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A coarse-grained molecular dynamics model is developed to explore the co-assembly of cellulose
nanocrystals (CNCs) and gold nanorods (AuNRs) under sedimentation conditions with varying volumetric
concentration and particle-size ratios. Simulations and statistical analysis reveal a noticable preferential
attachment of AuNRs on the surface of CNC clusters as the solid fraction of AuNRs was increased when
the volumetric fraction of the AuNRs was low. Density-driven self-assembly under sedimentation forces
is primarily driven by the AuNRs. This shift in the dominant mechanism from CNCs to AuNRs reveals the
limits of multi-particle interactions and formation of ordered structures in binary particle systems. The
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1 Introduction

Cellulose is the most abundant and renewable polysaccharide
on Earth, and can be extracted from plants, bacteria, and
certain marine organisms." Cellulose nanocrystals (CNCs) exhi-
bit a rod-like structure, with a transverse dimension, D, around
5-20 nm and lengths in the range of 60 to 200 nm, depending
on the source and extraction conditions. In dilute aqueous
suspensions, particle—particle interactions between CNCs are
governed by repulsive forces due to the half sulfate ester groups
introduced during acid hydrolysis. In these suspensions, as the
concentration of the CNCs are increased, a phase transition
from isotropic to cholesteric phase takes place at a critical
volume concentration, C,, defined by Onsager’s theory,z’4
between C, = 3.3D/L and C, = 4.5D/L, where D is the particle
diameter and L is the length. Interestingly, such cholesteric
order can be retained in dried films; in this dried state, the
cholesteric periodicity-pitch, p, the distance within the pseudo-
layers to make a full 360-degree turn to form a helicoidal
structure is between 200 nm and 500 nm, giving rise to selective
reflectance of light between UV and visible ranges according to
the modified Bragg equation,

A = n-p-cos 0, (1)
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where n is the average refractive index and 0 is the angle of
incident of light.

CNC self-assembly is a relatively robust process, compatible
with host a range of particle systems. Different particles are
therefore routinely added into the self-assembly media as a
method of fabricating hybrid functional materials. In recent
years, various particle systems, including small molecules such
as organosilicates,”® gold nanorods,” silver nanoparticles,®’
carbon nanotubes and graphene,'® as well as polymers,'""?
have been shown to follow the self-assembly pathways of CNCs
to produce multifunctional photonic structures.

Among these material combinations, co-assembly with gold
nanonano particles (AuNPs) stands out. AUNPs possess remark-
able physical, chemical and optical properties due to their
surface plasmon resonances giving rise to enhanced scattering
and absorption capabilities. In particular with their morpholo-
gical proximity to CNCs and dual surface resonance frequen-
cies, gold nanorods (AuNRs) have gained particular interest to
integrate them into helicoidal order with the premise that such
hybrid structures may give rise to the production of optical
metamaterials.”> AuNRs have no intrinsic ability to self-
assemble into such nanoarchitectures. Furthermore, microma-
chining techniques such as lithography have clear limitations
such as scalability® and the inability to produce sufficiently
small nanostructures to attain the desired optical properties
in the visible range.'®'® Therefore, co-assembly of AuNRs
with cellulose nanocrystals has been suggested as a promising
method to produce gold helicoids in the sub-visible
wavelengths.”"” Querjeta et al. and Cheng et al. both demon-
strated hybrid chiroptical plasmonic responses from such
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co-assembled materials.”*®*°

However, these studies, which
focused on the co-assembly of CNCs with either spherical Au
nanoparticles or low aspect ratio AuNRs, for example, an aspect
ratio of 2.5%° and 2.9,” demonstrated a concentration limit
beyond which the CNC matrix could not accommodate the
desired gold particle concentrations required to achieve a fully
cholesteric response from the AuNRs."*"** This limitation was
most likely to be due to the surfactants used in the production
of AuNRs. In addition of the influence of concentration,
co-assembling CNCs with AuNRs possessing similar aspect
ratio is also worth investigating. The mismatch of shape or
size between CNCs and AuNRs might also lead to the fail in
forming expected cholesteric structure. In this work, our
models consist of AuNRs in different ARs and concentration
would contribute to further experimental study.

To elucidate the fundamental reasons of the limits that arise
in the co-assembly process, we report here an investigation into
the dynamics of the self-assembly of a binary particle system of
CNCs and AuNRs under sedimentation conditions through
molecular dynamics (MD) simulations. To accurately simulate
these interactions, the Gay-Berne (GB) potential has been used
to describe anisotropic interactions between CNCs and AuNRs
particles.”*** Here we applied this method to investigate sys-
tems comprising varying concentrations of AuNRs and to
examine the effects of different aspect ratios of AuNRs on co-
assembly dynamics. Our simulations and subsequent analysis
reveal a two-stage structure formation mechanism for the
system composed of these two particle types. In the first stage,
dissociated particles assemble into small clusters, which sub-
sequently, aggregate into network structures. Further, our
simulations demonstrate that a small fraction of AuNRs co-
assembled with CNCs has little influence on the organisation of
the structure. Notably, at low concentrations, AuNRs tend to
attach to the surfaces of clusters formed by CNCs, whereas at
higher concentrations, AuNRs played a more dominant role in
self-assembly. A critical maximum loading was identified at a
volume ratio of 1:2 (CNC:AuNRs). Nevertheless, AuNRs still
associated preferentially with the network structure formed by
the CNC particles. These findings shed new light on the co-
assembly behaviour of CNCs in binary particle systems using
AuNRs as a case study. Our work contributes valuable insights
for understanding the co-assembly of multi-particle systems to
guide the design and creation of chiroptical plasmonic materi-
als with tailored structural properties.

2 Methods

2.1 Molecular dynamics simulations

Molecular dynamics simulations of ellipsoidal self-assembly
were performed using the large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS).>®> The simulations were
employed in an orthogonal simulation cuboid, with a square
base (x,y) of side 100, to avoid the finite size effect based on
previous study on the macromolecular crowding of ellipsoidal
particles®® and height (z) of 500. Periodic boundary conditions

This journal is © The Royal Society of Chemistry 2024

View Article Online

Soft Matter

were applied in the x-y plane. CNCs and AuNRs were repre-
sented by a rigid ellipsoidal model. Around 30% CNC particles
indeed have a twisted morphology.”” Yet when CNCs are
dispersed in water suspension, the hydration layer of CNC
particles due to surface charge makes the effective rod straight
and smooth,*® which further reduced the anisotrpy in short
axes. In addition, compared with spring-bead model, ellipsoi-
dal model showed a better description of the shape of CNC
particles. In addition, the ellipsoidal model allows for larger-
scale molecular dynamics simulations due to the decrease of
total particle number. CNCs had an aspect ratio (AR) of 10 and
a fixed width of 2 and for AuNRs, aspect ratios of 2.5, 5, 7.5 and
10 with a fixed width of 2 were applied. These parameter values
were guided by prior atomic force microscopy characterisation.
The random start configurations, i.e. particles with random
orientation and coordination, were completed by Mathematica
by assigning random coordination and quaternion. Overlapped
particles were removed. A canonical ensemble (NVT), was
employed in the simulation, with fixed volume V and fixed
temperature 7 in a vacuum condition. 3580 ellipsoidal particles
were included in the emsembles. The number of ellipsoidal
particles was calculated based on the aforementioned C,, AR
and a fixed crowding factor of 1. At this crowding factor, the
expected colliding value between particles is 1.

From Stokes’ law, we expect particles with different densities
to have different settling velocities, which in turn influence the
self-assembly dynamics. Meanwhile, Newton’s second law and
molecular dynamics simulation mean that particle attraction
and repulsion forces are controlled by the density, p. To
investigate the influence of density difference, a sedimentation
force with g = 9.8 m s> was applied to all the CNCs and AuNRs
particles in the simulations.

The system temperature was set to equilibrium at 5 in LJ
units, giving the system a real temperature at around 287 K,
and the simulations were performed for 6 x 10° steps with a
time step of 0.001.

2.2 Gay-Berne potential for ellipsoidal nanoparticles

The Gay-Berne (GB) potential was used to model the co-
assembly in the system. GB potential, a modified form of
Leonard-Jones (L]) potential, describes anisotropic interactions
among ellipsoidal particles, it is worth noting that our particles
do not possess any charges and introducing electrostatic inter-
action between CNCs and AuNRs will dramatically change the
self-assembly behaviour. Recently, GB potential has been
widely applied in the modelling of liquid crystal systems.>**°
The GB potential started when Berardi, Fave and Zannoni®*
introducing a general equation for the GB potential for biaxial
ellipsoids. This ‘BFZ’ equation consists of three basic terms:

U(A1,Az,112) = Ur(A, Ag, 112, 7) - 115 (A1, Ag, v)
“x12(A1, Ay, ) (2)

where A; and A, are transformation matrices, defined by the
rotation transformation from the simulation frame to the
ellipsoidal frame. S; defines the shape of ellipsoids as shown
in eqn (3). As the particles have symmetry in their short axis,
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here b; = ¢;-ry, is the distance between the centre coordinates,
and 7y, v and p are empirical exponents; y is the shift parameter
for non-spherical particles and typically y = 1.

ai 0 0
Si = 0 bi 0 (3)
0 0 g

In eqn (2), the first term has a typical L] form and controls
the distance dependence of the interaction:

- 12 - 6
() )
hiy +yo hiy +yo

where ¢ is the potential depth, ¢ is the minimum effective
particle radius and h,,, is the closest distance between two
ellipsoids and replaces r;, in eqn (4).

The second and third terms of eqn (2) control the inter-
action as a function of orientation and position and have the
following forms:
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2.3 Kissing number analysis

The kissing number, or coordination number, provides the
count of non-overlapping neighbours that touch the central
particles in aggregated clusters. Here, we describe the methods
employed in our simulations to define interparticle contact and
hence to calculate the kissing number.

A core-shell model was used to determine inter-particle
contact, as shown in Fig. S1 (ESIt). The shell thickness was
obtained by investigating some well-known packing structures,
such as the close-packing of spheres and the close-packing of
ellipsoid particles, as illustrated in Fig. S2 (ESIt). Our findings
indicate that a shell thickness of 0.3 provides a balance between
accuracy and computational efficiency, thereby ensuring reli-
able results. Periodic boundary conditions were employed so
that particles at the cuboid side boundaries could identify their
neighbouring particles.

To analyse the clusters assembled from ellipsoidal rods, all
coordinates and orientation data were exported to the software
Mathematica®” and the cluster structure was rebuilt and visua-
lised. By generating 5000 points on the surface of each ellip-
soid, an estimate of the shortest distance between two rods was
computed using the ‘DistanceMatrix’ function in Mathematica
to yield the minimum distance between points on a pair of
ellipses. Integrating with the aforementioned criteria allowed
the calculation of the average kissing number.

In heterogeneous systems comprising both AuNRs and
CNCs, their different dimensions result in particle-dependent
contributions to the kissing number. To address this, we
introduced an ‘equivalent substitution method’ based on their
aspect ratios, as shown in Fig. S3 (ESIf). We illustrate the
approach by considering the kissing number between CNCs
with parallel pairing, noting that such a configuration repre-
sents the most stable equilibrium state. In this state, a neigh-
bouring pair of CNC particles, each with the same AR, possess a
kissing number of 1. However, when a AuNR with an AR of 5
pairs with a CNC having an AR of 10, it only contributes 0.5 to
the coordination number of the CNC, whereas the CNC con-
tributes 2 to the AuNRs. This equivalent substitution method
provides a unified assessment of particle contacts in the
co-assembly, enabling an appropriately weighted evaluation of
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Fig. 1 Kissing number frequency in systems without sedimentation force: a comparison between pure CNCs and CNCs mixed with 10% AuNRs at
different aspect ratios (2.5, 5, 7.5, and 10). (a)—(c) represent dissociated, surface and bulk particles, respectively.
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the overall structural stability and coordination characteristics
within the heterogeneous system.

2.4 Solid fraction analysis

After completion of the self-assembly process, the porosity of
the system, ie., the complement of the solid fraction was
determined. To compute the solid fraction, five slices parallel
to the bottom substrate were obtained. Then the solid fraction
of each slice was calculated using the fraction of the total area
of the particles’ cross-section to that of the slice. Slices were
selected only from the lower two-thirds of the thickness of
the simulated structure, avoiding the influence of surface
roughness.

3 Results and discussion

3.1 Co-assembly of CNCs with AuNRs in vacuum - the effect
of aspect ratio

To establish a baseline, we first analysed the co-assembly of the
binary ellipsoidal particle systems made of CNCs with AuNRs in
a vacuum without sedimentation forces. In each model, we
maintained the volumetric ratio between the CNCs to AuNRs to
be 10:1, while varying the aspect ratio (AR) of AuNRs to the
values of 2.5, 5, 7.5 and 10. Upon analysing the kissing number
values, we identified three distinct particle categories: I. dis-
sociated particles, characterised by kissing numbers below 2; II.
surface particles, exhibiting kissing numbers ranging between
2 and 8; I1I. particles in the bulk, with kissing numbers greater
than 8. Results are summarised in Fig. 1.

Fig. 1 and Fig. S4 (ESIf) reveal that, in the absence of
sedimentation forces, the number frequency in dissociated,
surface, and bulk particles are quite similar for all ARs of AuNR.
This suggests that incorporating AuNRs, at a volume concen-
tration of 10% into the self-assembling CNC media does not
have a significant influence on the particle interactions respon-
sible for assembling into the nematic structure. This confirms
that the self-assembly of CNCs is a robust process ideal for
hosting functional particles such as AuNRs. It is worth noting
that a slight positive shift in the kissing number distributions
of bulk-type particles was observed for the AuNRs with AR of 5.
Such a shift arises from the equivalent substitution method. As
mentioned above, the equivalent substitution assumes parti-
cles are parallel paired into a nematic structure in each cluster,
yet in our simulations, intersecting configurations are observed
between clusters. Such configuration leads to a significant
increase in the frequency of bulk particles with low ARs, yet
the overall self-assembly processes remain similar.

3.2 Co-assembly of CNCs with AuNRs under sedimentation
force - the effect of aspect ratio

The self-assembly in vacuum conditions provided valuable
insight and established a baseline for understanding the
self-assembly of the binary particles and their pairing. In
evaporation driven self assembly conditions, one should expect
significant differences between the particle’s sedimentation

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Distributions of dissociated, surface and bulk particles in self-
assembling CNC groups with an aspect ratio of 10 with the addition of
10% AuNRs (by volume). AuNRs with an aspect ratio of (a) 2.5, (b) 5, (c) 7.5,
and (d) 10.

velocity considering the fluid dynamics and particles’ motion,
thereby will also alter the dynamics of self-assembly. To better
understand this effect, we incorporated a sedimentation force
into the simulations of the binary particle systems.

Fig. 2 shows the evolution of the distribution of dissociated,
surface and bulk particles coordination number analysis dur-
ing self-assembly under sedimentation conditions for systems
of CNCs and AuNRs with different AR. Self-assembly of the
ellipsoidal particles in this case consists of two stages. In the
first stage, dissociated CNCs begin to form small clusters,
where the primary transition involves the conversion from
disassociated particles to surface particles, leading to a growth
in the frequency of surface particles. Meanwhile, the increase in
bulk particles is due to the motion towards the bottom and
stack caused by sedimentation. In the end, these pre-clusters
aggregate and stack, leading to the formation of larger nematic
clusters where the orientation of the nematic domains forms a
random network structure. Comparing these findings with our
previous investigation on the self-assembly of single-type ellip-
soidal particles representing CNCs only,*® it is significant that
the presence of sedimentation conditions has accelerated the
co-assembly process, thus increasing the frequency of bulk
particles at earlier stages of the self-assembly process. Our
simulations in vacuum conditions confirm the formation of
nematic domains only, yet the introduction of sedimentation
leads to the merge of such domains which yields a compressed
final structure. Such scenarios have been observed experimen-
tally that tactoids (temporarily formed during liquid crystal self
assembly with an order of alignment) form and merge in
random orientations.>?

Notably, as shown in Fig. 2, under sedimentation conditions, an
increase in the surface and bulk particle content was observed much
earlier compared to the systems with no sedimentation shown in
Fig. 1. Without the influence of sedimentation, the surface particles
did not appear until 300 timesteps and the bulk particles first

Soft Matter, 2024, 20, 9232-9239 | 9235
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Fig. 3 Frequency change of dissociated, surface and bulk particles for
AuNRs only during the different timescales of co-assembly for the binary
particle group of CNCs of aspect ratio of 10 and AuNRs 10% by volume
with an aspect ratio of 10, depicted in Fig. 2(d).

appear around 500 timesteps. This is primarily due to the
boundary conditions we introduced at the bottom of our
computational domain. During the sedimentation process,
apart from following the molecular interactions imposed by
the GB potential, the particles are also forced towards the
bottom of the interaction volume, leading to increased interac-
tions among particles and facilitating self-assembly.

We also observed that when the volume ratio of AuNRs in
the system remained constant, the self-assembly process of the
overall system exhibited remarkable similarity under sedimen-
tation conditions, even with varying aspect ratios, as shown in
Fig. 2. At the end of self-assembly, all four systems reached an
equilibrium state where most of the dissociated particles have
converted to either surface or bulk particles, with an approx-
imate number ratio of 50/50.

Fig. 4 Co-assembled structures: the aspect ratio of AuNRs is (a) 2.5, (b) 5,
(c) 7.5 and (d) 10, respectively. All four variations form a network structure
and AuNRs mainly distribute on the surface of CNCs clusters.
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Our subsequent analysis focused on the frequency of the
AuNRs specifically in dissociated, surface and bulk positions,
as shown in Fig. 3. This analysis highlighted that although the
self-assembly of the binary particles ends with a 50/50 distribu-
tion between the surface and bulk, the specific ratios for
occupying the surface of AuNRs were found to be 72/28. In
addition, the AuNRs were inhomogeneously assembled onto
the CNC network following their nematic order as shown in
Fig. 4, which can be confirmed in the ESI} (Fig. S5), the radial
distribution function (RDF) of the AuNRs. Compared with the
cholesteric structure observed in experiments, the Gay-Berne
potential does not include a chiral term. Thus the modelling
exhibits a nematic network structure. Meanwhile, the induce of
gravitational force quenched the system to further form the
perfect nematic alignment, as observed by Hou et al.>¢

Such a difference in particle positioning and distribution
confirmed that CNCs are the primary structural drivers, dom-
inating the coordination behaviour and contributing to the
formation of the cluster core. In contrast, the AuNRs behaved
like a guest component, occupying the surface of the clusters.
We attribute this positional preference to the density difference
between AuNR and CNC particles, where the higher density of
AuNRs results in a slower motion, compared to the rapid
aggregation of CNCs. Consequently, during cluster formation,
CNCs pair more rapidly, forming the cluster core and causing
AuNRs to preferentially attach to the cluster surfaces. This
behaviour aligns well with previous experimental findings
where the rod-like particles were shown to localise along
parallel lines within the cholesteric layers of CNCs such as with
AuNRs,”*? Silver nanorods,’ and needle-like TiO,.>* It is con-
sistent with the characteristics of colloidal particles in Brow-
nian motion in fluids. In sedimentation conditions, the larger
and denser particles are expected to settle faster in water.*>>®
Our simulation conditions demonstrated that while particles
were moving towards the substrate under sedimentation forces,
they still interacted within their excluded volume as the colloi-
dal behaviours of AuNRs were still influenced by the GB
potential. With the combination of sedimentation and colloidal
interactions, the co-assembled structures as well as the pre-
assembled clusters in this binary particle system would most
likely form a heterogeneous structure rather than ordered
phases. While such alignment validates our work, this addi-
tional insight indicates the possibility of microscopic inhomo-
geneities caused by the secondary particles. Identification of
these experimentally could prove time consuming and require a
thorough high resolution TEM work including tomography,
which was not conducted in previous studies.

3.3 Co-assembly of CNCs with AuNRs under sedimentation
force - the effect of concentration

Co-assembly of the CNCs with AuNRs with varying concentra-
tions has been demonstrated experimentally.’” However, in
these studies, increasing the AuNRs concentration resulted in
a decrease in the overall cholesteric order’ or disruption of the
cholesteric phase forming random aggregates of AuNRs and
CNCs.?® Such structural change results in loss of optical activity

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Kissing number frequency for whole systems with various mix-
tures: (a) pure CNCs, (b) CNCs:AuNRs: 100:1, (c) 1:1, and (d) 1:2. The
aspect ratio for CNCs and AuNRs are 10 and 2.5, respectively.

and circular dichroism in these films. To elucidate the effect of
concentration, we constructed a binary particle system and
systematically varied the concentration ratio of the AuNRs
and CNCs in our molecular dynamics simulations. Our simula-
tions suggest that as the concentration of AuNRs was increased,
the previously observed microscopic inhomogeneities became
more pronounced. Such phase disruption presents a barrier for
the co-assembly to work successfully in experimental condi-
tions from a sedimentation perspective alone.

Fig. 5 provides statistical analysis of the co-assembly beha-
viour under varying concentration ratios and with a sedimenta-
tion field applied. Similarly, even under sedimentation
conditions, the influence of introducing a small amount of
CNCs on the self-assembly behaviour of the entire system is
negligible. However, as the concentration of gold nanoparticles
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25 | -
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15 | g
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10 B
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Fig. 6 Solid fraction for pure CNCs and the ratio of CNC to AuNR 100:1,
10:1,1:1and 1:2.
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gradually increases, the self-assembly dynamics of the overall
system change, revealing a critical volume ratio of 1: 1 as shown
in Fig. 5(c) and (d). The increase in bulk particles is attributed
to the size difference between the CNCs and the AuNRs. Due
to the increase in the contents of smaller AuNRs, the
co-assembled system tends to form a more densely packed
structure, which can be evidenced by analysing the solid
fraction, as shown in Fig. 6. Pure CNCs form a more porous
structure, as shown in Fig. 7(a); however, after introducing
AuNRs, these nanorods tend to occupy the vacancies within and
between CNC clusters. Additionally, the sedimentation condi-
tion contributes to compressing the structure, resulting in a
significant decrease in the percentage of surface-category par-
ticles in the system. Such a shift between the surface and bulk
positioning of the gold particles confirms our previous hypoth-
esis that a critical point, or maximum loading capacity, exists in
this co-assembly system. Furthermore, once this critical value is
exceeded, CNCs are not able to load extra gold nanoparticles
and the entire co-assembly is seemingly dominated AuNRs.

Fig. 7 also provided the individual structures formed under
different concentration ratios. As we increased the gold nano-
particles in the system, the network structure persisted even in
scenarios where gold nanoparticles were abundant and might
be assumed to dominate the simulation system. Furthermore,
gold nanoparticles persistently occupied the surface positions
on CNC particles, as discussed before. Our colour mapping
further confirmed the observation that the orientation of gold
nanoparticles closely followed the orientation of the CNC
particles to which they were attached. This structural analysis
highlights the stability of the network structure formed by
CNCs as a host matrix to AuNRs guests and shows the prefer-
ential attachment position of this binary system.

4 Conclusion

Our numerical investigation into the co-assembly of CNCs and
AuNRs at varying concentration ratios and under sedimenta-
tion forces provided valuable insights into the determining
mechanisms driving the structure. At a fixed concentration,
when the aspect ratios of the AuNRs were changed, the self-
assembly process remained similar in binary self-assembly
media. In addition, the co-assembled structures within a binary
system form a heterogeneous configuration where the AuNRs
were distributed preferentially on the surface of the CNC
clusters. This was mainly due to the inherent variances in
particle density and size. In all simulations, AuNRs consistently
occupy surface positions on CNC particles, demonstrating their
preferential surface affinity. Moreover, the orientation of
AuNRs follows that of the CNC particles to which they are
attached, indicating a strong dependence. Furthermore, our
study highlighted a critical loading threshold, beyond which
CNCs can no longer load additional AuNRs, leading to struc-
tures dominated by the AuNRs in the co-assembling media and
an increase in disorder. These insights deepen our under-
standing of the self-assembly behaviour in complex particle
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Fig. 7 Structure of co-assembles: (a) pure CNCs, (b) CNCs:AuNRs: 10:1 and (e) 1: 2. (c), (d), (f) and (g) represent the separated structure of CNCs and
AuNRs respectively. The colour coding represents the angle between the elongation direction of the particles and the backplane.

systems and help the design and control of the conditions
driving self-assembly to achieve ordered structures.
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