor solvent, and give a baseline estimate for how chain
length distribution in such a suspension affects its properties at
equilibrium.

The paper is structured as follows: in Sec. II we outline
our coarse-grained modeling approach. This includes the sim-
ulation protocol, magnetic and vdW interactions, a discussion
on the magnetic properties of MNPs, and modeling of super-
paramagnetic MNPs, as well as a detailed account of units.
We proceed to discuss our results in Sec. III. We present how
the crosslinking approach and the interplay between central
attraction and the dipole interactions affect the structural and
magnetic properties of filaments with magnetizable, super-
paramagnetic colloids. In Sec. IV, we provide a summary and
prospects of our study.

II. METHODOLOGY

A. Simulation method

Using the ESPResSo software package [73], we perform
molecular dynamics simulations for different monomer num-
bers N, saturation magnetization Wmax, and dimensionless
applied field strength H = |H|, where H is always directed
along the z axis. The carrier fluid was represented implicitly
via the Langevin thermostat at fixed temperature 7 [74]. In

practice it means that the Langevin equations of motion are
integrated over time ¢ numerically:

i by 28 )
i— o == Vi i
dt m
dC_{)i >R
i—— =7 — gy + 2§, 2
7 rO; + 2§ 2

where for the ith particle in Eq. (1), M; is, in general, a
rank-two mass tensor that in our case of isotropic monomers
reduces to a scalar, F; is the force acting on the particle,
and V; denotes the translational velocity. I'r; denotes the
translational friction tensor that once again in our particular

-

case reduces to one scalar friction coefficient. Finally, &,

is a stochastic force, modeling the thermal fluctuations of
the implicit solvent. Similarly, in Eq. (2), I; denotes the ith
particle inertia tensor (scalar for a homogeneous sphere), T;
is torque acting on it, and @; is particle rotational velocity.
As for the translation, I'g denotes the rotational friction ten-

2R
sor that reduces to a scalar for our monomers, and the &,

. . . STl
is a stochastic torque serving for the same purpose as &; .

Both stochastic terms satisfy the conditions on their time
averages [75]:

&', =o,
(B 0F (1) = 2T ks TS 8¢ — 1)), (3)

where k, [ = x, y, z.

Forces and torques in Egs. (1) and (2) are calculated from
interparticle interaction potentials. In all our simulations here,
we used no periodic boundary conditions, as the focus is
always on a single polymer-like chain per simulation box. For
the integration, the velocity Verlet algorithm was used [76]
with a time step of 0.01 (see Sec. II C for more detail on the
simulation units and their relation to experimental values).
The long-range dipole-dipole pair interactions are simulated
using direct summation. Initial filament backbone orientations
are uniformly distributed on the surface of a sphere. After
making sure that the system relaxes into an equilibrium, field-
free configuration by running an integration cycle for 10%
integration steps, we switch on the external magnetic field and
start measuring. To obtain statistically significant results, we
always present averages over 40 independent simulation runs,
and make sure that the snapshots we use for “measuring” are
sufficiently far apart from each other to minimize correlations,
by performing 3 x 107 integrations, sampling at intervals sep-
arated by 10 000 integrations each.

B. Modeling details

We model MFs formed by monodisperse, spherical, su-
perparamagnetic monomers, with a characteristic diameter
o using a well-established and proven bead-spring repre-
sentation of a polymer. The central attraction between the
monomers is given by the Lennard-Jones potential:

ULi(r) = devawl(o/r)'* — (o /r)°} )

where e,qw is the depth of the potential that determined the
energy scale of the attraction or repulsion. It is implied that
the nature of physical or chemical processes that lead to vdW
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forces, and distinctions between them, are unimportant, as
long as their action is well captured by uniform central attrac-
tion. This is why throughout this work, we use solvophobicity
and vdW forces interchangeably, as at equilibrium they cannot
be distinguished in any substantial way from effective, central
attraction forces between the colloids. Since we are exploring
single filament properties at equilibrium, the Langevin dy-
namics coupled together with an effective central attraction
implicit representation of a solvent is sufficient and accurate.
The long-range magnetic interparticle interactions are ac-
counted for by the standard dipole-dipole pair potential:
Mi- R

Uga(Fij, i, fij) = P e I

I

®)

where the interparticle distance is r = |7;|, and 7;; =7 —
7; is the displacement vector connecting the centers of
monomers i and j with dipole moments fi; and fi;, respec-
tively. Furthermore, we consider Zeeman interactions coming
from the presence of an external magnetic field H:

N
Un(H. i) =~ H - i (©)
i=0

Phenomenology of superparamagnetic MNPs is simulated
using the model introduced in Mostarac et al. [66], where
the MNPs are considered as perfectly isotropic, magnetizable
colloids, which are also susceptible to dipole fields H, in
addition to the external magnetic field applied, H. The total
magnetic field H, is the sum H and ﬁd. The latter field,

created by particle j, at position 7y is given by

L 3Ryl i;
] J = J

Hy = ——F; — = @)
0y 0j

We define the dipole moment ji} of an ith superparamagnetic
particle at a given temperature 7 as

Mmax |gtot | ﬁlot
S = | —m s 8
Mi Mmax ( kT ) Her ®)

where [Umax = |fimax| denotes the modulus of the maximal
magnetic moment of the particle, fin.x. Here, kg is the Boltz-
mann constant and L(«) is the Langevin function:

L(x) = coth(a) — é. )]

Essentially, we use a classical magnetization law for a non-
interacting system of superparamagnetic colloids and extend
it so that the interactions are accounted for as a nonlinear
contribution to the magnetization.

Regarding the modeling of monomer crosslinking, we dis-
cern two approaches. On one side, we realize filaments with
a flexible backbone via finitely extendable spring potential
Ugeng bonds, attached to monomer centers. This crosslinking
restricts only on the translational degrees of freedom between
the monomers, and we refer to it as plain crosslinking. When
defined as a function of the center-to-center distance r, Urgng
potential takes the form

—Kfrj% r 2
Urene(r) = > Inil— (;) , (10)

where ry and K are the maximum extension and the rigidity
bond, respectively. We ensure close contact, without intro-
ducing any energetic penalty on rotation of the monomers.
Therefore, the head-to-tail arrangement of the dipole moments
is achieved purely through the cooperative influence of the
magnetic dipolar field generated by neighboring monomers
and the external magnetic field (if applied). Alternatively, we
scrutinize the effects of additional interparticle correlations
and backbone rigidity by contrasting a purely Urgng backbone
to one with added isotropic bending pair potential Upeng for
each consequent three-particle set, given by

K )
Ubena(@) = —=(¢ — )" (11

where ¢ is the angle between the vectors spanning from
particle i to its nearest-neighbor particle pair (i — 1,i+ 1),
i€[2,N —1]. K; is the bending constant, while ¢9 = 7 is
the equilibrium bond angle. The expression in Eq. (11) is a
harmonic, angle-dependent potential. Through this work, we
refer to the above-described crosslinking model as constrained
crosslinking.

C. Reduced units and mapping to physical parameters

In this subsection we give a detailed overview of the units
used in our simulations. We communicate to what SI scale the
units in our simulations (reduced units) correspond—in other
words, we provide a mapping of reduced units to SI units.

The time scale in a simulation is [t] = 2.14 x 1078 s. We
set the reduced temperature of the Langevin thermostat to be
kgT = 1, corresponding to 298.15 K. The energy in our simu-
lations is measured in units of kgT. We consider two values of
the reduced saturated magnetic moment w2, = |fimax|> = 1
and uﬁm = 3, for a range of reduced external magnetic fields
H < 6. Given a choice of a particular magnetic nanoparticle,
such as using magnetite nanoparticles coated with a thin layer
of stabilizing agent (i.e., oleic acid coating, 1.5 nm thick),
in the case of ,ufnax =1, o corresponds (not uniquely) to a
colloid with a magnetic core of 11 nm with a dipole moment
of 3.35 x 107! Am?, whereas for 2, = 3, o corresponds
(not uniquely) to a colloid with a magnetic core of 15 nm
with a dipole moment of 8.5 x 107! Am?. The length scale
is set equal to the monomer diameter. The maximum of the
applied magnetic field range we explored represents moderate
fields of only 0.072 T, for MNPs with 2, = 1and 0.05 T,
for MNPs with 12, = 3. We chose magnetite as a reference
as it is one of the most commonly used magnetic materials
in magnetic soft matter. The chosen range of magnetic field
strength spans from an initially weak magnetic response to
the saturation magnetization of MNPs. The factor K of the
potential given in Eq. (10) is set to Ky = 10. The maximum
extension of the FENE bond 7y, is set to ry = 20 . The bending
constant Kj, of the harmonic angle-dependent potential given
in Eq. (11) is set to K;, = 3.2.

Values of N we explore in this work are sensible relative
to the theoretical model introduced in Mostarac et al. [66] to
rationalize tendencies of magnetic filaments with superparam-
agnetic monomers to bend. By combining the Flory approach
and direct calculations of dipolar interactions in a folded fila-
ment, we understood that, as a function of monomer number,
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FIG. 1. Normalized radius of gyration (R;)z, plotted as a function of H. Each subplot is showing profiles corresponding to MFs with
colloids exhibiting various strengths of central attraction &,qw and crosslinking. Subplots in the same row contain results with the same colloid
saturation magnetization, where in [(a)—(c)], u2,, = 1 (hollow symbols); in [(d)—(D], 2, = 3 (filled symbols). Subplots in the same column
contain results for MFs with the same number of monomers, where in (a) and (d), N = 20; (b) and (e) are showing N = 50; (c) and (f)
are showing N = 100. Color coding for different e,qw and crosslinking is explained in the legends. Error bars are calculated as the standard

deviation of R} across 40 independent simulations.

it can be advantageous for a filament with superparamagnetic
monomers to bend both from the point of view of overall free
energy and magnetic interactions. Therefore, we choose three
values of N around a threshold length where this conclusion
holds. We expect to see stark qualitative differences between
filaments with N = 20 and N = 50. For N = 100, we expect
results to be more similar to N = 50 than to N = 20.

III. RESULTS AND DISCUSSION

A. Conformations

To avoid irreversible aggregation due to attractive forces,
one would try to render the background medium in a
suspension as chemically transparent as possible and stabilize
the magnetic colloids. Regardless, it remains a matter of
fact that vdW forces will be present to some degree in real
suspensions of MFs. Here, we focus on a magnetic filament
that has a slight affinity towards its own species rather than the
solvent. In this case, filaments form compact clusters [77] like
those seen in Stockmayer systems [78—82], instead of open
networks that would form in filament suspension without any
central attraction present [83]. Earlier works on Stockmayer
systems have considered ferromagnetic colloids. In this
work, we study how the presence of vdW forces affects the
properties of MFs with superparamagnetic monomers, as a
function of monomer number. Such filaments have a tendency
to bend into what we broadly call U-shaped conformations,
resulting in a remarkably diverse and rich conformational

spectrum, a phenomenology that is bound to be affected
by vdW forces. A standard way to analyze the polymeric
properties of a polymer-like structure is to calculate the
gyration radius R, = «/)»% + A% + 22, where A; > Ay > A3
are the eigenvalues of the gyration tensor:

N
1
Gu = ]v Zl:("i,u — Tem,u )iy = Tem,w) (12)

where r;, and r., , are the uth Cartesian components of
the position of the ith monomer and the center of mass,
respectively. The summation is carried over all N monomers
in a filament. Experimentally, R, is one of the typical
measurements for polymers as, for example, in Ref. [72]. In
the case of larger supramolecular polymer-like structures, the
gyration radii can be extracted from atomic force microscopy
and transmission electron microscopy data, as, for example,
in Ref. [40]. Here, we use R; to denote R, normalized by its
value for a rod with a length corresponding to an equivalent
number of monomers at touching distance.

Figures 1(a)-1(c) show that filaments with plain crosslink-
ing (green), composed of weakly magnetic monomers
(U2, = 1), exhibit largely flat Ry profiles that vary by at
most 10% with monomer number. Even the shortest MFs we
explored essentially coil up and remain so across the range of
H explored. In this case magnetic interactions are weak and
are dominated by entropy. However, if MFs contain strongly
magnetic monomers (urznax = 3), shown in Figs. 1(d)-1(f),
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dipole-dipole interactions can compete with entropy. In the
weak central attraction region (eygw = 0.5), for N = 20, RZ
suggests that MFs unravel into conformations characteristic
of a head-to-tail dipole arrangement, even for weak applied
fields (H < 1). With increasing N, we see the joined action
of entropy, vdW forces, and bent-backbone conformations
becoming more favorable and persistent. The differences in
R; decrease as monomer number increases due to the coiling.
Central attraction between the monomers leads to more com-
pact conformations of MFs, as the system tries to minimize
the contact surface with the solvent. Filaments with super-
paramagnetic monomers can bend in an applied magnetic
field to obtain a significant gain in entropy, and depending
on filament length, can in principle do so without a loss in
magnetic energy [66], meaning that we attribute the overall
shape of R; profiles to the local orientation of dipole mo-
ments. Consequently, we see instances where R, decreases
with increasing H strength. Furthermore, bent-backbone fil-
ament conformations collapse due to central attraction. For
evaw = 1, central attraction is strong enough to compete with
dipole-dipole interactions. Therefore, for plain crosslinking,
the differences between the R; profiles, regardless of JTE—.
are small and mostly constrained to the low field region,
where the bending tendencies of MFs with superparamagnetic
monomers are less pronounced. For H > 2, Ry profiles are
indistinguishable for a given N.

Increase in intermonomer correlations exacerbates the vari-
ance in R;, as can be seen for constrained crosslinking in
Fig. 1 (blue). Constrained crosslinking leads to a backbone
that is overall stiffer and resists bending. On one side, the
head-to-tail dipole arrangement and resistance to bending in-
duced by the constrained crosslinking favor elongation of the
backbone along H. On the other side bent-backbone con-
formations are favorable from the point of view of entropy,
vdW interactions, and can even be magnetically favorable.
Filaments with constrained crosslinking follow broadly sim-
ilar trends, while being on average more elongated than their
counterparts with plain crosslinking. The fact that coiling is
also favorable from the point of view of magnetic interac-
tions is visually accessible. While not a feature specific to
constrained crosslinking, the added rigidity against bending
acting against entropy and central attraction, leading to higher
R’ values, highlights instances where increase in H flips the
balance of forces in favor of more coiling. It is interest-
ing to note the particularly wide error bars for constrained
crosslinking in Fig. 1(d) for eygw > 1 or in Fig. 1(e) for
evaw = 0.5. This is an energetically contentious region for
MFs. For N > 50 there are bent-backbone conformations that
are magnetically favorable, while for N = 20 they correspond
to local energy minima. In both cases, MFs spend consid-
erable time in such conformations and, therefore, exhibit a
lot of variance in R;. Central attraction favors bent-backbone
and collapsed conformations, hence increasing &ygw and/or
N decreases the variance of R;. Regardless, we note mostly
coiled filament conformations, except for short N = 20 MFs.
Higher monomer number favors collapsed conformations.
Differences in R; based on uﬁqax, for a given N, are small
and mostly constrained to the low field region. For con-
strained crosslinking, this is true even for weaker central
attraction, &yqw < 0.5. Additional intermonomer correlations,

introduced by constrained crosslinking, support the favorable
head-to-tail dipole arrangement. Therefore, R, profiles be-
tween MFs with weakly and strongly magnetic monomers are
more similar for constrained than for plain crosslinking.

B. Neighbor analysis

Considering what we learned from Fig. 1, it is interesting
to scrutinize the local structure within the compact conforma-
tions MFs form. Specifically, we want to understand whether
these compact structures keep an ordered internal structure
and a favorable dipole moment configuration as well. To
do so, we investigate the number of nearest neighbors as
a function of eygw and H, and the number of magnetically
favorable neighboring monomers in a filament for different
crosslinking, 2, and N, both of which are shown in Fig. 2.
Neighbors of a monomer i are all monomers j # i whose
center is within the volume of a sphere of radius 1.3 centered
at the monomer i. Among the neighboring monomers, we
can additionally count only the ones whose dipole moment
is favorably orientated with respect to the dipole moment of
the ith monomer (U, < 0).

When no external magnetic field is applied, MFs form
highly compact structures, where each monomer can have up
to seven nearest neighbors; this value is a growing function of
&vaw. Once a magnetic field is applied, the effect of dipolar
interactions is depicted in the contrast of the number of total
neighbors for subplots with different u2,_ . We can see that
for monomers with a low magnetic susceptibility, the onset
of magnetic interactions affects the total number of magnetic
neighbors only slightly, with marginal increase as a function
of H. Strong central attraction forces and entropic coiling
offset the energetic penalty of weakly magnetic monomers in
unfavorable configurations. This is also reflected in the overall
low number of magnetically favorable neighbors, unless a
strong external magnetic field is applied. In this case, since
at saturation magnetization the weakly magnetic monomers
in our simulations exhibit dipole-dipole interactions compa-
rable to thermal fluctuations, and in a strong applied field
are coaligned with it with very little variance, they manage
to achieve very compact structures that still have an overall
magnetically favorable internal structure. It is therefore also
due to dipole interactions that MFs with highly susceptible
monomers exhibit a pronounced increase in the number of
total neighbors with growing magnetic field. For strongly
magnetic colloids, unless central attraction forces dominate,
dipole-dipole interactions act against the structural collapse
of the backbone and the overall number of magnetically
favorable neighbors is high. However, as Zeeman coupling
increases, backbone bending becomes advantageous in terms
of both overall free energy and magnetic interactions, so
we see a pronounced increase in total number of neighbors
without detrimentally affecting the number of magnetically
favorable ones.

Regardless of u?, , the orientational correlations induced
by constrained crosslinking increase the fraction of magnet-
ically favorable neighbors compared to plain crosslinking
in the low applied field region, while in the high field re-
gion they decrease it slightly. This underlines the importance
of the interplay between dipolar interactions crosslinking
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FIG. 2. Number of neighbors each monomer in a filament has versus magnetic field strength H. The hollow part of each bar shows the total
number of neighbors while the filled part shows the part of neighbors that are magnetically favorable. Each subplot shows MFs with colloids
exhibiting various strengths of central attraction &qw. Subplots in the same row contain results for MF with the same colloid saturation
magnetization, where [(a)—(i)] correspond to ufmx = 1, while [(d)—(])] correspond to ufmx = 3. Subplots in the same column contain results
for MFs with the same number of monomers, where in (a), (d), (g), and (j), N = 20; (b), (e), (h), and (k) show N = 50; and (c), (f), (i), and (1)
show N = 100. Color coding for different e,qw and crosslinking is explained in the legends. Bars are shown with varying thickness to improve
legibility, where thickness decreases with increasing &yqw .
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FIG. 3. The difference between the normalized filament magnetization and magnetization of a semiconcentrated ferrofluid, predicted by
MMFT [Eq. (13)], denoted with Am*, as a function of the dimensionless magnetic field strength H. Each subplot is showing Am* profiles
corresponding to MFs with colloids exhibiting various strengths of central attraction &,qw and crosslinking. Subplots in the same row contain
results with the same colloid saturation magnetization, where in [(a)~(c)], u2,. = 1 (hollow symbols); in [(d)-()], 12, = 3 (filled symbols).
Subplots in the same column contain results for MFs with the same number of monomers, where in (a) and (d), N = 20; (b) and (e) show
N = 50; (c) and (f) show N = 100. Color coding for different e,qw and crosslinking is explained in the legends. Error bars are comparable to

symbol size and are as such not shown.

induced orientational correlations. Where magnetic interac-
tions are weak, added interparticle correlations stemming
from the crosslinking help enforce a favorable head-to-tail
dipole arrangement, while if the magnetic interactions are
strong enough, it restricts how dipoles can rearrange to relax
the magnetostatic energy. The effect of entropy is reflected in
the increase of overall number of neighbors with increasing N.
The impact of monomer number is only quantitative. We can
see an overall increase in monomer neighbors with increasing
N is slightly less pronounced in MFs with plain crosslink-
ing than in their counterparts with constrained crosslinking,
mainly because of the greater backbone flexibility inherent to
plain crosslinking. We see that, as expected, the results for
N = 50 are more similar to the results for N = 100 than N =
20. For such chain lengths, backbone bending is advantageous
in terms of both overall free energy and magnetic interactions.
For shorter N = 20 filaments, elongated conformations are
still slightly more advantageous in terms of magnetic inter-
actions.

Finally, it is worth noting that, as seen in Fig. 1, MFs
form highly coiled structures, far remote from an elongated
or rod-like conformation that would be typical for MFs with
ferromagnetic colloids in a good solvent. However, these are
not necessarily collapsed, aggregate-like structures, as under-
stood from the relatively low total number of neighbors for
MFs with strongly magnetic colloids in a weak applied field.
In conjunction, this means that MFs assume conformations

resembling structures that appear to a classical Stockmayer
fluid, where magnetic colloids arrange in chains, head to tail,
forming a globally circular pattern. These are noncollapsed
weaving loops of dipoles following the dipole field flux. As
the applied filed strength increases, given the magnetizable
nature of superparamagnetic colloids, the dipole moments
orientation becomes coaligned with the external magnetic
field, at which point collapsed filament conformations become
favorable from the point of view of magnetic interactions.
This finally leads to the structural collapse of the backbone.
However, in contrast to clusters of ferromagnetic colloids gen-
erally and polymer-like structures containing them, MFs with
superparamagnetic monomers maintain an amicable magnetic
response to applied magnetic fields.

C. Magnetic response

In this section we analyze the magnetization of MFs and its
relation to the number of monomers and their susceptibility.

Looking at Fig. 3, we can see how the structural collapse
of the filament backbone, facilitated by central attraction,
affects the magnetic response of MFs, quantified by the differ-
ence between the normalized filament magnetization and the
magnetization of a semidilute ferrofluid, denoted with Am*,
as a function of the dimensionless magnetic field strength H.
The normalized magnetization m* is the total magnetic mo-
ment of a filament, normalized by the number of monomers
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and fmax, as a function of H. The magnetic response of a
a semidilute ferrofluid is well described by the secondorder
modified mean-field theory (MMFT?2) [84]:

n = ,O*MmaxL(/JLmaxHe)a

1
H,=H + gll‘«maxp*L(U«maxH)

dL(l’LdeH )
dH

where p* is the magnetic particle number density. Here, we as-
sume that for a given value of H, all MNPs are constrained to a
volume V = 471R§, /3,80 p* = N/V. Generally, MFs are more
responsive to external magnetic fields than a ferrofluid, and
in the absence of central attraction forces, 7" is independent
of monomer number. However, vdW forces scale with fila-
ment length, and affect and restrict the conformational phase
space MFs can explore, making it interesting to consider "
in that context also. Central attraction tends to push dipole
moments in rather frustrating arrangements. We see that as
evaw increases, MFs become significantly less responsive to
low- or moderate-strength external magnetic fields, compared
to a semidilute, nonclustering ferrofluid. We see up to 20%
lower Am™* for strongly magnetic colloids, and up to 40%
lower Am* for weakly magnetic ones. This underlines why
it is crucial to avoid agglomeration of systems containing
magnetic colloids. The magnetic response of MFs with plain
crosslinking decreases tremendously with increasing central
attraction strength. MFs with weakly magnetic monomers
exhibit a magnetic response similar to the predictions of
MMFT?2 only for relatively strong magnetic fields or low
central attraction strength. It can be seen in Figs. 3(d)-3(f),
showing Am* for MFs with strongly magnetic monomers,
that having strongly magnetic monomers alleviates the issue
somewhat. Regardless, the loss in magnetic response is greater
for longer filaments, where between N = 20 and N = 100 we
see up to 10% lower magnetization, depending on eyqw and H
strength. It should be clear by this point that plain crosslinking
severely limits the magnetic response of MFs, particularly
when vdW forces are present, where one can expect a system
with a magnetic response to a semidilute ferrofluid at best.
However, MFs with constrained crosslinking fare much better.
In fact, if vdW forces are not too strong (syqw < 1), Am*
profiles corresponding to MFs with constrained crosslinking
are representative of systems that are more magnetorespon-
sive than conventional magnetic fluids. Even for N = 100
filaments, we see up to 20% improvement for MFs with
weakly magnetic monomers and up to 40% improvement
for strongly magnetic ones in magnetoresponsiveness com-
pared to MMFT?2 predictions. The additional intermonomer
correlations and resistance against bending complement and
favor the head-to-tail dipole moment configuration. In ef-
fect, for strongly magnetic 2, = 3 monomers, constrained
crosslinking suffices to almost completely offset the reduction
in magnetoresponsiveness of shorter MFs (N = 20) due to
vdW forces, while for long chains N = 100 this is the case
if eygw < 1. In order to visualize some of the key points
from the discussion above, in Fig. 4, we include snapshots of
characteristic equilibrium conformations for MFs with N =
50 monomers, plain or constrained crosslinking, in a weak

1
+ Z§<unmxp*)2L(unmxf1) (13)
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FIG. 4. Simulation visualization of N = 50 MFs with plain (left)
and constrained crosslinking (right), with highly magnetic monomers
(/ernax = 3), in a weak magnetic field (H = 1) (a), and in a strong
magnetic field (H = 6) (b), where monomers have a strong affinity
toward agglomeration (&,qw = 2). Color bar denotes the span of
monomer magnetization for the configurations shown.

[Fig. 4(a)] or strong [Fig. 4(b)] external magnetic field. Each
subfigure consists of two snapshots. The left snapshot in a
subfigure is a snapshot of a filament with plain crosslinking,
whereas the right one depicts a filament with a constrained
crosslinking. The direction of the field is denoted by a black
arrow on the left. The color bar on the right, common for
both snapshots in a subfigure, encodes the alignment with
the external magnetic field of any particular dipole moment
(magnetization). When a weak magnetic field is applied, the
clusters are very compact. The dipole moments of individ-
ual monomers are not particularly aligned with the external
magnetic field. This suggests that the dipole fields are the
dominant factor that determines the structure of the cluster,
whereas the external magnetic field mainly serves the purpose
of inducing the dipole moments. The structure on the right
in Fig. 4(a) is more extended because of the bending rigidity
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brought by a constrained crosslinking. The difference between
crosslinking becomes less important if a strong magnetic
field is applied, as both conformations elongate along the
external magnetic field direction as seen in Fig. 4(b). While
the structure might be locally more frustrated, additional
intermonomer correlations enforce an overall more organized
structure where the configuration is dictated by the external
magnetic field, as can be seen in Fig. 4(b). Here, one can also
notice a mild increase in the magnetization if the crosslinking
is constrained (right snapshot).

IV. CONCLUSIONS

This study posits that it is manifestly not feasible to
completely screen central attraction forces between mag-
netic colloids. As such, given the nature of vdW forces,
even the slightest affinity a colloid might have towards their
own species rather than the solvent will greatly affect the
properties of prospective polymer-like structures that contain
magnetic colloids. Using coarse-grained molecular dynam-
ics simulations, we investigated polymeric, structural, and
magnetic properties of nanoscopic MFs with superparam-
agnetic monomers, in the presence of an effective central
attraction between the monomers. In particular, we elucidate
the implications of filament length, in conjunction with the
crosslinking approach, monomer susceptibility, and central
attraction strength.

We find that in an external magnetic field, MFs with
a flexible backbone, where the rotational degrees of free-
dom between the monomers are decoupled, and the magnetic
susceptibility of monomers is low assume very compact,
collapsed conformations, regardless of the field strength. Al-
ternatively, for more susceptible magnetic colloids, whether
the backbone of a filament collapses and how compact the
resulting structure is depends on the external magnetic field
strength. With a strong central attraction, it is possible to
observe a monomer packing close to the one characteristic of a
body centered cubic lattice—seven or eight nearest neighbors
surround each monomer, out of which, however, only two or
three are favorable in terms of the dipole-dipole interaction
energy. Although the validity of the previous statement de-
pends on the number of monomers in a filament, having
in mind the typical number of monomers in polymeric sys-
tems, the longest filaments we explored in this work are
still relatively short. Therefore, our results suggest that,
with vdW forces present, one should expect to encounter

compact in-field structures, which can resemble highly or-
dered structures—even if the energy scale of central attraction
is lower than thermal fluctuations, we obtain structures that
reach compactness that can rival, for example, the dia-
mond cubic lattice, a well-ordered structure. This underlines
the importance of the nonlinear contributions, that is, the
contribution of dipole fields to the magnetization of super-
paramagnetic colloids, a key element without which such
structures would simply not be possible. In collapsed, com-
pact conformations, the colloids are forced into magnetically
unfavorable alignments, which hinders the magnetorespon-
siveness of MFs. The decrease in magnetization is more
pronounced for more magnetically susceptible monomers:
one might need to double the field strength to achieve mag-
netization of MFs with no vdW forces present.

For a backbone with rigidity against bending, however,
the additional correlations, induced by the crosslinking, no-
tably enhance the magnetoresponsiveness of MF in weak
applied fields, particularly for highly susceptible monomers.
Although we observe somewhat less compact conformations,
the discussion from the paragraph above still applies. This
underlines that one should consider that MFs with superpara-
magnetic colloids can fold with an external magnetic field
applied. In this case, magnetically and entropically favorable
bent-backbone conformations complement vdW interactions
and lead to surprisingly compact collapsed in-field structures.
Concomitantly, the degree to which colloids manage to form
a head-to-tail dipole arrangement in conjunction with the
intermonomer correlations stemming from the crosslinkers
determines the magnetoresponsiveness of the overall struc-
ture, underlining the fact that crosslinking is the critical factor
when engineering polymer-like systems that exhibit a signifi-
cant responsiveness to external magnetic fields.

Currently, we are investigating suspensions of MFs with
superparamagnetic monomers at equilibrium, and their dy-
namic response to external magnetic fields in an explicit
solvent representation to homogeneous and time-dependant
magnetic fields.
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