View Article Online

View Journal

M) Cneck tor updates

Nanoscale

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: C. A. De Filippo, S.
Del Galdo, C. De Michele, E. Bianchi and B. Capone, Nanoscale, 2024, DOI: 10.1039/D4NR02397H.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
~ oo shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/nanoscale
OF CHEMISTRY

(3


http://rsc.li/nanoscale
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4nr02397h
https://pubs.rsc.org/en/journals/journal/NR
http://crossmark.crossref.org/dialog/?doi=10.1039/D4NR02397H&domain=pdf&date_stamp=2024-08-19

Page 1 0of 9

Published on 19 August 2024. Downloaded by Universita' di Roma La Sapienza on 8/19/2024 2:30:11 PM.

Nanoscale

View Article Online
DOI: 10.1039/D4NR02397H

Journal Name

ARTICLE TYPE

Cite this: DOI: 00.0000/XXXXXXXXXX

Received Date
Accepted Date

DOI: 00.0000/XXXXXXXXXX

Dilute suspensions of Janus rods: the role of bond and
shape anisotropy’

Carlo Andrea De Filippo,*® Sara Del Galdo,” Emanuela Bianchi,? Cristiano De Michele,¢ and
Barbara Capone*¢

Nanometer-sized clusters are often targeted due to their potential applications as nanoreactors or
storage/delivery devices. One route to assemble and stabilize finite structures consists in imparting
directional bonding patterns between the nanoparticles. When only a portion of the particle surface
is able to form an inter-particle bond, finite-size aggregates such as micelles and vesicles may form.
Building on this approach, we combine particle shape anisotropy with the directionality of the bonding
patterns and investigate the combined effect of particle elongation and surface patchiness on the low
density assembly scenario. To this aim, we study the assembly of tip-functionalised Janus hard
spherocylinder by means of Monte Carlo simulations. By exploring the effects of changing the
interaction strength and range at different packing fractions, we highlight the role played by shape
and bond anisotropy on the emerging aggregates (micelles, vesicles, elongated micelles, and lamellae).
We observe that shape anisotropy plays a crucial role in suppressing phases that are typical to spherical
Janus nanoparticles and that a careful tuning of the interaction parameters allows to promote the
formation of spherical micelles. These finite-size spherical clusters composed of elongated particles
might offer more interstitials and larger surface areas than those offered by micelles of spherical or

almost-spherical units, thus enhancing their storage and catalytic properties.

Colloidal design has gained a prominent role in the realisation
of novel functionalised materials with a plethora of potential
applications, such as in photonics, food industry, drug delivery,
and energetics1®. The continuous advancement of experimental
techniques has led to the synthesis of nanoparticles with well-
controlled shape and fine-tuned functionalisation®14. The re-
sulting anisotropic nature of the inter-particle interactions is re-
sponsible for the spontaneous formation of complex structures,
ranging from finite clusters — mostly in the low temperature, low
density regime — to crystal phases >0,

Equilibrium finite assemblies at the nanoscale, such as micelles,
vesicles, and elongated clusters, are exploited in a wide variety of
fields, ranging from biomedicine to nanotechnologym]'@. Sta-
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ble clusters of finite size can in fact act as drug delivery vehi-
cles thanks to their ability to self-assemble and encapsulate sub-
stances, while they can also be used as templates for nanoparticle

synthesis or even as hosts for chemical and physical reactions at
the nanoscale>30,

The spontaneous formation of stable aggregates with a finite
size often emerges from the interplay between attractive and re-
pulsive forces at the level of the self-assembling units: while at-
traction leads a dilute system toward aggregation, repulsion poses
challenges to the growth of a space-filling phase. The resulting fi-
nite structures have a range of shapes and sizes depending on the
nature of the assembling units and the thermodynamic conditions
at which they form.

Drawing inspiration from mechanisms widely observed in poly-
mer systems — where di- and tri-block copolymers often form mi-
celles, vesicles and elongated finite clusters3134 — colloidal par-
ticles can be engineered to target finite size aggregates.

Enforcing anisotropic interactions between the self-assembling
units is one of the most promising tools to stabilize finite size
clusters@100214I73537 Amongst the class of functionalised
colloids, spherical Janus functionalised nanoparticles have been
heavily studied in the dilute regime revealing the spontaneous
formation of spherical and elongated micelles, vesicles together
with wrinkled sheets and different crystal structures at low and
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intermediate temperatures38-45,

A step further in complexity is represented by Janus dumb-
bells42"23:  at low densities, non-overlapping patchy dumbbells
tend to self-aggregate, forming finite clusters out of the homo-
geneous fluid when temperature decreases; their phase behavior
sensitively depends on the aspect and size ratio of the dumbbells
as well as on the strength of attractive interactions, where all
three parameters - together with the thermodynamic ones — may
be tuned to promote the development of spherical clusters, i.e.
micelles or vesicles, versus elongated micelles.

It must be noted that, when the anisotropy of the bonding
pattern is enhanced even more by anisotropy in the particle
shape an even richer assembly scenario unveils. Indeed, shape
anisotropy can induce by itself the formation of liquid crystalline
mesophases, thus providing a very rich phase behavior24>0 Fur-
ther addition of attractive anisotropic interactions between parti-
cles can lead to an even more complex and rich phase behavior
due to the interplay between anisotropic attractions and anisop-
tropic steric repulsion®Z. Janus dumbbells42723] rods=8-63] and
ellipsoids©4-€® have been often studied in the context of respon-
sive materials; in particular, they have been designed so far to
aggregate in chains and non-spherical extended clusters that can
rearrange under an external stimulus, provided for instance by
electric fields, temperature changes or ultrasounds®®Z"Z8. Within
the broad variety of assembly behaviors observed in systems of
anisotropic Janus colloids, we focus on the emergence of finite
clusters. In contrast to micelles and vesicles made from spherical
colloid or colloidal dumbells, stable finite clusters composed of
more elongated objects may open up opportunities for their use
as storage/delivery nano-devices as well as nanoreactorsZ262,
These clusters might posses in fact a less densely packed outer
layer, thus offering a greater abundance of interstices and a
larger surface area compared to micelles formed by spherical or
dumbbell-shaped colloids.

In our work, we consider tip-functionalised Janus-like hard
spherocylinders interacting via a Kern-Frenkel potential®3 as pro-
totypes of elongated patchy particles. We employ Monte Carlo
simulations to investigate the self-assembly properties of these
units: we particularly focus on the low packing fraction regime,
specifically targeting the assembly of finite-size objects as a func-
tion of particle elongation, packing fraction, interaction strength,
and interaction range.

A notable feature of our model is that we can tune indepen-
dently particle patchiness and elongation. Moreover, by tuning
the range and, independently, the strength of the localised inter-
actions, we aim at unveiling how the competition between bond-
ing entropy and interaction energy affects the emerging aggre-
gates (spherical and elongated micelles, vesicles and lamellae),
focusing specifically on how to promote or suppress determined
structures. As the interaction range and strength can be related
to the details of the chemical functionalisations of the particles
(such as, e.g., the choice of the ligands, their length, and their
grafting density), the range of combinations of model parameters
investigated here allows us to cover a broad spectrum of exper-
imental realizationsZ#770I78184-87, " Thjs is reminiscent to what is
done in polymeric systems where tuning interaction parameters

2| Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D4NR02397H

to experimental data allows to explore the self assembly proper-
ties of macromolecular building blocks28720,

It is worth noting that, despite Janus dumbells already intro-
duce some shape anisotropy in addition to the bond anisotropy,
the two particle features are there intertwined; this is because,
for a given size ratio of the two spheres composing the dumb-
bells, the sphere separation — that drives the assembly towards
one or another type of aggregate — affects both the Janus balance
and the size asymmetry4222,

We model Janus rods as hard spherocylinders (HSCs), where
one of the tips is decorated with an attractive patch (see Fig. [I).
HSCs are defined by their elongation L, their diameter D, and the
aspect ratio (also referred to as shape anisotropy) A = L/D. The
tip functionalisation is modelled as an attractive patch through a
Kern-Frenkel potentials3 (K-F). The K-F interaction between the
particles i and j is given by U,-”j(ﬁi,ﬁj,f,-j) - U,-‘j(rij), where #; and
it are the orientation unit vectors of the patches on particle i and
J» respectively, and 7;; is the center-to-center vector between the
patches. U (#, A, #;;) represents the orientational dependence of
the potential and reads as

€3]

o — 1 ifA;- 7> cos(0) and 7 - #;; < —cos(0)
Y 0 else

where 26 defines the angular amplitude of the patch (see Fig. [I).
U fj.(ri ;) is a square well interaction and reads as

e ifrji<D+$6
Ufi(rij) = v ®)
J( ) {0 else

where the parameter ¢ represents the interaction strength and §
is the interaction range.

We studied systems of N = 2500 particles, each of volume vy,
in a volume V by performing NVT Monte Carlo simulations by
adapting the Aggregation Volume Bias algorithm (AVB-MC) as in
Refs. 2123 and discussed in section 1 of the SIf. In order to iden-
tify the assembly scenarios as a function of experimentally ac-
cessible parameters, we varied the packing fraction ¢ = Nvy/V €
[1073,0.2], A = (0,0.5,1.5,2.5,3.5,4.6), € = (—2,—3,—4)kgT (with
kg the Boltzmann constant), and §/2 = (0.05,0.25,0.4)D. To
model the Janus-like K-F interaction, we fixed 6 = /2. For each
set of {¢,A,€,6} we performed 2 independent runs. We collected
at least a minimum of twenty equilibrated configurations from
each run. Systems were considered to be equilibrated when only
negligible drifts of both the internal energy of the system and the
observables computed within this work (parameters describing
the clusters, vide infra) could be detected. In this work the AVB-
MC algorithm is designed so that the system has a 90% probabil-
ity of making either a translation or a rotation move, where both
moves are chosen to have equal probability. To improve the phase
space sampling, we introduce a biased move with a probability
of 10%, which can be either a bonding (AVB-B) or an unbonding
(AVB-U) trial move with equal probability. The AVB-B move is de-
signed to form a bond between two unbounded particles, while
the AVB-U move is designed to break an existing bond.

We performed a cluster analysis based on an energy criteria:
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Fig. 1 Panel (a): sketch of two interacting Janus spheres with Kern-
Frenkel patches, the interaction range is § and the patch opening angle
20 = m; A; and 7 are the orientation unit vectors of the patches on
the particles i and j, respectively, while 7;; is the center-to-center vector
between the patches. Panel (b): sketch of one Janus-like HSC with
elongation L, diameter D and a K-F patch with interaction range §.
Panel (c): sketch of a cluster composed of five rods, where 7y — 7 is the
distance vector between the center of mass of the cluster and the center
of the particle i, 6; is the angle between the axis of the particle (identified
by the vector n;) and the vector Fem — 7i.

when two particles have a negative pair energy then they belong
to the same cluster and a cluster is defined as a set of bonded
particles. Then, to classify the clustered structures we combined
a cluster analysis with the characterization of the specific features
of the clusters. Hence, once clusters are identified, we build three
order parameters that are able to effectively classify clusters based
on their microscopic structure 4448151

M = L %cos 0; 3)
Ne 5
AL
¥ =—Y (1-sin6;) 4
¢ =1
%:—¥L—Zwﬁﬁ (5)
Ne(We 1) (7

where N, is the number of particles composing the cluster (cluster
size) and Y (;;) denotes the non-repetitive sum over the particle
pairs in the cluster. The angle 6; is obtained from

Fom — T
cos6; =7 - |?°m ?" (6)
cm — Fi

where 7., defines the position of the center of mass of the cluster
and 7; the position of the center of the i-th particle (see panel (c)
of Fig. [I). Note that we calculate the aforementioned quantities
for all clusters with size larger than or equal to four, meaning that
we do not include dimers nor trimers in the following analysis.
The .# parameter measures the sphericity of the aggregate: if
a cluster displays spherical symmetry, as in the case of a micelle,
the value of the parameter .# tends to 1. With respect to .#, the
¥ parameter is sensitive to the parallel or antiparallel alignment
of the particles to the 7., — 7; vector, which allows to distinguish
vesicle-shaped clusters from micellar ones. Finally, the % param-
eter quantifies the long range orientational parallel/antiparallel
alignment within a cluster. In the case of a perfect bilayer, #
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tends to 1. The knowledge of .#, ¥, % allows to uniquely classify
the aggregates according to the thresholds reported in Table
Note that, as we focus on finite clusters, we label any aggregate
with N, > N/2 as “extended cluster” independently of the values
of ./, and A. As simulations are performed with N = 2500 par-
ticles, the threshold value to define an extended cluster is 1250.

Table 1 Criteria for the cluster classification on the basis of .7, ¥, #
and N,.

Cluster type (K) M v B N,

Micelle >0.9 <N/2
Vesicle <0.6 >0.5 <N/2
Bilayer <0.5 >0.4 <N/2
Elongated bilayer micelle €[0.5,0.9) > 0.4 <N/2
Elongated micelle €[0.5,0.9) <04 <N/2
Extended cluster >N/2

The graphical representation of the cluster classification is pro-
vided in Fig. [2] where every cluster identified within all simula-
tions is represented according to the corresponding {.#, 7 , %}
values. In the xy-plane we report (.#, ¥), while £ is used to
colour code the markers; the size of the markers is proportional
to N,. Following the classification reported in table |1} the plot
can be divided into different regions according to the values of
the cluster order parameters. In particular, we highlight the re-
gion corresponding to spherical micelles (.# > 0.9 and any value
of ¥ and %) and report a snapshot of a typical aggregate (inset
(e)). The plot clearly shows that, moving along a master curve
on decreasing .#, the stable spherical micelles region is followed
by an elongated micellar one, as exemplified by snapshots (d),
corresponding to an elongated micelle, (a), corresponding to an
elongated bilayer micelle, and (f), corresponding to a bilayer. We
also identify a very distinct region where vesicles prevail — see
snapshot (c) — even though the distinction between vesicles and
elongated micelles can become subtle at large values of .#Z. We fi-
nally observe that “extended clusters” — see snapshot (b) — collect
in the region where .# ~ 0, ¥ ~ 0.2, and & ~ 1/3. As a matter of
fact, irrespective of the actual shape of the extended cluster (be-
ing for instance a disordered fluid or an elongated and branched
cluster) the latter values correspond to average over a set of ran-
dom orientations. It can be noted that for the most of the formed
clusters # =~ 1/3, which implies that bilayers are extremely rare
within our systems.

With the cluster analysis and related classification at hand, we
define the probability that a system aggregates into a cluster of

kind K as: )
nKg Ncl‘
A=) )

where N is the total number of clustered particles in the system,
nk is the total number of clusters of kind K at a given state point,
and the sum runs over the ng clusters of kind K, each of size N..
On this basis, we assign to each system a dominant microphase
K according to the greatest Px value. Note that, if the fraction of
clustered particles in the system (N /N) is less than 0.5, then the
system is considered to be below the critical micelle concentration
(cmce).

The complete state diagram, made by the most probable mi-
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1 0.8 of the analysed (€, §) combinations.
By reading the state diagram as a function of the particle
0-7 anisotropy A, it is possible to analyse separately the effects on
089 o the aggregates due to shape anisotropy or directional bonding.
The A = 0 case represents Janus spheres, which have been
056 Los widely analysed in the literature287434548! and present a very
rich phase diagram. For the (¢,08,¢) combinations analysed in
~ F04 g this study, systems are keen to cluster in elongated micelles or ex-
0.4 tended aggregates, while spherical micelles are unlikely to form
03 and vesicles appear only for (§/2,€) = (0.25,—4kgT) (top-centre
0 of panel (a), snapshot 2), in line with what observed in Ref.38:39
0-21 (see Section 2 of SIT). In general, the higher the packing frac-
0.1 tion, the higher the probability of forming extended clusters. As
0 reported in panel (b) of Fig. [3| the average cluster size — repre-
0.0

Fig. 2 Scatter plot in the (.#,7") plane reporting the values computed
for each cluster. A set of representative snapshots of clusters found
within the simulations are reported: inset (a) elongated bilayer micelle,
inset (b) extended structure, inset (c) vesicle (left view: vesicle cut by
a plane to show its inner structure, right view: whole vesicle), inset (d)
elongated micelle, inset (e) spherical micelle, inset (f) bilayer. Different
symbols identify the diverse clustered structures found within the simu-
lations: right-pointing triangles identify the extended clusters, micelles
are depicted as circles, crosses are representative of vesicles, elongated
micelles are reported as diamonds, down-pointing triangles are the elon-
gated bilayer micelles, and finally squares identify the bilayers. Each sym-
bol representing a cluster is coloured accordingly to its % value, while
the symbol size is a function of N.. Dashed lines highlight the regions
of the (.#,7) plot where spherical micelles (blue line) and vesicles (red
lines) can be found according to Table

crophase for each state point, is reported in panel (a) of Fig.
as a function of A, 8, €, and ¢. For the same state points, panel
(b) shows the average cluster size and the standard deviation,
irrespective of the cluster type.

The emergence of microscopic structures is strongly influenced
by the interaction strength, its range, and the packing fraction of
the system. As a matter of fact, at the lowest values of (5/2,¢)
(see bottom-left of panel (a) in Fig. all the systems are below
the cmc for all elongations and densities. For the smallest inter-
action range (8/2 = 0.05) the cmc is reached almost exclusively
when the interaction strength is the highest, i.e. at € = —4kgT
(top-left of panel (a)). At this value of &, the cmc shifts to-
wards higher ¢ values on increasing A, since systems composed
by more elongated particles have a lower effective patch density
for a given packing fraction (snapshot 1 in Fig.[3). The cmc shows
a non-trivial dependence on the (A, §,€,¢) combination. In fact,
for /2 =0.25 and 0.4 (central and right rows of panel (a) in
Fig. |3) the cmc is reached already at intermediate/low interac-
tion strengths, namely at € = —3kgT and —2kgT, respectively.
Nonetheless, also for §/2 = 0.25 and 0.4, the ¢ values at which
the cmc appears increase on increasing A as a consequence of the
reduced effective density of the patches at larger particle elonga-
tions. In fact, when the state diagram of the system is reported
as a function of p = N/V (see Section 2 of the SI), there is no
appreciable dependence of the cmc on the aspect ratio A for none

4] Journal Name, [year], [vol.], 1

sented by the size of the symbols — increases with ¢ at any combi-
nation (8/2,¢) above the cmc. These extended structures may be
due either to the merging of multiple elongated micelles/bilayers
(as in the case of §/2 =0.4 and € = (—3,—4)kgT, snapshot 5) or
to the formation of a disordered phase where the particles inside
the cluster do not show a preferential bonding orientational order
(as in the cases of §/2=0.25 and € = (—2,—3)kgT or 6/2=0.4
and € = —2kgT), see Fig. 3 in Section 4 of SIffor a comparison
between the diverse intra-cluster arrangements. Most of the ex-
tended clusters coexist with smaller structures, resulting in a high
standard deviation, as shown by the colors of the symbols in panel
(b) of Fig.

The effect of a relatively small anisotropy (A = 0.5) on the de-
scribed cluster phases varies with the combination of (8/2,€)
values. Most (§/2,€) combinations still lead to extended clus-
ters or elongated micelles, whereas the most significant mor-
phological changes are observed for (6/2,¢€) = (0.25, —4kgT) and
(6/2,e) =(0.4,—3kgT). In the first case, the increase of steric hin-
drance inhibits the formation of stable vesicles. This behaviour
is in line with what observed by Avvisati et al. in®L where the
authors studied the phase diagram of systems of patchy dumb-
bells as a function of their size ratio g and the distance / between
the spheres. To compare the two systems, the dumbbells must
have a Janus-like coating, meaning that the opening angle of the
patches has to be 6 = w/2. This is controlled, within the dumb-
bell system, by the distance between the two spheres composing
the dumbbell, as well as by the ratio between the two radii of
the two spheres. We can then directly compare our system with
A=0.5,6/2=0.25, and —4kgT < € < —3kgT to the most simi-
lar one inY, that is the case of ¢ = 1.035 and I ~ 0.13. Analo-
gously to our results for the same € and &, the authors observed
that the introduction of even a small anisotropy suppresses the
vesicular phase while stabilising elongated micelles. It is interest-
ing to notice that according to Ref*' an opening angle greater
than 7/2 of the K-F potential is required to recover a vesicular
phase for these systems. It is worth mentioning that the emer-
gence of elongated micelles (snapshot 3 of Fig. [3) observed for
(6/2,€) = (0.25,—4kgT) also occurs at lower € for the same 6. At
this value of J, the elongated structures become characterised by
an increasing number of bonds on increasing ¢ (Fig. 4 in Section
4 of SIT): a high enthalpic contribution in fact allows to balance
the concurrent decrease of entropy of the system which is more
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Fig. 3 Panel (a): state diagram as a function of A, §, € and ¢ reporting the most probable cluster phase for every state point. The marker type represents
the dominant cluster phase: systems below cmc (yellow plus symbols), vesicles (red crosses), extended clusters (pink triangles), spherical micelles
(circles), and elongated micelles (diamonds). About micelles, to highlight the coexistence of spherical and elongated structures, the corresponding
marker colour reflects the cluster type probability, spanning from blue for predominantly spherical micelles to orange for predominating elongated ones.
Panel (b): mean (marker size) and standard deviation (marker colour) of the cluster size distribution for each system. For sake of clarity, we report
illustrative snapshots of representative configurations: 1) system of rods under the cmc; 2) vesicles; 3) elongated micelles; 4) spherical micelles; 5)

extended cluster formed by a bent tube; 6) liquid-like extended cluster.

relevant as the aggregates become bigger and/or more compact.
Also for the highest interaction range (6/2 = 0.4), it is the inter-
action strength ¢ that controls the equilibrium between the ener-
getic and the entropic contributions to bonding free energy as it
renders the formation of a bond a major driving force irrespec-
tive of the entropy loss. In fact, on increasing &, clusters with a
higher number of bonds per particle appear (Fig. 5 in Section
4 of SIf). The other combination of parameters showing a strik-
ing morphological difference with respect to the spherical case is
(6/2,€) = (0.4,—3kgT). For this combination of energy strength
and interaction range, spherical micelles emerge at A = 0.5, which
were completely absent in the phase diagram of the Janus spheres
(center-right of panel (a) of Fig. .

When A > 0.5, spherical micelles become the most probable ag-
gregates, for a wide range of packing fractions at intermediate
and large € values. As a matter of fact, the introduction of a
shape anisotropy beyond A = 0.5 strengthens the repulsive effect
due to the excluded volume. Particles tend to maximise the av-
erage distance between the hard cores while maximising the con-
tacts between the attractive tips, thus assembling into a spherical
micelle. For low to intermediate ¢ values, until micelles start to
interact with each other, elongated cluster structures are thus dis-
favoured in favour of the formation of a gas of spherical micelles,

which allows both the minimisation of the interaction between
the hard part of the rods and the maximisation of the configura-
tional entropy. Upon increasing ¢ (see in particular §/2 = 0.25
and € = —4kgT) the average distance between spherical clusters
decreases. This forces particles to interact, leading to the forma-
tion of elongated clusters with aligned particles, arising from the
coalescence of spherical micelles. As a consequence, there are re-
gions in the state diagram where elongated and spherical micelles
coexist. When this happens, the predominant phase is assigned
according to the largest value of the corresponding probability
Pr. This behavior let us envisage that for higher elongations, the
phase transition between spherical and elongated micelles shifts
towards lower packing fractions, following the trend of the I-N
transition for unfunctionalised hard spherocylinders

As for the average size of the cluster, an increase in 8, € or
¢ (individually or in combination) lead to the formation of big-
ger clusters as shown in Fig. [3| panel (b). On the contrary, an
increase in A, enhances the steric hindrance between the parti-
cles, thus disfavouring the formation of large clusters. Moreover,
all spherical micelles appear to be quite monodisperse, and the
degree of polydispersity decreases upon increasing A.

Finally, it is interesting to observe that although some spare
bilayer clusters are seen in our simulations (see Fig. [2), stable
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bilayers or elongated micelle bilayers are never predominant.

Conclusions

In this study we considered Janus-like spherocylinders and per-
formed Monte Carlo simulations with Aggregation-Volume-Bias in
the NVT ensemble to extensively investigate the aggregation be-
haviour of this type of particles on systematically varying strength
and interaction range of the attractive patch. We focused in
particular on the low density regime, where finite clusters are
expected, to separately assess the role played by particle shape
anisotropy and tip functionalisation on the cluster morphology.

Our analysis highlights a strong dependence of the average
cluster shape on the particle shape anisotropy. We show that
spherical Janus particles never stabilise spherical micelles and
rather form elongated micelles, vesicles, and extended clusters.
As soon as anisotropy is introduced in the colloidal constituents,
the sphericity of the clusters is recovered: spherical micelles are
thus stabilised for a wide range of parameters in the phase space,
even though it is worth noting that for the highest packing frac-
tions analysed, spherical micelles merge into elongated micelles.
Additionally, vesicles — that for spherical Janus colloids are stable
for a narrow region of strength and interaction range — disappear
as soon as particles become elongated. We finally observed that
increasing the aspect ratio of the particles inhibits the formation
of extended clusters.

A striking feature of the emerging micellar phases is the en-
hanced monodispersity of these spherical clusters for any com-
binations of shape anisotropy, interaction range and interaction
strength at which they emerge. The ensemble of the collected
results thus suggests that shape anisotropy can be exploited to
stabilize spherical micelles of Janus colloids with respect to other
cluster types, thus guaranteeing a better control on those features
of the aggergates that are relevant for application purposes. It is
worth noticing that the possible experimental polydispersity ei-
ther in the particle size or in the functionalisation, or in both,
might affect the valency of the particles, thus potentially affect-
ing the shape of the clusters. Nonetheless, the width of the re-
gions where micelles emerge — extended over significantly differ-
ent values of interaction ranges, strengths and shape anisotropies
- suggests that on slightly perturbing the single particle’s fea-
tures the formation of micelles would still be enhanced by particle
anisotropy with respect to the case of spherical particles.
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