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Supracolloidal helices from soft Janus particles by
tuning particle softness’

Qing-Zhi Zou,* Zhan-Wei Li,** Zhong-Yuan Lu,” and Zhao-Yan Sun*¢

Because of the unique architectures and promising potential applications of biomimetic helical
structures in biotechnology and nanotechnology, the design and fabrication of these structures by
experimentally realizable anisotropic colloidal particles remain one of the most challenging tasks
in materials science. Here we show how soft Janus particles self-assemble into supracolloidal he-
lices with distinctive structural characteristics, including single helices, double helices, and Bernal
spirals, by properly tuning particle softness. We further examine the kinetic mechanisms gov-
erning the formation of different helical structures by using particle-based dynamics simulations.
Our results provide a new way for experimentally fabricating structure-controllable supracolloidal
helices solely from the self-assembly of soft Janus particles.

1 Introduction

Helical architectures are abundant in nature and ubiquitous
in living systems, which have diverse potential applications in
the fields such as optics, optoelectronics, sensors, and cataly-
sis1™. Designing and fabricating biomimetic helical superstruc-
tures through the self-assembly of colloidal particles are becom-
ing more and more important and challenging tasks in materials
science. Anisotropic colloidal particles, which have been proven
to be appropriate building blocks for the fabrication of various
helical superstructures, have attracted a lot of attention in recent
years®~/. A number of helical structures have been experimen-
tally realized from the self-assembly of shape-anisotropic parti-
cles such as magnetite nanocubes®, Au nanorods®, and magnetic
dumbbells”. Meanwhile, patchy particles with surface anisotropy
emerge as a new class of building blocks for self-assembly of
well-controlled supracolloidal helices®?. For example, a Bernal
spiral 10 described as a stack of face-sharing tetrahedra, alter-
natively named as Boerdijk-Coxeter helix !, has been assembled
from patchy colloids with three pairs of patches and antipatches®.
Similarly, a vast collection of biomolecular mimetic supracolloidal
helices have been achieved by the self-assembly of patchy parti-
cles with controlled arrangements and interactions of patches?.
However, patterning a colloidal particle’s surface in such a sophis-
ticated and well-controlled geometry may not be immediately ac-
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cessible by present experimental techniques 1213, Therefore, the
design and fabrication of biomimetic helical superstructures by
simple and experimentally realizable surface-anisotropic colloidal
particles remain a major scientific and technological challenge.

As the simplest case of patchy particles1%15 Janus particles
exhibit remarkable ability to self-assemble into a large variety
of highly ordered supracolloidal structures 12-13:15-19 " Especially,
Bernal spirals have been experimentally realized using hard Janus
particles at high salt concentration !®, and also theoretically de-
signed through the self-assembly of Janus-type building blocks2°.
In addition, single helices and double helices were achieved via
the self-assembly of soft Janus particles with deformable and
anisotropic characteristics, by properly tuning Janus balance and
the strength of attraction between attractive patches?!. In ex-
periments, soft Janus particles have been realized as Janus mi-
celles 152224 Janus microgels2>2°, Janus dendrimers27-3!, and
Janus hyperbranched polymers32. The softness and deformabil-
ity of these soft Janus particles can be quantitatively described
by the elastic modulus21-33:34 and tuned by varying the cross-
linking density3>3%, the grafting density26, the number of pri-
mary branches, the density of radical branches?8, and so on. As
suggested in Refs. 16:20  the critical design rule to construct Bernal
spirals is that the range of anisotropic interactions between Janus
particles must be short relative to particle size. Thus, Bernal spi-
rals were not observed in the self-assembly of soft Janus particles,
due to their relatively longer-range anisotropic attraction. How-
ever, as demonstrated in Ref.2!, the range of anisotropic attrac-
tion of soft Janus particles can be well tuned by altering particle
softness. Therefore, the particle softness may play an unexpect-
edly important role in designing various helical structures by the
self-assembly of soft Janus particles.

Journal Name, [year], [vol], 1-7 |1



Nanoscale
where
fe cos g—gcos 7% if cos ; > cos B and cos8; > cos B
0 otherwise.

Fig. 1 Biomimetic supracolloidal helices self-assembled from soft Janus
particles. (a) Graphical representation of soft Janus particle model. (b)
Single helices. (c) Double helices. (d) Bernal spirals. In (b)-(d), the left
part shows side view of the supracolloidal helices, and the top and
bottom images in the right part show top view of the supracolloidal
helices and the geometrical representation of the supracolloidal helices,
respectively. The side and top views of these three types of helical
structures are all extracted from simulated equilibrium structures.

Herein, we introduce a new concept in constructing helical ar-
chitectures through the self-assembly of soft Janus particles with
tunable particle softness. The role of particle softness is explored
in self-assembling different desired helical structures with the aid
of soft Janus particle model [Fig. 1(a)]. For Janus particles whose
deformability is higher, the number of nearest neighbors per
Janus particle is not limited to six. Thus, single helices [Fig. 1(b)]
and double helices [Fig. 1(c)] can be obtained. With decreasing
softness of Janus particles (i.e., Janus particles become harder),
the range of anisotropic attraction becomes shorter, and the num-
ber of nearest neighbors per particle will not exceed six. Thereby,
Bernal spirals [Fig. 1(d)] are obtained through the self-assembly
of these Janus particles. The building blocks in our model are
sufficiently simple, and the experimental implementation of soft
Janus particles with tunable softness is within the reach of to-
day’s experimental capabilities 15:23:24:26,28,35-37 ' Therefore, soft
Janus particles with tunable softness hold significant promise for
the design and fabrication of biomimetic helical superstructures.

2 Model and simulation details

Model. The soft Janus particle model (SJPM)?21:33:34 a5 illus-
trated in Fig. 1(a) is used to investigate the self-assembly of soft
Janus particles. In SJPM, the soft and anisotropic attractive po-
tential between Janus particles is expressed as

of s\ 2 )
i 7 _fV (L i . =
Uij — 2 (1 Te ) f 2 Te r2 Tij <re=1.0 (1)

0 rij > I¢,
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For simplicity, we use the interaction cutoff radius (r.) as the unit
of length, kgT as the unit of energy, and choose the moment of
inertia (/) and the mass (m) of the particle as the units, thus the
time unit 7 = \/mr2 /kgT. All of the simulation parameters in this
work are given in reduced units.

As illustrated in Fig. 1(a), the green part of surface represents
the attractive patch and the red part represents the repulsive
patch, and the directions of the attractive patches on particle i
and j are specified by unit vectors n; and n;, respectively. 6; is the
angle between n; and the interparticle vector r;; = r; —r;, and 6;
is the angle between n; and r;; = —rj;. The size of the attractive
patch is described by Janus balance 3, and the fraction of surface
covered by the attractive patch, y, is related to 8 by the relation
X = sinz(%) 38,39 The anisotropic function f ensures that the
patch-to-patch alignment of soft Janus particles is energetically
favorable. In Eq. 1, the magnitude of a{; controls the strength
of repulsion, ociA} controls the strength of attraction between the
attractive patches, and v controls the angular width of the attrac-
tion. Thus, both oc{‘} and v control the flexibility of Janus particle
aggregates. As shown in Fig. S1, the distance dependence of the
anisotropic attractive potential U;; presents relatively strong re-
pulsion at short range and weak attraction at long range. With
the increase of af;-, the strength of repulsion becomes stronger,
and the range of attraction becomes shorter.

As demonstrated in Refs.21:33:34  this SJPM can be directly
mapped onto experimental systems in different conditions. The
parameter (xi’; is related to the linear elastic modulus E of the
particle by off = nEdZ, /6404, Here, d,f; is the effective di-
ameter of soft Janus particle, and can be estimated by d,rr =
(ocg +a3/2)/ (065 + 05;_‘}). If § is defined as the range of attraction
related to the effective diameter d,yf, and (1+8)d.rr = rc, then
& is also related to aff and o} by 8 = o}/ (20f + }). The energy
minimum of the attractive potential at r;; = d, s gives the adhe-
sion energy G = —U/}" = ofi(1 —d,fy)/4, which determines the
association strength between Janus particles and can be tuned
by altering the salt concentration, pH, or temperature in exper-
iments2133,34.40:42,43  Thys, the simulation parameters ocg and
al‘.‘} can be fixed from experimentally measurable particle proper-
ties including the elastic modulus E, the effective diameter d, s,
and the adhesion energy G.

Simulation details. We perform dynamic simulations in NVT
condition (the number of particles, the volume, and the tempera-
ture are constant) in a 40 x 40 x 40 cubic box with periodic bound-
ary conditions. The temperature is controlled at target value
by using the weak coupling Berendsen thermostat 21333444~ A].
though the Berendsen thermostat is unable to generate a well de-
fined ensemble (especially for small systems), it has been widely
used in simulations because the approximation yields roughly cor-
rect results for most calculated properties for large systems on
the order of hundreds or thousands of atoms/molecules/particles,
non-physical phenomena are rarely observed as a result of the
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artefact 33344447 The Nosé-Hoover thermostat is also used to
examine the effect of the Berendsen thermostat. In this study, the
effect of different thermostats on the self-assembled structures
is negligible. The coarse-grained solvent particles are explicitly
considered in the simulations, and for a system of N particles
(N = pV), the number of Janus particles is Nyse = N X ¢, and
the number of spherical solvent particles is Nyypens = N X (1 — @)
(¢ is the concentration of Janus particles in solution). The solute-
solvent and solvent-solvent interactions follow the first term of
Eq. (1). It should be noted that the coarse-grained model may
lead to the reduction in degrees of freedom of solvent particles,
and therefore, result in different entropies. But this problem
may be partially solved by constructing effective coarse-grained
potential which is designed to reproduce correct structure and
thermodynamic properties of a given system at specific condi-
tion 21,34:40,41,48-50 - A time step 8t = 0.0027 is used to integrate
Newtonian equations of motion. All the simulations are per-
formed with the aid of GALAMOST software package®!.

As shown in Fig. S2, for increasing values of aﬁ = 396, 1596,
o "

9996, and 39996 in the repulsive potential Uj; = % (1 - 9) ,
all the relations between the pressure and the number density
can be fitted well by a parabola function (p = pkgT + K(x{;pz
(k = 0.101 £ 0.001)) 4852 Thus, the isotropic solvent particles

R
i

interacting via U;; = % <1 — %)2 are used to fit the equations of
state. In this way, we can calibrate the parameter a{; in different
systems to reflect that the systems are effectively in constant pres-
sure condition. In order to clarify the effect of particle softness on
the self-assembly of Janus particles, we keep the pressure at a
constant value by varying p for different values of ocf;. The val-
ues of p are calculated according to the obtained parabola fitting
function. In the simulations, we choose p = 3.0, 1.1, 1.0, and 0.9
for the increasing values of ocf;» =396, 1596, 9996, and 39996, re-
spectively, to keep the pressure in different systems equal to that
of the system with oft = 396.

3 Results and discussion

3.1 The role of particle softness in the self-assembly of dif-
ferent helical structures

As demonstrated in Refs.21:33:34 the simulation parameters oci[;

and Ocl‘.‘} in SJPM can be fixed from experimentally measurable par-
ticle properties including the elastic modulus E, the effective di-
ameter d,yy, and the adhesion energy G. In this work, we choose
a series of values of ocf; to describe soft Janus particles with dif-
ferent softness. The corresponding relation between the chosen
simulation parameters a{; and the elastic modulus E is given in
Table 1. For a5 =396, 1596, 9996, and 39996, the values of the
elastic modulus E are about 0.033 Mpa, 0.116 MPa, 0.667 MPa,
and 2.590 MPa, respectively. Thus, with the increase of ai’;, Janus
particles become harder, and the range of anisotropic attraction
0 becomes shorter, as shown in Table 1 and Fig. S1. The choices
of (x{j ensure that all the Janus particles in our simulations are
soft and compressible as compared to conventional hard-sphere
particles, which normally have a modulus about 2.0 GPa“°.

For the softest Janus particles in this work (0‘5’ = 396, i.e.,

This journal is © The Royal Society of Chemistry [year]
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Table 1 The relation between simulation parameters oci’j and oc{} and the
experimentally measurable properties E, d.rr, and G. The parameters
ai’;, af}, and ¢ are given in reduced units, and the reduced unit of length
re in the model is assumed to approximately correspond to 50 nm.

E [Pa] desf [nm] G [kpT] ol o 8
3.31 x 10* 45.45 2.00 396 88 0.10
1.16 x 10° 47.62 2.00 1596 168 0.05
6.67 x 10 49.02 2.00 9996 408 0.02
2.59 x 10° 49.50 2.00 39996 808 0.01

E = 0.033 Mpa), we have systematically examined the effects of
Janus balance f§ and the strength of attraction between attractive
patches (x{} (i.e. the adhesion energy G) on the self-assembly be-
havior in simulations with a larger box (40 x 40 x 40) compared to
our previous work with a smaller simulation box (20 x 20 x 20) 21,
We find that the obtained self-assembly diagram in the G- space
(0.00 kgT < G < 25.00 kgT and 0° < B < 180°) is exactly the same
as that in our previous work?2! (data not shown). When G is too
large or 0° < 8 < 105°, only the micellar clusters are obtained.
The single helices [Fig. S3(a)] can be observed at about 15.00
kpT <G <22.70 kgT and 115° < < 135°, and the double helices
[Fig. S3(b)] can be observed at about 8.25 kg7 < G < 13.20 kgT
and 115° < B < 125°.

For the other three values of a{j, the self-assembly diagrams
plotted with Janus balance f versus adhesion energy G are also
constructed to display the role of particle softness in the forma-
tion of different helical structures. For the harder Janus parti-
cles with af; =39996 (E = 2.59 Mpa), the range of anisotropic at-
traction is sufficiently small as compared with that in Refs.16:20,
and then particle clustering favors self-assembly structures with
at most six nearest neighbors per particle. Self-assembly diagram
and typical self-assembly structures are shown in Fig. 2. It can
be seen that the self-assembly diagram of a{; = 39996 is quite dif-
ferent from that of oai’; =396. In the range 80° < f8 < 85° that
is in good agreement with the experiment®, the Janus particles
self-assemble into Bernal spirals [Fig. 2(d)], which can be de-
scribed as a stack of face-sharing tetrahedra [Fig. 1(d)]. At low
B and/or G, the small clusters including tetrahedra [Fig. 2(b)]
and the coexistence of tetrahedra and trigonal bipyramid (TBP)
[Fig. 2(c)] can be identified, as shown in Fig. 2(a). At high
B and G, we also observe an arrested state composed of spi-
rals as reported in Refs. 8 [Fig. 2(e)]. Moreover, we find that
Bernal spirals are stable in the concentration range from ¢ = 1%
to ¢ = 7.5%, as shown in Fig. S4. For oai’; =9996 (E = 0.667 MPa),
the self-assembly diagram [Fig. S5(a)] is very similar to that for
055 = 39996 [Fig. 2(a)], and Bernal spirals [Fig. S5(c)] can also
be obtained at suitable values of B and G. But for off = 1596
(E =0.116 Mpa), the range of anisotropic attraction is relatively
long, which results in relatively high deformability of soft Janus
particles. As shown in Fig. S6(c), Bernal spirals can still be ob-
served, but the degree of order of Bernal spirals is affected. In
order to quantitatively describe the effect of (xilj» on the degree of
order of Bernal spirals, we calculate the helical order parameter
on = Nwllulﬂ ):<% [3 cos? %}"w — 1] >, where n; is the number of

nearest neighbors of Janus particle i, ng is the number of nearest

Journal Name, [year], [vol.], 1-7 |3



Nanoscale

(a%O-AQQOOE:EE:j
l A O O O @ O O O o O o
50 4 & & C @ @ 1 /A Tetrahedra
t A A O O @ @ [ & Tetrahedra+TBP
Q 40F AN A O O O @ [ @ BeralSpirals
Nk;q AAA SO @ I a Arresteg
~=30F &4 A A O O Q@ OO OO0
O AA A SO O O O OO0
20 A A A AN OO O OO OO
L A A A AN A O O O oo O
10F A A A A AN AN AN OO OO
60 70 80 1
(b) XFP,
@ <
3 “
s
<
°@, ¥ &

Fig. 2 (a) Self-assembly diagram of soft Janus particles in the G-
space at al-’; =39996 (E =2.59 Mpa), v =0.25, and ¢ = 5%. Blue
triangles, orange diamonds, red spheres, and green squares denote the
states of tetrahedra, the coexistence of tetrahedra and trigonal
bipyramid (TBP), Bernal spirals, and the arrested state composed of
spirals, respectively. Typical snapshots corresponding to these different
states are also shown in (b)-(e).

neighbors per Janus particle in well-defined target helical struc-
tures, and Ny, is the total number of Janus particles in the sys-
tems. For perfect Bernal spirals, ny = 6, and Q;, = 1.0. As shown
in Fig. S7, with increasing (xilj-, 0y, becomes relatively larger. Thus,
although the self-assembly diagrams are very similar and Bernal
spirals can be observed for all the values of a{§ = 1596, 9996, and
39996, the degree of order of Bernal spirals becomes higher with
decreasing particle softness of Janus particles.

In order to further explore the role of particle softness in
the self-assembly of different helical structures, we illustrate the
center-to-center distances of nearest neighboring Janus parti-
cles for some typical self-assembled helical structures in Fig. 3,
through the calculation of radial distribution function g(r) in
Fig. S8. As shown in Fig. 3, the average center-to-center dis-
tances of nearest-neighboring Janus particles in single helices,
double helices, and Bernal spirals are 0.42, 0.47, and 0.97, re-
spectively. Thus, in comparison with the harder Janus particles
with 0‘5 = 39996 (E = 2.59 Mpa) in Bernal spirals, the softest
Janus particles with af} =396 (E = 0.033 Mpa) in single and dou-
ble helices deform and overlap more largely with each other.

4| Journal Name, [yeat], [vol.],1-7

In sum, the particle softness of soft Janus particles plays an im-
portant role in the formation of different helical structures. For
the softest Janus particles with a{; = 396, the range of anisotropic
attraction is comparatively long and the particle deformability is
high, single helices and double helices can be obtained by prop-
erly tuning $ and G. With the increase of ai’;, Janus particles be-
come harder, and the range of anisotropic attraction  becomes
shorter. For a,-’§ = 1596, 9996, and 39996, the range of anisotropic
attraction is sufficiently short to favor the formation of Bernal
spirals with at most six nearest neighbors per particle as com-
pared with that of ocf;» = 396. The degree of order of Bernal spi-
rals becomes higher with increasing a{;. Thus, three types of fas-
cinating supracolloidal helices, including single helices, double
helices, and Bernal spirals, can be achieved simply through the
self-assembly of soft Janus particles by properly tuning particle
softness.

(a (b

(c

Fig. 3 The center-to-center distances of soft Janus particles in typical
self-assembled helical structures. (a) Single helices at ocl-’j =396

(E =0.033 Mpa), a;-‘} =308 (G = 17.00 kgT), and B = 115°. (b) Double
helices at &t = 396 (E = 0.033 Mpa), o} =242 (G~ 11.50 kzT), and

B =120°. (c) Bernal spirals at ot = 39996 (E = 2.59 Mpa), o} = 4420
(G =~ 55.00 kgT), and B = 80°. The distances are given in reduced units.

3.2 Structural characteristics of different helical structures
In order to quantitatively capture the structural characteristics of
different helices, we compare the distribution S(n) of the number
of nearest neighbors per Janus particle, n, and the distribution
P(cosy) of cosy=n;-n; for all pairs of contacting Janus particles,
as shown in Fig. 4. S(n) = Np(n)/Nyorure, Where the number of
nearest neighbor » is calculated through counting the number of
all the neighbors per Janus particle within the range of r¢, N, (n) is
the number of Janus particles with the number of nearest neigh-
bors n, and Ny, is the total number of Janus particles in the sys-
tems?!. The distribution P(cos y) is expected to show well-defined
peaks for an ordered structure and to be flat for a completely dis-
ordered structure 182138 The face-to-face (antiparallel patches),
perpendicular patches, and side-by-side (parallel patches) align-
ments of Janus particles can be easily characterized by the peaks
at cosy=—1.0, 0.0, and 1.0, respectively.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Relative distributions of neighboring particles in different helical
structures. (a) Distribution S(n) of the number of nearest neighbors per
Janus particle n. (b) Distribution P(cosy) of the scalar product

(cosy =n; -n;) for all pairs of contacting Janus particles.

As shown in Fig. 4(a) and (b), for single helices and double
helices, S(n) shows a narrow distribution at n = 14 and 12, respec-
tively, and P(cosy) shows clear double peaks at cosy =~ —1.0 and
cosy~ 1.0 and two additional peaks at special positions between
cosy= —1.0 and cosy = 1.0. For Bernal spirals in Fig. 2(d), which
are formed by a stack of face-sharing tetrahedra of Janus parti-
cles, S(n) shows a narrow distribution at n = 6 since the neigh-
bors of each Janus particle belong to a tetramer of adjacent tetra-
hedra with cluster size n; = 7°3, and P(cosy) shows four distinct
peaks at around cosy= —1.0, —0.5-—0.33, 0, and 0.31. These four
peaks originate mainly from the typical angles between the direc-
tion vectors of all pairs of contacting Janus particles in the capped
trigonal bipyramid (CTBP, the basic building block of Bernal spi-
rals16 ) with ¥ = 180°, 120°, 109.47°, 90°, and 72°, respectively.
Thus, the distributions S(n) and P(cosy) can also be used to ef-
ficiently classify different self-assembled structures in Fig. 2, as
given in Fig. S9.

3.3 Kinetic mechanism of the formation of Bernal spirals

To understand the kinetic mechanism of the formation of Bernal
spirals in Fig. 2(d), we give the detailed analysis of the time de-
pendence of the number N, of various micellar clusters with
a size range of ny =2 to 7 at the initial stage of self-assembly

This journal is © The Royal Society of Chemistry [year]
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before the growth of Bernal spirals. As shown in Fig. 5(a), the
number of individual Janus particles is extremely reduced owing
to the rapid formation of Janus particle dimers, and the number
of Janus particle dimers also decreases rapidly with the growth
of trimers and tetramers. Because clustering of harder Janus par-
ticles favors densely packed structures with at most six nearest
neighbors per particle, the larger clusters with n; =5 to 7 can
form, and then the number of trimers and tetramers decreases af-
ter reaching a maximum. Two types of isomers with n; = 6 and 7
reported in Ref. 16 are also observed, as shown in Fig. 5(a). There-
fore, our detailed analysis quantitatively verify three major steps
for the formation of micellar clusters with n; =2 to 7 proposed
in Ref.16: step-by-step addition of individual particles, fusion of
smaller clusters into a larger one, and isomerization. The distri-
bution S(n) of the number of nearest neighbors per Janus particle
n [Fig. 5(b)] and the typical snapshots [Fig. 5(c)-(f)] taken at dif-
ferent times further elucidate that the Bernal spirals with at most
six nearest neighbors per particle are formed from the fusion of
smaller micellar clusters in agreement with Ref. 6. Although the
structure of Bernal spirals is quite different from that of single
helices and double helices, their formation mechanisms are very
similar, as shown in Fig. S10 and Fig. S11.

[or

[ 2.010%
I 8.0:10%c
[J2.0410%
I 6.4:10%

(@]

00

[

luster

6.4 x 10°T

Fig. 5 Kinetics in the self-assembling process of Bernal spirals. (a)
Time dependence of the number N, of various micellar clusters with
a size range of n, =2 to 7 at the initial stage of self-assembly. (b) The
distribution S(n) of the number of nearest neighbors per Janus particle n
at different times. (c)-(f) Typical snapshots taken at different times. The
error bars in (a) and (b) are obtained by averaging over five different
simulations.

4 Conclusions

In summary, the role of particle softness in creating differ-
ent supracolloidal helices is clarified by investigating the self-
assembly of a series of soft Janus particles with different degrees

Journal Name, [year], [vol], 1-7 |5
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of particle softness. Three types of fascinating supracolloidal he-
lices with distinctive structural characteristics including single he-
lices, double helices, and Bernal spirals are achieved by properly
tuning particle softness. The major kinetic mechanism governing
the formation of these different helical structures is the fusion of
relatively unstable and smaller micellar clusters, consistent with
recent experiments1®. These soft Janus particles with tunable
softness in our model are sufficiently simple, and well within
the reach of today’s experimental capabilities 15:23,24:26,28,35-37
Therefore, our work paves the way for the experimental realiza-
tion of a variety of biomimetic supracolloidal helices, and pro-
vides fundamental insight into the kinetic mechanism in the self-
assembly of polymer colloids into biomimetic helical structures.
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