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ABSTRACT

We study the self-assembly of colloidal magnetic particles permanently cross-linked into polymer-like
structures with different topologies, that we call supracolloidal magnetic polymers (SMPs). In order to
understand the influence of the interparticle permanent links, we investigate SMPs holding the main
topologies observed in the self-assembly of non-cross-linked magnetic particles via grand canonical
Monte Carlo simulations: chains, rings and simple branched structures. Here, using molecular dynamics
simulations, we focus on systems of SMP pairs. Our results evidence that the presence of crosslinkers leads
to the formation of new types of aggregates, not previously observed for individual magnetic colloids.

1. Introduction

The fundamental understanding of the self-assembly properties
of colloidal systems is one of the key topics in current research
on novel microstructured soft materials and technologies. Avail-
able experimental techniques allow the synthesis of colloidal
particles with sizes ranging from the micrometre to the nanome-
tre scale from a wide variety of substances and with a high
control on their chemical and physical properties. This places
colloidal particles among the most versatile building blocks
in bottom-up strategies for the design of advanced materials,
including cutting-edge approaches such as that ones based on
hierarchical self-assembly [1,2].

Colloids with defined self-assembly properties are particu-
larly useful for the design of stimuli-responsive soft materials,
i.e. soft matter systems that experience a controlled change in
their properties as a response to some particular external drive
[3]. One of the most important cases is the combination of
magnetic colloidal particles with carrier substances, like liquids
and/or polymers, in order to create materials responsive to
external magnetic fields. Whereas many substances common
in soft matter systems are significantly sensitive to other stimuli
such as temperature, pH, electric fields or chemical reagents,
their magnetic properties are practically negligible under most
conditions of interest for technological applications. The in-
troduction of micro or nanoparticles of magnetic substances -
typically, solid metallic compounds - is therefore, essential for
the creation of magnetoresponsive soft materials. The fact that
only the magnetic particles within such systems are sensitive to
the external stimulus represents an advantage for many practical
applications, providing a high control on the response of the
material [4,5].

Magnetic colloidal particles and materials based on them
have been intensively studied for already several decades and
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keep attracting a growing research interest, mainly stimulated
by their unique properties and the development of the experi-
mental techniques for the synthesis of colloidal hybrid materials.
The simplest and most extensively studied magnetoresponsive
soft materials are ferrofluids and magnetorheological fluids,
which are dispersions of magnetic colloidal particles in a liquid
carrier fluid [6-9]. These materials show strong changes in their
rheological properties under the influence of external magnetic
fields and/or cooling. Such macroscopic changes emerge as a
consequence of the spontaneous self-assembly or field-induced
assembly of the magnetic particles into chain-like structures -
typically, linear chains, rings and branched chains - driven by
the strongly anisotropic nature of their magnetic interactions
[10-14]. This characteristic self-assembly behaviour of mag-
netic colloidal particles is also determinant for the properties
of more complex soft magnetic materials, including polymer
hybrid materials such as magnetic gels and elastomers [15-17].

The aforementioned soft magnetic materials — conventional
magnetic fluids, gels and elastomers - are usually obtained by
means of relatively simple experimental techniques - basically,
the dispersion or a large amount of magnetic colloidal par-
ticles in a liquid carrier and/or the filling of a polymer ma-
trix with them. This provides a limited control on the detailed
microstructure of such systems. A much more sophisticated
approach is the creation of small aggregates of magnetic par-
ticles with a well-defined structure that can be later used as
building blocks of more complex systems, following the bottom-
up approach to materials synthesis. The most straightforward
structures for such small building blocks are the aforemen-
tioned self-assembled chains of magnetic colloidal particles.
In particular, linear polymer-like chains are relatively easy to
obtain under external fields. These systems were initially studied
as micromechanical sensors [18], microfluidic artificial cilia,
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propellers and pumpers [19-22] and contrast agents in magnetic
resonance imaging diagnostics [23]. They also have been pro-
posed for other applications, like magnetically tunable photonic
crystals [24], or as building blocks of more complex struc-
tures such as polymer brush-like magnetoresponsive coatings
[25-28]. In some of such examples, the magnetic chains can
keep their linear structure with the sole help of the magnetic
interactions between the particles. However, in many cases it is
convenient to permanently stabilise the chain-like structures by
cross-linking the neighbouring particles with polymers. This
provides a much higher resistance to mechanical stresses, a
significantly increased magnetic response [29] and a total ind-
ependence from the self-assembly conditions of the particles
after the cross-linking, with the only potential downside of obt-
aining a much higher rigidity of the chains. The latter property,
however, can be tuned by selecting the composition and length
of the polymer crosslinkers [30,31]. Even this tuning has been
achieved to date only for microparticles, cutting-edge exper-
imental techniques like DNA designed self-assembly [32,33]
or in situ polymer mineralisation [34,35] open up the possi-
bility to also create rather flexible linear polymer-like chains
of magnetic nanoparticles. Such techniques also may allow the
permanent stabilisation of small polymer-like aggregates with
morphologies more complex than the simple linear chain. From
now on, we will use the generic term ‘supracolloidal magnetic
polymers’ (SMPs) to name these systems.

The detailed characterisation of the equilibrium structures of
SMPs has started to be thoroughly explored very recently. The
rich structural behaviour predicted even for single linear chains
[36-38] and their polymer brush-like arrangements [26-28]
points these materials as promising building blocks of sophis-
ticated self-assembled supracolloidal systems with strong mag-
netic response. Inspired by the possibility of the experimental
achievement of more complex morphologies for these stabilised
chain-like aggregates, here we extend our preliminary work on
the self-assembly properties of pairs of linear chains and rings
of cross-linked ferromagnetic colloids [39] to the rest of the
most basic structures, observed experimentally in dispersions of
free magnetic particles and characterised by simple models of
conventional ferrofluids, like the system of dipolar hard spheres
[14]. Based on this latter system, very recently we presented a
grand canonical Monte Carlo simulation study aimed at un-
derstanding the properties of single clusters of ferromagnetic
colloids [40]. In this study, we could estimate the probabilities
of finding a cluster of a given size and/or topology depending
on temperature. Our simulations confirmed the importance
of the competition between four basic morphologies: chain,
ring, three-point branched structure — or ‘Y’-junction - and
the four-point branched structure - or X’-junction [40]. We
also discovered that to observe branching or ring formation
even at relatively low temperature, the cluster should contain
not less than seven to eight dipolar hard spheres. Examples of
these self-assembled clusters of 20 dipolar spheres are provided
in Figure 1. Based on these findings, we decided to study SMPs of
several lengths, to allow for the variations in the configurational
entropy.

The idea to permanently cross-link the four basic self-
assembled structures observed for magnetic collidal particles
in dispersion is based on the assumption that such clusters
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Figure 1. (Colour online) Examples of the four basic different topologies of
aggregates obtained in grand canonical Monte Carlo simulations for dipolar hard
spheres. In these examples all the self-assembled structures have size L = 20.

formed by spontaneous or simple field-induced self-assembly
might be experimentally easier to stabilise with polymer cross-
linking techniques. In order to study the self-assembly proper-
ties of such prospective supracolloidal building blocks, here we
perform extensive computer simulations using a bead-spring
model of SMPs for every one of the four basic morphologies:
linear chain, ring, X-junction and Y-junction. We focus on the
equilibrium structures driven by the magnetic interactions of
pairs of identical small aggregates in absence of external fields,
analysing the dependence of their self-assembly behaviour on
their morphology, size and magnetic strength.

The work is organised as follows. First, we introduce our
bead-spring model of SMPs and the details of the simulation
approach. Then, the simulation results obtained for the equi-
librium structures of two SMPs of given topology are presented
and analysed, discussing the different self-assembled structures
observed depending on the interaction range between the two
stabilised aggregates. Finally, the summary of the work can be
found in the last Section.

2. Methods

2.1. A model of stabilised polymer-like aggregates of
magnetic colloids

We assume the magnetic colloids in our system to be identical
spherical solid bodies of a ferromagnetic material, composed
of a single magnetic domain, that are coated with a thin layer
of soft polymer material in order to individually stabilise them
in the carrier fluid and to allow their cross-linking. Under this
assumption, the magnetic properties of the colloids can be rep-
resented by a permanent point magnetic dipole, /i, fixed at the
centre of the sphere. Therefore, any pair of magnetic particles
i and j, carrying magnetic moments (i; and [ij, respectively,



interact by means of the conventional dipole-dipole potential,
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where r = ||?,j || = H?i - ?JH is the displacement vector be-

tween the centres of the particles. For the modelling of the
non-magnetic interactions in our system of SMPs, we choose a
coarse-grained approach based on abead-spring representation,
as is frequent in simulations of polymer-magnetic colloidal par-
ticle composites [41-46]. Specifically, the magnetic colloids are
modelled as soft spheres of characteristic diameter o, interacting
with a Weeks-Chandler-Andersen (WCA) pair potential [47]

Uwca(r; €5, 0, Teut)
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0, r>Teut

where Upj(r) is the conventional Lennard-Jones (L]) potential
with the potential well depth €, Urj(r; €5,0) = éles[((r/r)12 —
(o/ r)6], that in expression (2) is truncated at the position of its
minimum, 7oyt = 2"/, and shifted by its corresponding depth,
Urj(reut), to make the interaction purely repulsive. Finally, the
effects of the polymer crosslinkers that stabilise the aggregates
of magnetic particles into polymer-like chain structures are
modelled by means of a particular spring-like bonding potential
that takes into account the mechanical constrains introduced by
the crosslinkers on both, the centre-to-centre distance between
the bonded particles and the relative orientations of their dipole
moments. This potential includes two terms, defined by the
following expression:

US(;ijS /:\Li) ,[:L])

] N A S (AT
- 7 |:(r’,7 (/’Lt + /’L]) 2) "max In (1 |:rmax] >
(3)

where Kg is the general prefactor that determines the energy
scale of the interaction, /i; = ji;/ ||t and t; = 1ij/ || I H are
the unitary vectors parallel to each dipole moment and rmyay is
the maximum allowed centre-to-centre distance. The first term
in such expression, introduced in our preliminary works [29,36],
is mainly intended to penalise the misalignment of the dipoles
from their head-to-tail arrangement. It is basically equivalent to
link the particles with a harmonic spring of elastic constant Kg
whose ends are attached to points on the particles surfaces - i.e.
to points at distance ¢ /2 from their centres — corresponding to
the projection of the head of one of the dipoles and the tail of the
other one, respectively. Therefore, the first term in expression
(3) defines a maximum of two bonding points for each particle,
but does not limit the number of neighbours linked to them.
Figure 2(a) shows a sketch of this part of the bonding scheme, in
which the magnetic particles are represented as spherical beads,
with a central arrow indicating the orientation of their dipoles,
and the bonds as springs. The sketched example represents
a minimal Y-junction, in which the central particle has one
bonding point connected to one neighbour whereas the other
bonding point is linked to two neighbours. The second term of
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Figure 2. (Colour online) (a) Bead-spring model for the cross-linking of magnetic
colloids forming polymer-like stabilised aggregates. See the main text for details.
(b—f) Examples of the five different topologies of aggregates simulated in this work,
all with size L = 10 except (d): (b) linear chain; (c) ring; (d) X-junction of size L = 9;
(e) Type 1 Y-junction; (f) Type 2 Y-junction.

the bonding potential corresponds to an isotropic attraction,
defined as the standard finitely extensible non-linear elastic
(FENE) bonding potential. As pointed above, the FENE term
simply prevents the bonding distance to go beyond rmax. This
term is important to avoid unrealistic arrangements of particles
from different aggregates due to the unlimited extensibility of
the bond allowed by the first term.

The modelling approach described above allows to easily rep-
resent any of the basic branched and non-branched chain mor-
phologies to be studied here. Such morphologies are sketched
in Figures 2(b) to 2(f), in this case without showing the bonding
springs. The depicted examples correspond to the minimal
sizes — measured as the amount of particles in the aggregate, L -
explored in this work for every given morphology. For symme-
try reasons, non-branched structures - linear chains and rings
- and four-point branched ones - X-junctions - are uniquely
defined by their backbone shape. Three-point branched struc-
tures, instead, allow to define two different morphologies with
the same shape, as shown in Figures 2(e) and (f), that correspond
to different orientations of the dipoles at the branching points.
We named the case in which the central particle is bonded
to one dipole head and two dipole tails as type 1 Y-junction
(Y1), whereas the case of bonding to two dipole heads and one
tail is named type 2 Y-junction (Y2). The simulation approach
employed to study the self-assembly behaviour of these five
different morphologies is described in the next Section.

2.2. Simulation details

With the model introduced above, we performed molecular
dynamics simulations in the canonical ensemble. No periodic
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boundary conditions were applied. We used a Langevin ther-
mostat in order to approximate implicitly the effects of the
thermal fluctuations of the background fluid on the magnetic
beads [48,49]. This means that the movements of each bead
i are governed by the translational and rotational Langevin
equations, obtained by adding an stochastic and a friction terms
to the Newtonian equations of motion:

mi(dv;/dt) = F; — T'rv; + &1, (4)
I; - (d@;/dt) = T — Tr; + &ig, (5)

where 13,- and T; are the total force and torque acting on the
particle, m; is the particle mass and I; its inertia tensor. Finally,
I't and T'r are the translational and rotational friction con-
stants, and é’i,T and é’,-,R a Gaussian random force and torque,
respectively, fulfilling the normal fluctuation-dissipation rules.

In this work, we used unitary inertia tensors in order to
ensure isotropic rotations in the system. Since here we are only
interested in the equilibrium behaviour and not in the system
dynamics, the friction terms in Equations (4) and (5) can be
chosen arbitrarily. We chose I't = 1 and I'r = 3/4 as values
known for providing a fast relaxation in this type of simulations
[50,51].

Our coarse-grained modelling approach makes convenient
the use of reduced units. System energies are measured in the
scale of the soft core repulsions, €, = 1. In all the simulations,
we used a reduced system temperature T' = 1, defined as the
ratio between the actual thermal energy and the chosen energy
scale. Distances and masses are measured in units defined by
the characteristic diameter of the beads, 0 = 1, and their mass,
m = 1. Finally, grounded on our previous studies on linear
chain structures [29,36], we chose Kg = 30 and rpax = 1.5 for
the bonding interactions.

The systems we simulated here consist of two identical ag-
gregates with a given size, L, and squared moment of the dipoles,
@2, in a simulation box with open boundaries. The aggregates
are placed symmetrically in the simulation box at a minimum
separation distance d between them, with an initial configu-
ration corresponding to perfectly ideal arrangements of each
shape. In order to control their relative separation during the
simulation, the central particle of each aggregate is permanently
fixed in its initial placement, forbidding its displacements but
not its rotations. This central particle is the middle one in linear
chains, the particle at the branching position in X, Y1 and Y2
shapes, and an arbitrary one in rings. The choice to fix these
very particles was made because of the branched structures, in
which the middle particle corresponded to the branching point,
i.e. to the particle which, in comparison to other particles in
the SMP, was less likely to form an extra bond. The simulation
protocol consisted of an initial warm-up of the initial config-
urations at T = 4, performing 10° integration steps with a
time step 8t = 5 - 107°. After the warm-up, the systems were
equilibrated at T = 1 for 9 - 10° integration steps, using a
time step 8t = 5 - 107>, Finally, a production cycle of 3 - 10°
steps was performed, in which the system configurations were
measured at intervals of 10° steps. With this protocol we studied
the effects of different morphologies, sizes and dipole moments
of the aggregates on the self-assembly behaviour of identical

pairs as a function of their relative distance. By considering
only two SMPs and fixing the distance between them, we make
an idealised approximation to the conditions corresponding
to different concentrations of monodisperse SMPs solutions.
We sampled all the morphologies introduced above, using sizes
L =9and L = 25 for the X-junction shapeand L = 10and L =
25 for the rest, three different values for the dipole moments,
u? = {3,5,8}, and relative separation distances within the
interval d/L € [0.1, 1.1]. The small size of the systems under
study allowed us to avoid the use of any approximate method
for the calculation of the long-range magnetic interactions that
were computed by simple direct sum. The simulations were
carried out with the package ESPResSo 3.3.1 [52,53].

3. Results and discussion

We start the discussion by analysing the probability of two
identical SMPs, being in equilibrium at a relative separation d /L,
to form an amount C of energy driven close contact connections
between their magnetic particles. This simple parameter will
help us to identify the different self-assembled structures that
may appear. In order to compute C, we first define the centre-
to-centre separation threshold for two particles to be considered
in close contact as rij < 1.2.Since the only attractive interaction
in the system corresponds to favourable arrangements of the
magnetic dipoles, we also impose the condition of the dipole-
dipole pair energy of the involved particles, given by Equation
(1), to be non-positive, Ugyy (7,'j) < 0. Finally, in this calculation
we do not distinguish the connections formed between pairs
of particles belonging to the same or to different SMPs, but
we exclude any pair corresponding to permanently bonded
particles. Thus, C gives us a quantitative indication of the self-
assembly in the systems.

Figure 3 shows the probability distributions of two linear
SMPs to form C energy driven connections, as a function of
their relative separation d/L, for several selected values of dipole
moment and SMP size. Several typical configurations for L = 10
are also provided inside the plots. One can see that for u? = 3,
independently from L and the distance between the central
particles, the two SMPs are not forming any energy driven con-
nections with significant probability. Only for d/L = 0.1, the
central particles, fixed next to each other, reorient their dipole
moments in such a way that their interaction is favourable. From
this observation, one can expect a very weak self-assembly in
dispersions of linear SMPs with ;4> = 3, even in a broad range of
concentrations. The same conclusion holds also for SMPs with
size L = 25, however, their distributions tend to be slightly more
irregular due to their larger configurational entropy. This weak
dependence on the size of the SMPs within the sampled range of
parameters has been also observed for the rest of systems under
study. Thus, without loss of qualitative generality, from now
on we will discuss only the behaviour of systems with short-
est SMPs. As is expected, with growing magnetic interaction
strength the probability of forming self-assembled connections
increases. As one can see for 1> = 5, at large distances two linear
SMPs undergo a closure transition by forming two independent
rings. Also significant is the probability of finding a ring and an
open chain configuration at large separation distances. As soon
as the distance between the central particles of the two linear
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Figure 3. (Colour online) Probability distributions for two linear chain-like SMPs to
form C self-assembled pair connections as a function of their relative characteristic
separation, d/L. The values of 12 and SMP size are provided in the legend.
Snapshots of some typical configurations are shown for L = 10. Snapshots for
L = 25 are not provided for the sake of clarity due to their difficult visualisation.
The colour scale indicates the probability of every value of C, ranging from white,
for zero probability, to black for probability one.

SMPs becomes small enough for their ends to touch, the chains
form a single ring, which then evolves into a double loop with
decreasing d/L. By increasing further the value of 12, the prob-
ability of observing isolated open chains vanishes. Snapshots
of the characteristic configurations observed for u?> = 8 are
provided separately in Figure 4 for the sake of clarity. From
these results we can conclude that, for highly diluted systems,
mainly open or closed loop structures of isolated SMPs would
be observed for moderate to strong dipole-dipole interactions,
with open structures being less probable as the latter become
stronger. In general, it is reasonable to expect that the self-
assembly in highly diluted systems of SMPs of any morphology
will correspond mainly to internal rearrangements of the cross-
linked backbone of individual clusters — typically, into closed
loop structures — rather than the formation of aggregates of

MOLECULAR SIMULATION (&) 511

|
L=10, u? =8
d/L =043

da/L =0.76 /L =11

2B e &
{39 P’ @
o 8

Figure 4. (Colour online) Typical structural motifs formed by linear SMPs with
L = 10and u2 = 8 at a given relative separation d/L between the fixed central
particles.

12 1 1
10 y- ] .
o 8 pu |
6 % o b
4 ]
|
OIS 5 |
121 1
10 1 1
o 8 I
64 |
4 |
2. |
0 1 FEEEE——
121 1
4 1
Soal |
6. 4
44 / |
2 |
0 L ——
010 035 060 085 11004 030 057 083 1.1
d/L d/L

00 01 02 03 04 05 06 07 08 09 1.0

Figure 5. (Colour online) Probability distributions, indicated by a colour scale, for
two ring SMPs to form C self-assembled connections as a function of their relative
characteristic separation, d/L. The values of w? and SMP size are provided in the
legend.

different SMPs. In contrast, for high concentrations of SMPs one
can expect the inversion of this tendency, with the observation
of a significant degree of external self-assembly - i.e. the self-
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Figure 6. (Colour online) Probability distributions, indicated by a colour scale, for
two X-junction SMPs to form C self-assembled connections as a function of their
relative characteristic separation, d/L. The values of ;2 and SMP size are provided
in the legend.

assembly of different SMPs into larger aggregates — and the
multi-loop topology as a dominant structural motif.

The next structure we analyse is the ring SMP. In Figure 5 one
can see the probability distributions for two ring SMPs to form
C self-assembled connections as a function of d/L. Due to the
fact that nearly head-to-tail cross-linked dipolar particles keep,
when arranged into rings or other closed structures, an almost
zero net magnetic moment, makes the self-assembly of these
SMPs essentially negligible. Here, this behaviour is observed for
all sampled conditions. At this point, the comparison of linear
and ring SMPs provides a first indication of what can be one
of the main factors determining the different degrees of self-
assembly corresponding to each topology: the amount of open
chain ends.

The important role of the open chain ends in the self-
assembly behaviour of the different SMPs is further emphasised
by the results obtained for pairs of X-junction morphologies.
These results are summarised in Figures 6 and 7. The probability
distributions of C as a function of d/L, shown in Figure 6,
indicate the existence of a richer variety of self-assembled struc-
tures, even at low p2. This is due to the fact that the X-junction
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Figure 7. (Colour online) Typical structural motifs formed by two X-junction SMPs
with size L = 9 and different relative characteristic separation distances, d/L,
observed for Mz = 5 (top row) and ;Lz = 8 (bottom row).

morphology has, for example, twice as many open ends as
the linear SMP. This increases the amount of different ways
to form self-assembled motifs. In this regard, one can think
of an analogy with chemical valency or with the self-assembly
valency in patchy colloids [54,55]. In addition, a small SMP
with X-junction shape is less likely to get their open ends in-
volved in the formation of internal self-assembled structures -
typically, as already mentioned above, closed loops - than lin-
ear chains or Y-junctions of similar size, keeping instead their
free ends available for the self-assembly with other SMPs. The
reason for this is related to the relatively shorter length of
linear segments with open ends in the X-junction structure,
which demands a higher local bending of the chain backbone
in order to connect such open ends to other particles within the
same SMP and form internal loops. Since the backbone has a
finite intrinsic rigidity, led by the chain bonds and the dipole-
dipole interactions [29,56], such bending can be unreachable for
too small SMP sizes. Therefore, small X-junction morphologies
are particularly favourable for external self-assembly. Figure 6
also shows how the probability to form energetically favourable
connections increases with growing 142. In this case, the observa-
tion of the characteristic self-assembled structures, whose main
examples are shown in Figure 7, is particularly interesting. The
maximum separation distance at which external self-assembly
can be observed is d/L ~ 0.6. At larger distances and with
growing u?, the free ends within the same SMP tend to connect
to each other in pairs, forming closed internal loops. For u? = 8,
the most probable configuration is the resulting from the self-
assembly of the four free ends into two pairs, forming a double
loop structure. At intermediate distances, 0.3 < d/L < 0.6,
the external self-assembly of two pairs of free ends becomes
dominant, so that the two SMPs form a large central closed
loop, whereas the remaining free ends tend to form internal
small loops. The most interesting structural motif is observed in
a narrow separation region around d/L ~ 0.28 for u?> = 5
and d/L ~ 0.36 for u> = 8: here, a cage-like structure is
formed by means of the external self-assembly of the four pairs
of free ends. This peculiar structure suggests its potential use as a
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Figure 8. (Colour online) Probability distributions, indicated by a colour scale, for
two SMPs of Y2-junction morphology to form C self-assembled connections as a
function of their relative characteristic separation, d/L. The values of w? and SMP
size are provided in the legend. These results are also representative for the case of
the Y1-junction morphology.

magnetically controllable container, able to enclose some small
material by spontaneous self-assembly and release it when an
external magnetic field, strong enough to disassemble the SMPs’
aggregate, is applied. Finally, at shorter separation distances,
there is a clear jump in the amount of connections led by the
self-assembly of the two SMPs into a nearly flat, full contact
structure with all dipoles arranged in antiparallel pairs.

Finally, we analyse the Y-junction morphologies. The first
important observation is that, for the range of parameters sam-
pled here, we found no significant differences in the proba-
bility distributions of self-assembled connections correspond-
ing to Y1 and Y2 morphologies. It is also worth to underline
that the grand canonical simulations mentioned above [40]
show that the probabilities for free particles to form sponta-
neously Y-junctions of each type are identical. On the other
hand, one can expect that the application of external fields will
impose different orientations to each type of Y-junction, but to
analyse the response of the different morphologies to external
fields is beyond the scope of this work. Therefore, regarding the
present discussion, we will consider the Y1 and Y2 morpholo-

MOLECULAR SIMULATION (&) 513

[L=10, ©” =5
d/L. =0.35

d/L =0.52

d/L =0.10 AL =085

L~

=

Figure 9. (Colour online) Examples of typical structural motifs formed by two Y2-
junction SMPs with size L = 10 and different relative characteristic separation
distances, d/L, observed for ;.2 = 5 (top row) and ;2 = 8 (bottom row).

gies as indistinguishable. Figures 8 and 9 correspond to the
results obtained for the Y2 case. The probability distributions for
the self-assembled connections, C, as a function of the relative
separation, shown in Figure 8, display a behaviour similar to
the observed for X-junctions, but with a slight shift towards
lower values of this parameter. Roughly, one can see that the
Y-junction is quantitatively in between the linear chain and
the X-junction behaviours, further supporting the idea of the
amount of free chain ends as one of the main factors in the self-
assembly of these systems. For instance, except for very short
separation distances, at > = 3 we can see that C is distributed
around a central value C ~ 1, whereas for X-junctions we
observed C ~ 2 and for linear chains and rings C ~ 0. Figure
9 shows examples of the different characteristic structures for
pn? = 5and u? = 8. At large separation distances, Y-junction
SMPs tend to form one closed internal ring, keeping one free
chain end. At intermediate distances, the external self-assembly
of two free ends from each SMP to form a large closed loop is
also observed, whereas the remaining free end of each cluster is
not involved in any self-ssembly. At shorter distances the self-
assembled structures become more complex, with two pairs of
free ends from each SMP still forming a closed loop but also
involving the remaining free ends, which tend to connect to
the central particle of the opposite SMP. This is favoured by the
increase of 1% and the decreasing of d /L. The resulting structure
is close to the cage-like aggregate observed for X-junctions, and
its appearance is clearly signalled for u? = 8 by the shift of the
C distribution at d/L ~ 0.36. Finally, at very close separation
distances, the Y-junction SMPs can form full contact antiparallel
structures or nearly flat multi-loop shapes.

4. Conclusions and outlook

In this work, we have undertaken a first step in the analysis of
the self-assembly behaviour of SMPs, or SMPs, by performing
computer simulations for different morphologies and selected
values of the strength of their magnetic interactions. For their
morphologies, we considered the typical basic structures ob-
served in dispersions of free magnetic colloidal particles. For
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simplicity, we focused on the behaviour a pair of identical small
SMPs, mimicking the effect of the concentration by fixing the
characteristic separation distance between them.

Our results predict that the amount of free chain ends of a
given SMP morphology is determinant for the degree of
self-assembly and the complexity of the resulting structures,
playing a role that we can describe as a self-assembly ‘valency’.
Ring morphology - with no free chain ends, i.e. with zero self-
assembly valency - is essentially inert, not participating in any
self-assembly unless it is forced to interact with other aggre-
gates by imposing a very close proximity. Linear chains — with
valency 2 - tend to form simple closed rings or, for very high
magnetic interactions and/or densities, multi-loops. Y-junction
SMPs - with valency 3 - have a richer self-assembly behaviour,
forming internal or external single rings at large separation
distances and multi-loop, nearly cage-like structures at short
separation distances. Finally, X-junction - that has valency 4 - is
the morphology more prone to form self-assembled structures,
including clear cage-like shapes at short separation distances.

In difference with the linear chain and ring structures, well-
known in the context of dispersions of free magnetic parti-
cles, the cage-like structures observed for Y- and X-junction
SMPs are, to our best knowledge, magnetically self-assembled
morphologies never reported before. The cage-like structures
formed by X-junction SMPs are particularly interesting for tech-
nological applications, as they can be conceived as magnet-
ically actuated containers that can enclose and release small
cargos. This observation points SMPs as promising building
blocks of advanced magnetoresponsive microstructured materi-
als. We hope this will encourage further research efforts on these
systems.

Currently, we are planning to extend the present study by
analysing non-homogeneous systems. By combining different
SMP morphologies, we expect to find more novel self-assembled
structures. The response to external fields of these systems will
be also studied. Finally, an extension to larger systems, with
actual dispersions of SMPs at different concentrations, will be
also performed.
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