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Supramolecular magnetic polymerlike (SMP) structures are nanoscaled objects that combine the flexibility of
polymeric conformations and controllability of magnetic nanoparticles. The advantage provided by the presence
of permanent cross-linkers is that even at high temperature, a condition at which entropy dominates over
magnetic interactions, the length and the topology of the SMP structures are preserved. On cooling, however,
preexistent bonds constrain thermodynamically equilibrium configurations, making a low-temperature regime
for SMP structures worth investigating in detail. Moreover, making SMP structures with perfectly monodisperse
monomers has been a challenge. Thus, the second open problem in the application of SMP structures is the
missing understanding of the polydispersity impact on their structural and magnetic properties. Here extensive
Langevin dynamics simulations combined with parallel tempering method are used to investigate SMP structures
of four different types, i.e., chainlike, Y-like, X-like, and ringlike, composed of monomers of two different
sizes. Our results show that the presence of small particles in SMP structures can qualitatively change the
magnetic response at low temperature, making those structures surprisingly more magnetically responsive than
their monodisperse counterparts.
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I. INTRODUCTION

The combination of polymers and micro- or nanoparti-
cles is one of the most successful available approaches for
the design of novel materials with highly tunable properties
[1,2]. One of the ways to realize this potential is to cre-
ate supramolecular polymerlike structures in which the part
of monomers is played by nanoparticles. The controllabil-
ity of these structures can be achieved by using magnetic
nanoparticles, profiting this way not only from the response
of the monomers to an applied magnetic field, but also from
intrinsic magnetic intermonomer interactions. The potential
of supramolecular magnetic polymerlike (SMP) structures in
microfluidics and biomedical applications has been already
recognized [3–5]. In order to capitalize on this potential, a
fundamental understanding of the interplay between monomer
size, cross-linking, and SMP topology on one side and mag-
netic, structural, and rheological responses on the other is
required.
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Linear SMP structures, i.e., magnetic filaments (MFs),
have been targeted and actively studied for more than 20
years by now [6–23]. Magnetic filaments with monomers
in the micrometer range were synthesized more than one
decade ago [24]. Today a plethora of synthesis techniques is
available to create MFs [15,22,25–35]. All those techniques,
albeit powerful and promising, still cannot fully guarantee the
monodispersity of the magnetic monomers.

Theoretical and computational studies of variously shaped
SMP structures can be divided into two large groups. In one,
MFs are considered flexible magnetic objects, in which indi-
vidual magnetic monomers are not resolved [36–42]. Those
works are particularly useful when describing deformations
in flow or explaining the interplay between applied rotating
fields and hydrodynamics [43]. When applied to nanoscale
objects, such an approach lacks the effects of thermal fluctu-
ations and the resolution of the possible structural transitions
caused by monomer-monomer interactions. Finally, tradition-
ally, the magnetization is assumed to be uniform along the
backbone of the elastic rod, thus not allowing for the effects
of monomer polydispersity.

The other group of theoretical works, in contrast, ex-
plicitly models the monomers [44–46]. These approaches
allow us to account for monomers of different shapes and
to scrutinize both structural and magnetic response of SMP
structures [47,48] as well as brushes made of the latter [49].
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In these approaches hydrodynamics can be considered [50],
however on a scale smaller than that treated by the formalism
mentioned in the preceding paragraph. Although useful to
describe monomer-monomer interactions and their impact on
the macroscopic behavior of the SMP structures, all known
monomer-based SMP studies operate exclusively systems
with identically sized magnetic nanoparticles [51,52].

The intrinsic polydispersity of magnetic nanoparticles is
known to dramatically influence magnetic [53–55], scatter-
ing [56,57], rheological [58], elastic [59], and transport [60]
properties of magnetic soft materials as the magnetization
of typically used single-domain magnetic nanoparticles is di-
rectly proportional to their volumes. Hence, it is natural to
expect that the properties of the SMP structures would be
altered as well if the monomers of different sizes were present
in the systems.

Previously, it was shown that considering magnetic par-
ticles of two different sizes could shed light on the poly-
dispersity effects on structural transitions and macroscopic
responses of materials containing them [55,59,61–63]. Fol-
lowing this strategy, here we employ molecular dynamics
computer simulations to investigate structural transitions in
SMP structures with bidisperse monomers of four different
topologies: linear and Y, X, and ring shaped. We use tem-
perature as a control parameter in order to understand if the
presence of smaller in size and magnetization monomers can
affect the closure of magnetic flux in these systems on cooling.
Such a closure was previously shown to lead to the formation
of magnetically inert structures [64] that however can be used
as potential containers for cargo in micro- and nanofluidics
devices.

The paper is organized as follows. In Sec. II we de-
scribe the model and the methods employed. The description
of the results, provided in Sec. III, is split into two steps:
First, the temperature dependences of the total magnetization
and gyration radii of the SMP structures are discussed,and
then, increasing the resolution, we carefully describe struc-
tural transitions in SMP structures on the level of monomers.
Section IV concludes the paper with a brief summary of the
results and an outlook for future work.

II. SIMULATION MODEL AND METHODS

We consider SMP structures formed by N ferromagnetic
particles of two different sizes: small and large monomers are
modeled as spherical soft beads of characteristic diameters
σs = 1 and σl = 1.6 correspondingly, carrying point magnetic
dipoles �μs and �μl at their centers. Any two monomers i and
j at a distance r = |�ri j | interact with each other via a purely
repulsive Weeks-Chandler-Andersen pair potential [65]

UWCA(i, j) =
{

4ε
[( σi+σ j

2r

)12 − ( σi+σ j

2r

)6 + 1
4

]
, r < rcut

0, r � rcut,

(1)
where ε is the energy scale of repulsion and rcut = 2−5/6(σi +
σ j ). Each pair of magnetic dipoles �μi and �μ j experiences the
conventional long-range dipole-dipole pair interaction

Udip(i, j) = �μi · �μ j

r3
− 3[�μi · �ri j][�μ j · �ri j]

r5
. (2)

FIG. 1. Sketch of all investigated topologies: (a) open chains,
(b) Y’s, (c) X’s, and (d) rings.

Figure 1 shows all investigated topologies. Of course, there
is a plethora of possibilities to mix small and large particles
inside the MFs. One would however expect the main differ-
ence for the situation of a small particle (particle segment)
to be between forming an open end of the structure or be-
ing inside it. We have seven different configurations of open
chains [Fig. 1(a)]. All chains consist of 12 beads. For case 1,
all particles in the chain are large. The second type of chain
includes one small particle in the middle of the chain. In type
3, the small particle is placed at the chain end. The fourth
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FIG. 2. Springs attached to the surface of the particles for dif-
ferent types of connections. In the case of a Y-like SMP structure
(left), the junction has an opening of 120◦, while for an X-like
SMP structure (right) the opening angle is 90◦; linear segments are
cross-linked head to tail.

configuration consists of a chain of ten large particles with
two small particles attached to its ends. The fifth type of chain
includes nine large beads and three small ones: two at the
ends and one in the middle. Types 6 and 7 contain a four-
small-particle segment inside and on the edge, respectively. In
contrast to chains, only one case in addition to the monodis-
perse Y-like SMP structure is investigated, with one arm made
of small particles [Fig. 1(b)]. The arm made of small particles
includes small particles in the center of the structure and at an
open end. The behavior of the latter can be compared to the
other two ends made of large particles. In the case of X-like
SMP structures [Fig. 1(c)], two similar cases are investigated:
a purely monodisperse one used as a reference and a SMP
structure with one arm fully made of small monomers. In
addition to a reference monodisperse 12-particle ringlike SMP
structure, we consider two other configurations with six small
particles each, either being subsequently connected to each
other or split into two segments of length 3 [Fig. 1(d)], as a
ring has no open ends. We opt for fixing nearly the same total
number of particles in SMP structures in order for them to
give comparable saturation magnetization, even though X-like
and chainlike SMP structures in this case have substantially
different entropies.

All those structures are realized by cross-linking neighbor-
ing monomers by finitely extensible nonlinear elastic (FENE)
springs [66]

UFENE(r; K, rmax) = −1

2
Kr2

max ln

[
1 −

(
r

rmax

)2]
, (3)

where K = 10 defines the elastic strength of the bond and
rmax = 0.75(σi + σ j ) its maximum extension. The springs are
attached to the surface of the particles as shown for differ-
ent types of connections in Fig. 2. The choice of rmax does
not affect equilibrium conformations but allows us to use a
relatively large time step. This cross-linking correlates the
orientation of the magnetic moment and the SMP backbone
and penalizes not only translations, but also rotations of the
monomers.

All simulations mentioned in this paper are carried out in
ESPResSo 4.1.4 [67]. As usual in simulations with mesoscale
models, we use a set of reduced, i.e., dimensionless, units.

Here we define lengths and masses in units of the diameter
and mass of the small monomer, so we take σs = 1 and ms =
1. The energy scale ε and the magnetic interaction strength
μ2 are measured in units of dimensionless thermal energy T ,

with the Boltzmann constant k set to unity. In our case, T = 1
corresponds to room temperature conditions. The parameter ε

is fixed to unity throughout the work. There are several ways
to investigate the effects of magnetic coupling strength on
the SMP behavior. Here we choose to fix particle magnetic
moments so that μ2

s /(T σ 3
s ) = 1.3 and μ2

l /(T σ 3
l ) = 5.32 at

T = 1, with σl = 1.6. Thus, the only parameter we vary is the
dimensionless temperature T from 0.2 to 5. In a real experi-
ment this range means changing the magnetic material and/or
size of magnetic nanoparticles: For temperature above 0.6 this
can be provided by magnetite in a range between 10 and
35 nm, while for lower temperatures the model corresponds
to monomers made of cobalt.

The parameters described above are sampled by per-
forming molecular dynamics simulations with a Langevin
thermostat. This means that the motion of each bead i is gov-
erned by the translational and rotational Langevin equations,
obtained by adding the stochastic and friction terms to the
Newtonian equations

mi

(
d�vi

dt

)
= �Fi − �T�vi + �ξi,T, (4)

�Ii

(
d �ωi

dt

)
= �τi − �R �ωi + �ξi,R, (5)

where �Fi and �τi are the total force and torque acting on the
particle, respectively, and mi is the particle mass and �Ii its
inertia tensor. Finally, �T and �R are the translational and
rotational friction constants and �ξi,T and �ξi,R are the Gaussian
random force and torque, respectively, fulfilling the normal
fluctuation-dissipation rules. In this work we used unitary
inertia tensors as they provides fast convergence; we focus
exclusively on thermodynamic equilibrium. For the same
reason, the friction terms in Eqs. (4) and (5) can be chosen ar-
bitrarily. We choose �T = 1 and �R = 3

4 as values known for
providing a fast relaxation in this type of simulation [62,68].
Masses of all particles are fixed to unity. This approach treats
implicitly the effects of the thermal fluctuations of the back-
ground [66,69]. Equations (4) and (5) are integrated by means
of a velocity Verlet scheme. No periodic boundary conditions
are used and each simulation run contains only one SMP
structure in a simulation box whose side is fixed to 30σs.
All forces and torques are calculated directly; no cutoff radii
are employed. FENE springs are attached with the help of
virtual sites, special particles whose equations of motion are
not integrated, and all force and torques acting on them are
translated to the centers of mass of the real particles they
belong to [67].

The simulation protocol consists of a warmup of the initial
configurations at T = 2, performing 2 × 103 integration steps
with a time step δt = 10−3. Finally, a production cycle of 3 ×
106 steps is performed.

Here we used the replica exchange molecular dynamics
method [70,71] to improve the statistics and prevent the sys-
tem from getting trapped in a local minimum. In this method,
L = 50 independent simulations of the same system are run
simultaneously, each with one value of a given parameter Ti,
with i from 1 to L. After equilibration of each replica, we
exchange the two neighboring configurations using the Boltz-
mann probability. This exchange series demands the energy
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FIG. 3. Magnetic moment as a function of T : (a) chainlike SMP structures, (b) Y-like SMP structures, (c) X-like SMP structures, and
(d) ringlike SMP structures. The content and the positioning of small monomers are provided in the legend.

histograms of neighboring simulations to have a substantial
overlap in order to be effective. To balance the accuracy of
the algorithm and the computational cost, we choose sets of
parameter values that provide overlaps of about 30% of the
histogram areas.

III. RESULTS AND DISCUSSION

A. Magnetization and radii of gyration

We start the analysis of the data by looking at the modulus
of a total magnetic moment of a SMP structure, i.e., the vector
sum of all monomer moments, as a function of T . The results
are presented in Fig. 3. All plots but those in Fig. 3(d) are
normalized by the magnetization of the initial configuration
shown in Fig. 1. In the case of rings, the initial configuration
has a zero magnetic moment; hence here the normalization is
done by μ = 1. All the plots are obtained by averaging the
data over 1000 snapshots. The error bars are smaller than the
symbol size.

It is known that non-cross-linked monodisperse magnetic
nanoparticles tend to form first chains and open branched
structures on cooling that close into rings with vanishing total
magnetic moment under further temperature decrease [64]. At
the same time, it is known that particle polydispersity leads to
a significant reduction of the cluster size and prevents ring for-
mation (see [63] and references therein). Here, in the behavior
of the chainlike SMP structures’ total magnetic moment, pre-
sented in Fig. 3(a), we see a clear competition between the two
factors. Thus, if looking from the right to the left, following
the cooling, the monodisperse SMP structures’ magnetization
start falling earlier than those of the SMP structures with
small particles. The most prominent difference is observed
for the chains that contain small particles at the ends (yellow
open squares and blue rhombuses). In fact, the magnetization

clearly exhibits a maximum at the temperature where the mag-
netization of all other SMP structures is already decreasing
rapidly. Interestingly enough, the presence of a small particle
in the middle of the chain with two small particles at the
ends (orange triangles) facilitates magnetization decay and the
magnetic moment behaves similarly to that of a chain with
a small particle at only one end (closed magenta squares).
Moreover, if we consider the chains with small particles in
the middle (open red circles and closed red triangles), then
their magnetization behavior initially looks very similar to
the monodisperse case [gray circles in Fig. 3(a)]. On cooling,
however, the presence of a small-particle segment inside the
chain leads to a slower decay of the total magnetic moment.
Looking at Figs. 3(b) and 3(c), we can see how the presence
of the small-particle arm impacts the decrease of the total
magnetization. For Y-like structures for the studied region
of T none of the curves reach zero. Moreover, for values of
T where the Y-like SMP structure with a small-particle arm
shows a plateau (cyan squares), in the monodisperse case,
there is a local maximum and the overall values are higher. In
contrast to Y-like SMP structures, but similarly to linear ones,
X-like SMP structures with a small-particle arm exhibit slower
magnetization decay on cooling and develop a shoulder near
T ∼ 0.5. We find qualitatively different behavior for ringlike
SMP magnetization, plotted in Fig. 3(d). Initial configurations
in this case are ideal rings that have zero total magnetization.
Thermal fluctuations at high T lead to a finite value that
for monodisperse rings (gray circles) monotonically goes to
zero on cooling. If small particles are mixed in so that seg-
ments of three like-sized particles are alternating (bordeaux
rhombuses), the decrease is slightly hindered, but retains its
profile. The magnetization on the contrary grows on cooling
however, if small particles are forming a single sequential
segment (blue squares).

054601-4



STRUCTURAL TRANSITIONS AND MAGNETIC RESPONSE … PHYSICAL REVIEW E 105, 054601 (2022)

FIG. 4. Radius of gyration as a function of T : (a) chainlike SMP structures, (b) Y-like SMP structures, (c) X-like SMP structures, and
(d) ringlike SMP structures. The content and the positioning of small monomers are provided in the legend.

In order to clarify the observed differences between dif-
ferent topologies and scrutinize the impact of small particles
on the properties of SMP structures, in Fig. 4 we plot the

FIG. 5. Microstate probability histogram for a monodisperse lin-
ear SMP structure at (a) T = 0.20, (b) T = 0.70, (c) T = 1.00, and
(d) T = 1.50. Arrows from the configurations sketched in the middle
point to corresponding bins.

temperature dependence of gyration radii Rg,

Rg =
[

1

Np

Np∑
i=1

(�ri − 〈�r 〉)2

]1/2

, (6)

where 〈�r 〉 = ∑Np

k=1 �rk/Np for different types of SMP struc-
tures. We normalize Rg by its value in the initial configuration,
similarly to the previously discussed magnetic moment. The
only difference is that in Fig. 4 the plots for rings are also nor-
malized by the corresponding value of Rg in the initial state. In
Fig. 4(a) we notice that independently of the structure of the
chainlike SMP structure at low temperature, the normalized
gyration radius converges to approximately half of that in the
initial fully stretched configuration. The way Rg reaches its
limiting low-T value, however, dramatically depends on the
presence of small particles. Similarly to the magnetization in
Fig. 3(a), if small particles are attached to the chain ends, the
decay of the Rg not only is slowed down on cooling, but has
even a local maximum at T ∼ 0.7 for the case of two small
particles (blue rhombuses) and at T ∼ 0.5 if a small-particle
segment forms an open chain end (open yellow squares). In
the case of one small particle at the end or of two small parti-
cles at the ends and one in the middle of a linear SMP structure
(bordeaux squares and orange triangles respectively), the local
maximum of Rg shifts to higher values of T and goes down in
height. As for magnetization, the latter two curves are very
close. The highest value Rg at the lowest T is observed for a
chain that contains a small-particle segment in the middle. In
Fig. 4(b) the T dependence of Rg for two types of Y-like SMP
structures is shown. In a purely monodisperse case (gray cir-
cles), Rg first decreases slowly on cooling, reaching the local
minimum at T ∼ 0.7, where its magnetization exhibits a local
minimum as well. Then, similarly to the magnetic moment,
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FIG. 6. Microstate probability histogram for a linear SMP struc-
ture with one small particle in the middle at (a) T = 0.20, (b) T =
0.80, (c) T = 1.00, and (d) T = 2.00. Particles are numbered as
shown in the legend. Each microstate is characterized by the set
of nonpermanent bonds provided next to the actual conformation.
Arrows from the conformations point to corresponding bins along
the horizontal axes.

Rg effectively grows a little with a subsequent decrease of
T , shows a local maximum at T ∼ 0.5, and decays rapidly
for lower temperatures. This last rapid decrease of Rg is not
observed for a Y-shaped SMP structure with a small-particle
arm (cyan squares) for the temperature range studied here. A
milder decrease for a Y-shaped SMP structure with a small
particle arm can however be foreseen for lower T . For the rest
of the temperature interval investigated here, the behavior is
similar to its monodisperse counterpart. Looking at gray cir-
cles in Fig. 4(c), showing the values of Rg for a monodisperse
X-shaped SMP structure, we notice overall similarities with
the curve for a monodisperse Y-shaped SMP structure, albeit
with a less pronounce decay for T < 0.5. If the X-shaped
SMP structure has a small-particle arm, in agreement with its
magnetic moment, no local maximum is found on cooling,
but rather a little shoulder at T ∼ 0.5. As previously observed
for the total magnetic moment in Fig. 3(d), gyration radii
of ringlike SMP structures plotted in Fig. 4(d) exhibit qual-
itatively different behavior from the other three topologies.
Here, on cooling, Rg monotonically grows, independently of
the presence of small particles, and converges to an ideal
nonperturbed ring made of corresponding numbers of small
and large particles.

FIG. 7. Microstate probability histogram for a linear SMP struc-
ture with one small particle at the end at (a) T = 0.20, (b) T = 0.35,
(c) T = 0.60, and (d) T = 1.00. Particles are numbered as shown in
the legend. Each microstate is characterized by the set of nonperma-
nent bonds provided next to the actual conformation. Arrows from
the conformations point to corresponding bins along the horizontal
axes.

Both total magnetization and gyration radius are integral
characteristics and reflect the macroscopic behavior of SMP
structures, but their complex behavior found above must be
the consequence of the microscopic structural transitions that
various SMP structures undergo on cooling. In order to elu-
cidate those microscopic details, in the next session we study
the changes in the neighborhood of each monomer caused by
cooling.

B. Structural transitions

We expect that on cooling, along with permanent FENE
links between neighboring monomers, an extra nonpermanent
bond will be formed. Below, to form a new bond we re-
quire two nonpermanently bonded particles to be at a distance
0.65(σi + σ j ) and have a negative value of magnetic dipolar
interaction. We number all particles in each SMP structure so
that we can analyze monomers with which numbers are most
likely to bond. Each combination of pairs of numbers, bond
array, corresponds to a given microstate for the SMP struc-
ture. Going through 1000 snapshots for each SMP structure,
we build the distribution of most probable microstates (bond
arrays) at each temperature and present them in the form of
occurrence frequency histograms illustrated in the following
sections. Since it is impossible to plot every histogram for
every SMP type, we focus on the temperatures at which Rg
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FIG. 8. Microstate probability histogram for a linear SMP struc-
ture with four small particle at the end at (a) T = 0.20, (b) T = 0.35,
(c) T = 0.47, and (d) T = 1.00. Particles are numbered as shown in
the legend. Each microstate is characterized by the set of nonperma-
nent bonds provided next to the actual conformation. Arrows from
the conformations point to corresponding bins along the horizontal
axes.

and magnetization exhibit qualitative changes such as minima,
maxima, or inflection points. In order to understand if a given
microstate dominates because of its energy or entropy, each
frequency of the microstate in the histograms is accompanied
by the corresponding magnetic energies calculated as the av-
erage over all SMP structures in a given configuration.

1. Chainlike SMP structures

Looking at monodisperse linear SMP magnetization and
Rg, we can see a monotonic decrease of both observables on
cooling up to T ∼ 0.7. For lower temperature no particular
changes are observed. In fact, in this temperature regime there
is only one microstate and it is a ring as shown in Figs. 5(a)
and 5(b). The probability of a chain growing with T and ring
microstates is clearly rare for T > 1 [see Fig. 5(c)]. Impor-
tantly, an open chain is energetically less favorable for any
T , but at high temperatures the entropy gained by the chain’s
open ends overpowers the energetic advantage of a ring.

The number of available microstates for a linear SMP
structure with one small particle in the middle is much
higher, as shown in Fig. 6. Here, at low temperature T = 0.2
[Fig. 6(a)], along with a ring configuration created by bonding
end large particles 1 and 12, two large particle neighbors of a
small one, numbered 5 and 7, might also form a bond, lead-

FIG. 9. Microstate probability histogram for a linear SMP struc-
ture with four small particle in the middle of the chain at (a) T =
0.20, (b) T = 0.80, (c) T = 1.20, and (d) T = 1.60. Particles are
numbered as shown in the legend. Each microstate is characterized
by the set of nonpermanent bonds provided next to the actual confor-
mation. Arrows from the conformations point to corresponding bins
along the horizontal axes.

ing to a more squeezed elongated configuration. The energy
gained by forming the 5-7 bond in a closed ring configuration
and a relatively large configurational phase space in which
such a bond can form makes the probability of the latter
microstate grow slightly if temperature grows [see Fig. 6(b),
where T = 0.8]. For higher T [Figs. 6(c) and 6(d)], however,
fully open structures prevail, in which neighbors of a small
particle remain nonbonded.

Microstates collected in Fig. 7 explain the existence of a
local maximum of Rg and magnetization observed for lin-
ear SMP structure with one small particle at the end at T
around unity: Even at low T an open configuration remains
highly probable. The tendency to close the magnetic flux in
turn is reflected by two microstates similar to those observed
for a SMP structure with one small particle in the middle,
namely, a ring, where a small particle is squeezed out by its
large neighbors numbered 2 and 12, albeit with much lower
probability for the SMP structure with a small particle at the
end. Here the gain from forming a 1-12 bond is on average
negligible and basically all configurations observed have very
similar magnetic energies. A small particle at the end of the
chain makes closed conformations unstable. Indeed, despite
the conformations in microstate 2 in Fig. 6 and in microstate
3 in Fig. 7 being identical, the probability of finding them
is defined by the gain of forming a nonpermanent bond: If
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FIG. 10. Microstate probability histogram for a linear SMP
structure with two small particles at the ends at (a) T = 0.20,
(b) T = 0.50, (c) T = 0.80, and (d) T = 1.00. Each microstate is
characterized by the set of nonpermanent bonds provided next to
the actual conformation. Arrows from the conformations point to
corresponding bins along the horizontal axes.

a small particle is at the end this bond is less advantageous
than in the case of the two large particles connecting.

If instead of one particle a small-particle segment forms an
open chain end, as shown in Fig. 8, the energetic proximity
of the conformations remains, but an open structure at low
T is replaced by a ring made of large particles only (bond
5-12) with a small-particle segment being depleted. This con-
figuration explains the very high maxima in Rg and total
magnetization detected in the previous section. An interesting
conformation here that arises at low T is the one in which
bonds 2-12 and 1-11 are formed. It minimizes the magnetic
energy, but has a very low configurational entropy, so it never
dominates.

If the small-particle segment is in the middle of the chain,
the conformations shown in Fig. 9 are qualitatively similar to
those observed in Fig. 6. Weak segments promote squeezed
configurations at high T , but the ring with only one nonper-
manent bond 1-12 dominates for T < 1.

As it is seen in Fig. 10, if two small particles are at the
end, the probability of finding a closed structure decreases in
comparison to Fig. 7, even if all possible configurations with
bonds between particles 1, 2, 11, and 12 are summed up. In
fact, the magnetic energies of all conformations are very close.

In contrast, if one small particle is added also in the middle,
it creates a weak point in a linear SMP structure, where it
is likely to bend. Such a bending leads to the formation of

FIG. 11. Microstate probability histogram for a linear SMP
structure with three small particles, two at the ends and one in the
middle, at (a) T = 0.20, (b) T = 0.50, (c) T = 0.80, and (d) T =
1.00. Each microstate is characterized by the set of nonpermanent
bonds provided next to the actual conformation. Arrows from the
conformations point to corresponding bins along the horizontal axes.

various squeezed rings, as illustrated in Fig. 11. It also adds
a clear split in magnetic energies. The presence of those rings
manifests through the decrease of Rg and magnetization on
cooling that is more similar to the SMP structures with only
one small particle at the end.

2. Y-like SMP structures

Monodisperse Y-like SMP structures, as shown in Fig. 12,
gradually bond the free ends to each other on cooling. Due
to high configurational entropy, there is a vast range of mi-
crostates whose probability is rather low. We collect all of
those microstates with probabilities below 5% into one group,
labeled “Others” here and in the following figures. For tem-
peratures above one, not shown in Fig. 12, the most probable
configuration is the structure with three open ends, whose
magnetization and Rg are basically constant. One can see
that for T ∼ 0.7, the two arms close, forming a racketlike
conformation. The handle of the racket is not stretched first,
as entropy dominates. This is the point where Rg reaches
its local minimum. Further cooling leads to the competition
between the energetic gain of closing the third arm to form
a fully closed structure and the configurational entropy. At
the same time, dipolar interactions lead to the straightening
of the free arm, and here Rg approaches its local maximum.
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FIG. 12. Microstate probability histogram for a Y-like SMP
structure with no small particles at (a) T = 0.20, (b) T = 0.40,
(c) T = 0.70, and (d) T = 1.00. Each microstate is characterized by
the set of nonpermanent bonds provided next to the actual confor-
mation. Arrows from the conformations point to corresponding bins
along the horizontal axes.

At T = 0.20, basically the only remaining conformation is a
closed basketlike structure, whose magnetization has a finite
value, due to the fact that one arm cannot be fully compen-
sated by the other two that are forming a ring with zero dipole
moment.

Once one of the SMP structure arms is replaced by its
small-particle counterpart, the full closure is less probable,
as shown in Fig. 13. Large-particle free ends, particles 9 and
13, bond at relatively high T ∼ 0.6, while the small-particle
arm remains in a linear configuration. At this point Rg shows
a local minimum. Since for the closure of the small arm
lower temperatures are required, the increase of the gyration
radius observed on further cooling is related to the stretching
of the small-particle arm in order to optimize dipolar inter-
actions. The relative magnetization decrease on cooling for
a bidisperse Y-like SMP structure is much larger than for
a monodisperse case, as the small-particle arm has a much
smaller contribution to the overall magnetization of the struc-
ture. In general, conformations found at low T here are very
similar to those in Fig. 8.

3. X-like SMP structures

At low T , X-like monodisperse SMP structures form qua-
sispherical configurations, closing all four arms so that two
orthogonal rings are formed. Such conformations have several

FIG. 13. Microstate probability histogram for a Y-like SMP
structure with a small particle arm at (a) T = 0.20, (b) T = 0.60,
(c) T = 1.00, and (d) T = 1.50. Each microstate is characterized by
the set of nonpermanent bonds provided next to the actual confor-
mation. Arrows from the conformations point to corresponding bins
along the horizontal axes.

realizations, as shown in Fig. 14(a). These realizations have a
low Rg and practically zero magnetization. For T ∼ 0.35 the
local maximum of Rg shown with gray circles in Fig. 4(c) is
reached. This corresponds to Fig. 14(b), which shows that the
maximum is related to the opening of the two rings into an
8-like conformation. The local minimum of the Rg at T ∼ 0.6
is due to strong fluctuations of an 8-like conformation before
it breaks at T ∼ 1, first into one ring and two free arms and
then into a fully open structure. Interestingly, all the closed or
semiclosed conformations here have on average very similar
magnetic energies.

Surprisingly enough, if one arm of an X-like SMP structure
is formed by small particles, the number of probable mi-
crostates decreases. On cooling, an open structure first closes
two large-particle arms as seen in Fig. 15(c) and then leaves
only a small-particle arm open at T ∼ 0.6 (compare to chains
with a small-particle segment in Fig. 8 at the end and Y-like
SMP structures with a small-particle arm in Fig. 13). Finally,
at T ∼ 0.2 shown in Fig. 15(a), the full closure into the
most energetically advantageous conformation takes place.
This row of rather simple structural transformations leads
to a monotonic decrease of both magnetization and Rg on
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FIG. 14. Microstate probability histogram for an X-like SMP
structure with no small particles at (a) T = 0.20, (b) T = 0.35,
(c) T = 0.60, and (d) T = 1.00. Each microstate is characterized by
the set of nonpermanent bonds provided next to the actual confor-
mation. Arrows from the conformations point to corresponding bins
along the horizontal axes.

cooling. The only peculiarity here is related to T ∼ 0.60, as
the stretching of the only free small-particle arm gives rise
to a shoulder in magnetization [see the dark green squares in
Fig. 3(c)].

4. Ringlike SMP structures

For the case of monodisperse ringlike SMP structures, the
situation is very simple and is not plotted here: At high T
the ring fluctuates and can form an extra bond between non-
permanently connected particles, but already from T ∼ 1 the
ring tends to be very regular. Its magnetization monotonically
decreases and the value of Rg approaches that of an ideal ring.

For a ringlike SMP structure with a single six-small-
particle segment, the variety of microstates is not high, as
shown in Fig. 16, and the energies of those conformations
are found to be very similar. At high T the ring fluctuates,
particularly the segment made of small particles. In Fig. 3(d)
we observed that this type of ring is the only one whose
magnetic moment grows on cooling, starting from T ∼ 1.5. It
turns out to be energetically advantageous for a small-particle
segment to stretch, forming basically a straight line, and for a
large-particle segment to bend in the middle, thus leading to
an almost triangular conformation.

FIG. 15. Microstate probability histogram for an X-like SMP
structure with a small particle arm at (a) T = 0.20, (b) T = 0.35,
(c) T = 0.60, and (d) T = 1.00. Each microstate is characterized by
the set of nonpermanent bonds provided next to the actual confor-
mation. Arrows from the conformations point to corresponding bins
along the horizontal axes.

For rings made of alternating three-particle segments, a
microstate corresponding to no extra bonds remains dom-
inant because of its high entropy up to T ∼ 0.5, albeit
having a slightly higher magnetic energy. As it is shown in
Fig. 17, however, already at T = 2.00 [Fig. 17(d)], large-
particle segments start stretching, forming antiparallel linear
configurations that turn out to compensate for the energy loss
caused by a strong bending of small-particle segments. The
tendency to form antiparallel bonds strengthens on cooling. At
the lowest temperature all antiparallel pairs of large particles
can be formed as in Fig. 17(a) and the first bin in it.

IV. CONCLUSION

In this work, using molecular dynamics computer sim-
ulations combined with parallel tempering, we investi-
gated structural transitions and macroscopic properties of
supramolecular magnetic polymerlike structures of four dif-
ferent topologies, i.e., linear and Y-like, X-like, and ringlike,
containing monomers of two different sizes on cooling. This
general model allows us not only to analyze the influence of
temperature and polydispersity, but also to find the most prob-
able structures that SMP structures with strongly interacting
monomers can form. It is the combination of the magnetic
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FIG. 16. Microstate probability histogram for a ringlike SMP
structure with a small six-particle segment at (a) T = 0.20, (b) T =
0.50, (c) T = 1.00, and (d) T = 1.50. Each microstate is character-
ized by the set of nonpermanent bonds provided next to the actual
conformation.

moment and the structure of SMP structures that makes
it suitable to be used as an effective magnetically control-
lable container for directed transport, be that in medicine or
nanofluidics.

In order to classify the structures, we introduced the
numbering of microstates on the basis of monomer bonds
analysis. To each independent microstate we attributed a
vector of nonpermanent bond formed inside a SMP structure
of a certain topology and granulometric composition at a
given temperature.

Our findings revealed that the presence of small particles
dramatically changes not only the structural transitions hap-
pening in magnetic SMP structures on cooling, but also affects
the magnetic response of those systems. The simplest example
is a linear SMP structure with one small particle in the middle.
This small particle becomes a weak point near which the
whole structure bends and as a result the closure transition
occurs at higher temperature than for a monodisperse linear
SMP structure. At the same time, if two small particles are at
the ends of a linear SMP structure, much lower temperature
is required in order for a chain to close into a ring. Despite
the fact that bidisperse Y-like SMP structures rarely form a
fully closed conformation, even at very low temperature, the
small-particle arm keeps hanging and the magnetic moment
of the monodisperse Y’s is found to not decrease as for a
bidisperse case. The reason for that is the formation of a
basketlike structure made of three large-particle arms. In such

FIG. 17. Microstate probability histogram for a ringlike SMP
structure with alternating small and large three-particle segments
at (a) T = 0.20, (b) T = 0.50, (c) T = 1.00, and (d) T = 2.00.
Each microstate is characterized by the set of nonpermanent bonds
provided next to the actual conformation.

a conformation the magnetic compensation of two arms only
is possible, while the third arm will still have a remanent
magnetic moment. Thus, regardless a very low gyration ra-
dius and the absence of free ends, a monodisperse Y-like
SMP structure at low temperature has a remanent magneti-
zation. The situation with X-like SMP structures is opposite:
Monodisperse X’s close at relatively high temperatures into
8-like structures that on further cooling transform into a three-
dimensional structure formed by two orthogonal rings. The
magnetic moment of such structures is negligible. In contrast,
a bidisperse X-like SMP structure first closes its three large-
particle arms, leaving a small-particle arm to hang. It results
in a slower decay of the magnetization and the gyration radius
on cooling if compared to the monodisperse X. Finally, we
found that if a large-particle ringlike SMP structure has a
single segment made of small particles, on cooling, instead of
a perfect ring, which is observed for a monodisperse case, a
triangular conformation is assumed, in which a small-particle
segment is fully stretched. As an outcome, with a temperature
decrease, an unexpected growth of magnetization for such a
ringlike structure is observed. If a ring has two small-particle
segments separated by large-particle ones, the latter tend to
align antiparallel, forming a narrow elongated compact struc-
ture with zero magnetization.

A general conclusion is that the small particles effec-
tively shift the closure of the magnetic flux inside the SMP
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structures to either higher temperatures if trapped in the mid-
dle of the structure or to lower ones if forming an open end.
In both configurations, small particles lead to the increase
of the configurational entropy. Even though the structures
investigated here might seem too idealized, we expect the
qualitative conclusions to hold if magnetic moments are not
coupled with the backbone or if the polydispersity inside the
structures does not follow the strict rules considered above.
The reason for that is our recent study of linear nanopoly-
mers with superparamagnetic particles [47], where we showed
that the field response of the structure primarily depends
on the cross-linking and is only weakly affected by the
internal degrees of freedom of that particle magnetic mo-
ment. It is worth mentioning here that restricting the latter

degrees of freedom became possible with recently proposed
DNA-origami-based filaments [48]. The next step would be
to investigate the influence of magnetic fields and hydrody-
namic flows on the selected structures in order to elucidate the
stability.
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Condens. Matter 20, 204107 (2008).
[43] A. Cebers and K. Erglis, Adv. Funct. Mater. 26, 3783 (2016).
[44] P. A. Sánchez, J. J. Cerda, V. Ballenegger, T. Sintes, O. Piro,

and C. Holm, Soft Matter 7, 1809 (2011).
[45] P. A. Sánchez, J. J. Cerdà, T. Sintes, and C. Holm, J. Chem.

Phys. 139, 044904 (2013).
[46] A. A. Kuznetsov, J. Magn. Magn. Mater. 470, 28 (2019).
[47] D. Mostarac, P. A. Sánchez, and S. Kantorovich, Nanoscale 12,

13933 (2020).

054601-12

https://doi.org/10.1126/science.1130557
https://doi.org/10.1098/rsta.2018.0353
https://doi.org/10.1021/ac0494580
https://doi.org/10.1021/acs.langmuir.7b00357
https://doi.org/10.1016/j.bbrc.2015.08.022
https://doi.org/10.1021/la980703i
https://doi.org/10.1103/PhysRevLett.82.4130
https://doi.org/10.1103/PhysRevLett.91.260802
https://doi.org/10.1103/PhysRevLett.94.038301
https://doi.org/10.1021/la0517843
https://doi.org/10.1021/nl051537j
https://doi.org/10.1103/PhysRevE.76.011405
https://doi.org/10.1021/nl070190c
https://doi.org/10.1002/polb.21558
https://doi.org/10.1021/nn8005366
https://doi.org/10.1039/c0jm04014b
https://doi.org/10.1142/S1793292011002305
https://doi.org/10.1021/jp208020z
https://doi.org/10.1039/c2sm25096a
https://doi.org/10.1039/c3nr02176a
https://doi.org/10.1021/la5009939
https://doi.org/10.1021/am405786u
https://doi.org/10.1021/nn5065327
https://doi.org/10.1038/nature04090
https://doi.org/10.1088/0957-4484/18/34/345301
https://doi.org/10.1021/jp804452r
https://doi.org/10.1016/j.jcis.2012.02.015
https://doi.org/10.1038/nmat4364
https://doi.org/10.1021/acsnano.5b02328
https://doi.org/10.1039/C4FD00240G
https://doi.org/10.1039/C7NR04842D
https://doi.org/10.1039/C4TC02450H
https://doi.org/10.1021/acs.langmuir.7b02093
https://doi.org/10.1515/zpch-2018-1135
https://doi.org/10.1021/jacs.0c07263
https://doi.org/10.1088/0953-8984/15/15/303
https://doi.org/10.1103/PhysRevE.70.061803
https://doi.org/10.1103/PhysRevE.69.021404
https://doi.org/10.1016/j.cocis.2005.07.002
https://doi.org/10.1103/PhysRevE.73.051503
https://doi.org/10.1103/PhysRevE.76.031504
https://doi.org/10.1088/0953-8984/20/20/204107
https://doi.org/10.1002/adfm.201502696
https://doi.org/10.1039/C0SM00772B
https://doi.org/10.1063/1.4815915
https://doi.org/10.1016/j.jmmm.2017.10.091
https://doi.org/10.1039/D0NR01646B


STRUCTURAL TRANSITIONS AND MAGNETIC RESPONSE … PHYSICAL REVIEW E 105, 054601 (2022)

[48] Y. Xiong, Z. Lin, D. Mostarac, B. Minevich, Q. Peng, G. Zhu,
P. A. Sánchez, S. Kantorovich, Y. Ke, and O. Gang, Nano Lett.
21, 10547 (2021).

[49] P. A. Sánchez, E. S. Pyanzina, E. V. Novak, J. J. Cerdà,
T. Sintes, and S. S. Kantorovich, Macromolecules 48, 7658
(2015).

[50] D. Lüsebrink, J. J. Cerdà, P. A. Sánchez, S. S. Kantorovich, and
T. Sintes, J. Chem. Phys. 145, 234902 (2016).

[51] E. Novak, E. Pyanzina, D. Rozhkov, M. Ronti, J. Cerdà, T.
Sintes, P. Sánchez, and S. Kantorovich, J. Mol. Liquids 271,
631 (2018).

[52] E. Novak, E. Pyanzina, D. Rozhkov, P. Sánchez,
and S. Kantorovich, J. Magn. Magn. Mater. 470, 22
(2019).

[53] V. Russier, C. de Montferrand, Y. Lalatonne, and L. Motte,
J. Appl. Phys. 112, 073926 (2012).

[54] C. Munoz-Menendez, I. Conde-Leboran, D. Baldomir, O.
Chubykalo-Fesenko, and D. Serantes, Phys. Chem. Chem.
Phys. 17, 27812 (2015).

[55] T. I. Becker, O. V. Stolbov, D. Y. Borin, K. Zimmermann, and
Y. L. Raikher, Smart Mater. Struct. 29, 075034 (2020).

[56] M. V. Avdeev, J. Mol. Liquids 189, 68 (2014).
[57] A. O. Ivanov, Z. Wang, and C. Holm, Phys. Rev. E 69, 031206

(2004).
[58] R. Saldivar-Guerrero, R. Richter, I. Rehberg, N. Aksel, L.

Heymann, and O. S. Rodriguez-Fernández, J. Chem. Phys. 125,
084907 (2006).

[59] L. Fischer and A. M. Menzel, Smart Mater. Struct. 30, 014003
(2021).

[60] A. Leschhorn, M. Lücke, C. Hoffmann, and S. Altmeyer,
Phys. Rev. E 79, 036308 (2009).

[61] G. M. Range and S. H. L. Klapp, Phys. Rev. E 70, 061407
(2004).

[62] S. Kantorovich, J. J. Cerdà, and C. Holm, Phys. Chem. Chem.
Phys. 10, 1883 (2008).

[63] A. B. Dobroserdova and S. S. Kantorovich, Phys. Rev. E 103,
012612 (2021).

[64] S. Kantorovich, A. O. Ivanov, L. Rovigatti, J. M. Tavares, and
F. Sciortino, Phys. Rev. Lett. 110, 148306 (2013).

[65] J. D. Weeks, D. Chandler, and H. C. Andersen, J. Chem. Phys.
54, 5237 (1971).

[66] G. S. Grest and K. Kremer, Phys. Rev. A 33, 3628 (1986).
[67] A. Arnold, O. Lenz, S. Kesselheim, R. Weeber, F. Fahrenberger,

D. Roehm, P. Košovan, and C. Holm, in Meshfree Methods
for Partial Differential Equations VI, edited by M. Griebel and
M. A. Schweitzer, Lecture Notes in Computational Science and
Engineering Vol. 89 (Springer, Berlin, 2013), pp. 1–23.

[68] J. J. Cerdà, S. Kantorovich, and C. Holm, J. Phys.: Condens.
Matter 20, 204125 (2008).

[69] M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids,
1st ed. (Clarendon Press, Oxford, 1987).

[70] Y. Sugita and Y. Okamoto, Chem. Phys. Lett. 314, 141 (1999).
[71] A. Mitsutake, Y. Sugita, and Y. Okamoto, Peptide Sci. 60, 96

(2001).

054601-13

https://doi.org/10.1021/acs.nanolett.1c03009
https://doi.org/10.1021/acs.macromol.5b01086
https://doi.org/10.1063/1.4971860
https://doi.org/10.1016/j.molliq.2018.08.145
https://doi.org/10.1016/j.jmmm.2017.10.075
https://doi.org/10.1063/1.4757418
https://doi.org/10.1039/C5CP04539H
https://doi.org/10.1088/1361-665X/ab8fc9
https://doi.org/10.1016/j.molliq.2013.05.019
https://doi.org/10.1103/PhysRevE.69.031206
https://doi.org/10.1063/1.2337576
https://doi.org/10.1088/1361-665X/abc148
https://doi.org/10.1103/PhysRevE.79.036308
https://doi.org/10.1103/PhysRevE.70.061407
https://doi.org/10.1039/b719460a
https://doi.org/10.1103/PhysRevE.103.012612
https://doi.org/10.1103/PhysRevLett.110.148306
https://doi.org/10.1063/1.1674820
https://doi.org/10.1103/PhysRevA.33.3628
https://doi.org/10.1088/0953-8984/20/20/204125
https://doi.org/10.1016/S0009-2614(99)01123-9
https://doi.org/10.1002/1097-0282(2001)60:2<96::AID-BIP1007>3.0.CO;2-F

