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1. Introduction

The adsorption of colloids at liquid interfaces has generated

Using adsorption kinetics to assemble vertically
aligned nanorods at liquid interfaces for
metamaterial applicationsf

S. O. Morgan,® A. Muravitskaya,® C. Lowe,® A. M. Adawi, (¢ J.-S. G. Bouillard, (°
T.S. Horozov, ©2° G. J. Stasiuk @2 € and D. M. A. Buzza () *°

Vertically aligned monolayers of metallic nanorods have a wide range of applications as metamaterials
or in surface enhanced Raman spectroscopy. However the fabrication of such structures using current
top-down methods or through assembly on solid substrates is either difficult to scale up or have limited
possibilities for further modification after assembly. The aim of this paper is to use the adsorption
kinetics of cylindrical nanorods at a liquid interface as a novel route for assembling vertically aligned
nanorod arrays that overcomes these problems. Specifically, we model the adsorption kinetics of the
particle using Langevin dynamics coupled to a finite element model, accurately capturing the
deformation of the liquid meniscus and particle friction coefficients during adsorption. We find that the
final orientation of the cylindrical nanorod is determined by their initial attack angle when they contact
the liquid interface, and that the range of attack angles leading to the end-on state is maximised when
nanorods approach the liquid interface from the bulk phase that is more energetically favorable. In the
absence of an external field, only a fraction of adsorbing nanorods end up in the end-on state (<40% even
for nanorods approaching from the energetically favourable phase). However, by pre-aligning the metallic
nanorods with experimentally achievable electric fields, this fraction can be effectively increased to 100%.
Using nanophotonic calculations, we also demonstrate that the resultant vertically aligned structures can be
used as epsilon-near-zero and hyperbolic metamaterials. Our kinetic assembly method is applicable to
nanorods with a range of diameters, aspect ratios and materials and therefore represents a versatile, low-
cost and powerful platform for fabricating vertically aligned nanorods for metamaterial applications.

particles at fluid interfaces is richer than that of spherical
particles as anisotropic particles can adopt multiple locally stable
orientations at the liquid interface.">*”>*® The possible stable

increasing interest in recent years because of potential applications
in areas such as emulsification, encapsulation,” nanostructured
materials>! and reconfigurable systems.” More fundamentally,
interfacial colloids have paved the way for the creation of exotic
new states of matter such as liquid marbles, bijels and ‘dry’
water.®® Up to now, most of the research in this area has focused
on spherical or nearly spherical particles. However, advances in
synthetic methods have made possible the fabrication of aniso-
tropic particles such as ellipsoids,” ™ cylinders,">™” cubes'®** and
more complex shapes.”*?** The behaviour of such shape anisotropic
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orientations of anisotropic particles at liquid interfaces are strongly
dependent on the shape of the anisotropic particle. For example,
ellipsoidal particles are always ‘side-on’ (particle long axis parallel
to liquid interface),"'* cylindrical particles can be either ‘side-on’
or ‘end-on’ (particle long axis perpendicular to liquid interface)'>"”
while cubes can be face-up, edge-up or corner-up.'*>

The fact that cylindrical colloids can adopt the end-on state
at the liquid interface is particularly interesting for many novel
applications since arrays of vertically aligned nanorods can be
used as epsilon-near-zero or hyperbolic metamaterials,*®*
plasmonic cavity resonators®> or in surface enhanced Raman
spectroscopy (SERS) for sensing applications.>”**¢ Vertically
aligned nanorod arrays are particularly versatile platforms for
sensing and enhanced spectroscopies since the nanorods can
be constructed from a wide variety of materials, including
metals (e.g., gold, silver, aluminium, copper etc.) and dielectrics
(e.g., polymers, silica etc.), providing maximum flexibility for
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tuning the frequency range over which the array has desired
properties.”®*”%° One option for creating vertical nanorod
arrays is to use nanolithograph,** but such top-down methods
have low throughput, complex fabrication protocols and low
scalability. An alternative approach is to use bottom-up self-
assembly on solid substrates such as electrodeposition®**%*>
or evaporation driven assembly.’>**™*> These approaches
allow one to create high quality vertically aligned nanorod
monolayers over large areas (cm-scale), but the solid nature
of the substrates used to template the array limits the possibi-
lities for post-processing to vary monolayer properties such as
the spacing between nanorods.

In recent years, the self-assembly of particles at liquid
interfaces has emerged as a powerful method for creating
dimensionally confined nanostructures.>*®>° Once these structures
have been assembled at the liquid interface, the spacing between
particles can be tuned through compression or the use of coated
nanoparticles and the final structures can be transferred to a solid
substrate and immobilised to create functional nanomaterials.**™>
For example, Kim et al. have recently demonstrated that they can
prepare vertically aligned nanorod monolayers through the adsorp-
tion of gold nanorods (GNRs) at a liquid interface.*® Specifically, by
exploiting the differential surface chemistry between the tips and
sides of their GNRs and by a suitable choice of the two bulk liquid
phases, they were able to engineer the end-on state to be the
thermodynamic ground state so that the GNRs spontaneously
formed a vertically aligned monolayer at the liquid interface.
However, while this assembly method is very attractive due to its
simplicity, it is extremely challenging in general to engineer nano-
particles to have specific patchy particle surface chemistries, so this
method may be challenging to generalize to other nanorod systems.

A more generic method for assembling vertically aligned
nanorods at a liquid interface has been proposed by de Graaf
et al. which is based on adsorption kinetics rather than
thermodynamics.>® Using a simple viscous-based Langevin
model, these authors showed that the final orientation of
cylindrical colloids at a liquid interface is determined by the
‘attack’ angle of the cylinder, i.e., the initial orientation of the
cylinder when it first contacts the liquid interface. In particular,
they showed that for a range of attack angles, the final orientation
of the cylinder is the end-on state, even if the side-on state is the
thermodynamic ground state. The range of attack angles which
lead to the end-on state in turn depends on system parameters
such as particle contact angle and aspect ratio and which bulk
phase the cylinder approaches the liquid interface from. Because
this assembly method relies on adsorption kinetics rather than
the nanoparticles having a specific surface chemistry, it is applic-
able to nanorod systems made from a wide range of materials and
therefore represents a versatile platform for engineering vertically
aligned nanorods for specific applications.

While the viscous-based model of de Graaf serves as a useful
initial guide to experiments, it does not include a number of
important effects. Firstly, the model uses a physically unrealistic
ratio for the translational to rotational friction coefficients.>*>*
Secondly, it neglects the deformation of the liquid meniscus
around the adsorbing particle which are significant for particle
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adsorption in the low capillary number regime.'®'>'®72°
Finally, the model neglects the effect of contact line pinning
which has been shown to lead to adsorption kinetics which are
orders of magnitude slower than what is predicted by viscous-
based models.>>” In principle, some of these limitations can be
addressed using particle-based simulations such as Lattice-
Boltzmann simulations.>® However, it is not possible for current
simulations to simultaneously achieve the very long timescales
required to access the low capillary and Reynolds number
regimes that are relevant to the experiments.

In a previous study, we extended the Langevin model of de
Graaf et al. to incorporate interfacial deformation, the correct
ratio for particle friction coefficients and contact line pinning.**
Specifically, interfacial deformation was accurately captured in
our model by coupling Langevin dynamics to a finite element
model for the interface. Using this model, we were able to
reproduce much of the reported experimental phenomenology
for the adsorption of ellipsoidal particles. For example, we were
able to quantitatively model the evolution of particle orientation
with time in some experimental systems,’” and even for systems
where this was not possible, we were able to accurately model the
adsorption trajectory (i.e., particle orientation vs. particle height)
of the ellipsoids.>® Since the range of attack angles giving rise to
the end-on state is controlled by the adsorption trajectory rather
than the dynamics of the individual adsorption coordinates
per se (see later), our model allows us to accurately determine
the final orientation nanorods at a liquid interface.

The aim of this paper is to use our Langevin model to study
the adsorption kinetics of cylinders at a liquid interface in
order to quantitatively determine the conditions required to
prepare cylindrical nanorods in the end-on state. We further use
nanophotonic calculations to demonstrate that an ensemble of
such vertically aligned nanorods can be used as zero refractive
index and hyperbolic metamaterials. Our calculations will help
guide experiments to use adsorption kinetics as a low cost and
versatile method for preparing vertically aligned nanorod mono-
layers as metamaterials.

The rest of the paper is organised as follows. In Section 2, we
provide details of the Langevin model we use to study the adsorp-
tion kinetics of cylindrical particles at a liquid interface and the
nanophotonic model we use to calculate the optical response of an
ensemble of such nanorods. In Section 3, we use these theoretical
models to determine the conditions required to kinetically assem-
ble cylindrical nanorods into vertically aligned monolayers and
calculate the metamaterial response of such monolayers. Based on
these theoretical results, in Section 4 we discuss the feasibility of
using our kinetic assembly method to experimentally prepare
vertically aligned cylindrical nanorods at the liquid interface.
Finally, in Section 5 we present our conclusions.

2. Theoretical model
2.1 Thermodynamics of nanorod adsorption

We consider a cylindrical particle adsorbing at a liquid inter-
face with long and short axis a, b respectively and aspect ratio
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a,.. _
m=y (Fig. 1). For definiteness, we refer to the top and bottom

liquid phases as oil and water respectively. The configuration of
the cylinder at any instant during its adsorption is described by
two degrees of freedom, namely the height of the particle center
relative to the height of the undisturbed interface %, and the
angle between the particle’s long axis and the normal to the
undisturbed interface ¢. Note that we use the sign convention
where the particle centre is in the water phase for 7 < 0 and in
the oil phase for # > 0. Note also that due to symmetry, we only
need to consider ¢ values in the range 0° < ¢ < 90°.

For sub-micron particles, which is the focus of this paper,
gravity is negligible and the free energy of the system is
primarily due to interfacial energy and is therefore given
by14,54

F[h;¢) = ’yOWSOW + yosSos + szSws [1)

where yow, 70s and 7y are the interfacial tensions and S, Sos
and Sy are the areas of the oil/water, particle/oil and particle/
water interfaces respectively. Using Sy = S — Sos where S is the
total area of the particle, Young’s equation y,wC0S0y = Y05 — Yws
where 6,, is the contact angle and dropping irrelevant constant
terms, we can simplify eqn (1) to

F(h,$) = Yow(Sow + €080ySos). (2)

Note that we have neglected line tension contributions in
eqn (1) and (2) as these are sub-dominant compared to inter-
facial tensions for the typical nanorod systems that we are
considering where a, b > 10 nm.*’

For a given particle configuration (%,¢), the free energy given
by eqn (2) is calculated using the finite element package Surface
Evolver."*'”%° One problem with using finite element methods
to study cylinders is that they become numerically unstable
when the three phase contact line crosses the sharp edge of the
cylinder."”” To overcome this problem, we approximate the
cylinder using the super-ellipsoid equation®

RO RGN

where 7 is an even integer that controls the sharpness of the
cylinder edge, with # = 2 and 5 = oo corresponding to the
limiting cases of an ellipsoid and a cylinder with infinitely
sharp edges respectively. In most of our calculations we use

YosSos

SD w

. DW

Fig.1 Geometry of cylindrical nanorod adsorbing at a liquid interface.
The illustrated nanorod has aspect ratio m = 2.5 and sharpness parameter
n = 20.
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n = 20 which corresponds to a cylinder with slightly rounded
edges (see Fig. 1), though we also consider lower values of 7 in
Section 3.3 to model experimentally realistic cylinders which
have more rounded edges. In eqn (3), x, ¥, z correspond to lab
frame coordinates where z and x, y lie perpendicular and
parallel to the unperturbed liquid interface respectively (see
Fig. 1), ', 3, 2’ to particle frame coordinates where z’ and x’, y’
lie along the long and short axes of the particle respectively,
and the two coordinate systems are related to each other
through a rotation of angle ¢ about the y -axis.®* The particle
height when it first contacts the liquid interface, A.(¢), is a key
quantity in the adsorption process and can be determined from
the condition that at the point of contact, the particle surface
normal vector Vg(x, y, 2) is parallel to the z direction, where V is
the 3D grad operator in the lab frame and the function g is
given by eqn (3). Solving the three simultaneous equations
dg Og
ox Oy
contact point and A.(¢) is given by the z contact coordinate.

The interfacial areas and free energy in eqn (2) depend
sensitively on the boundary condition at the three phase
contact line. The original study by de Graaf et al. assumed that
the liquid meniscus remains flat.>* A more realistic boundary
condition is that the liquid meniscus is deformed due to the
constant contact angle requirement.'®*%117:20:54 ye call these
boundary conditions ‘flat interface’ and ‘deformed interface’
respectively and consider both limiting cases in our study. For
both cases, the interfacial energy F(h,¢) is first calculated for
(h,$) values on a 101 x 37 non-equidistant grid for & €
[—he(¢),h(¢)] and ¢ € [0, m/2]; the data on this grid are then
interpolated with a third order interpolation scheme to yield
the full energy landscape. To check that this grid resolution is
sufficient, for selected cases we performed calculations on a
higher resolution 202 x 180 grid and found no discernable
differences in the final result.

= 0 and eqn (3) allows us to find the coordinates of the

2.2 Kinetics of nanorod adsorption

The adsorption trajectory of the cylinder is found by solving the
Langevin equation for the particle at the liquid interface. In the
low Reynolds number regime where inertial forces are negligible,
this is given by the coupled differential equations

dh 0
o= e (4)
d 0

.Ud—(f = —%F(}h ) (5)

where A, i are the translational and rotational friction coefficient
of the cylinder respectively. The left and right hand side of the
above equations are the frictional and capillary forces respectively
associated with translational (eqn (4)) and rotational (eqn (5))
motion. Note that within the framework of our model, 4, u are
renormalized friction coefficients which include contributions
from both bulk viscous forces and contact line pinning forces
and their values will in general therefore be much larger than the
values due to viscous forces alone.”*®* Note also that we have

This journal is © the Owner Societies 2022
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neglected random forces in the above equations since they are
subdominant compared to capillary forces at a liquid interface.
To simplify our discussion and following ref. 53 and 54, we
assume that both 1 and p are independent of 4, ¢ to a first
approximation. In this case, we can rescale eqn (4) and (5) to

T _c’)h*F (", ¢") (6)
d¢*_ 0 Dk Lk

where h* = hja, t* = t/B, ¢p* = P/n, F* = F/pob> are scaled
variables and o, f# are dynamical scale factors that depend on
the friction coefficient ratio u/A. In ref. 53, de Graaf et al. chose

a* + 2b* .
a=vVa>+2b%, f= y—bz)' which  corresponds  to
ow
2 2b2
%:%; we call this choice of scale factors Scaling 1.

However, these authors point out that this choice is unphysical

for a viscous-based model because it does not approximate to
2

4h .
the sphere value of ﬁ:T for m = 1.%® To overcome this
).

2
problem, we also consider the scale factors o = ?n\/az +2b?,

4 2 2 2 4 2 2 2
= %Z which corresponds to% = w

this choice of scale factors Scaling 2 and we expect this scaling

; we call

to be more accurate as we do recover the sphere value for ﬁ for
A

m =1 in this case.”*

By solving eqn (6) and (7), we obtain the adsorption trajectory
(R(2), ¢(¢)) for different attack angles, i.e., the initial orientations
of the cylinder when it first contacts the liquid interface. In ref.
54, we showed that the most accurate results for the adsorption
trajectories of ellipsoids were obtained for the deformed inter-
face boundary condition and Scaling 2. However, in order to
compare our results with the previous work of de Graaf et al. and
to study the impact of different contact line boundary conditions
and dynamical scalings on the adsorption kinetics of cylinders,
in what follows we calculate the adsorption trajectories for three
scenarios: flat interface with Scaling 1; deformed interface with
Scaling 1; deformed interface with Scaling 2. In what follows, we
refer to these three scenarios as models 1, 2 and 3 respectively.

2.3 Nanophotonic calculations

The optical properties of the metamaterial which consists
of the vertically aligned nanorod array can be described
analytically using a local effective medium theory (EMT) in
the Maxwell-Garnett approximation.***®® In this approxi-
mation the in-plane and out-of-plane components of the per-
mittivity are defined as

JEMT _ em(1 = p) +eau(l +p)

Xy Mo (1 5 )+ eaa(1 = p) (8

e = em(1 — p) + Peau (9)
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where p is the fill factor of the array, ¢, is the permittivity of the
host medium (assumed to be infinite in all three dimensions)
and e, is the nanorod permittivity.®” The host medium was
chosen as a dielectric with refractive index n = 1.5 (i.e., &y, = 2.25),
which corresponds to a polymeric dielectric shell that can be
used to adjust the distance between deposited nanorods.**>°

We compare the results of the EMT with numerical calculations
performed using Lumerical FDTD (finite difference time
domain method).®® In this case, the optical parameters (refrac-
tive index, impedance, permittivity, and permeability) were
extracted from the calculations of the complex reflection/trans-
mission coefficients.®®”® We set periodic boundary conditions
on the four vertical sides and a perfectly matched layer on the
top and bottom sides of the simulation box.

3. Results

3.1 Stable states of cylinders at a liquid interface

Before calculating the adsorption trajectories of cylindrical
particles, we first calculate the stable states of the particles at
a liquid interface (i.e., local or global energy minima) as these
represent the end points of the adsorption trajectories. In
Fig. 2(a)-(h), we show the interfacial energy as a function of
tilt angle ¢ for cylinders with # = 20 and different contact angles
and aspect ratios, where the interfacial energy at each ¢ is
minimised with respect to the particle height 4. The top and
bottom rows respectively show results for neutrally wetting
cylinders (6, = 90°) and hydrophobic cylinders (illustrated by
0w = 120°), while the first, second, third and fourth columns
respectively show results for aspect ratios m = 1, 2.5, 5, 9.5. The
dashed red lines and solid black lines are calculated using the
flat interface model and deformed interface model respectively;
we see that the deformed interface model generally yields a
lower energy compared to the flat interface model at any given
value of ¢. This is not surprising since the constant contact
angle condition comes from minimizing interfacial energy.
Note that the stable states of the system are independent of
the assumed dynamical scaling model.

For neutrally wetting cylinders (Fig. 2(a)-(d)), both the flat
and deformed interface models predict that there is only one
stable orientation for the cylinder. Specifically, for m = 2.5, 5
and 9.5, the equilibrium state is the side-on state ¢ = +90°
while for m = 1, the equilibrium state is the tilted state, with
a tilt angle ¢ = +£49.6° for the deformed interface model (note
that positive and negative ¢ represent equivalent states).
These results are in good agreement with our previous
study'” where we showed that below a critical aspect ratio of
m. = 2.3, the equilibrium orientation of neutrally wetting
cylinders at a liquid interface transitions from the side-on state
to the tilted state.

In contrast, for hydrophobic cylinders (Fig. 2(e)-(h)), both
models predict that, provided the aspect ratio is not too large,
there are two stable cylinder orientations, namely the side on state
¢ = £90° and the end-on state ¢ = 0° with the cylinders being
mainly immersed in the oil phase in both states, i.e., # > 0, see

Phys. Chem. Chem. Phys., 2022, 24,11000-11013 | 11003
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Fig. 2 (a—h) Interfacial energy as a function of tilt angle ¢ for cylinders with n = 20, where the interfacial energy at each ¢ is minimised with respect to

the particle height h, for contact angles 6,, = 90° (top row) and 6,, = 120° (bottom row) and for aspect ratiosm =1(aande), m=2.5(bandf), m =5 (c and
g) and m = 9.5 (d and h). The dashed red lines and solid black lines are calculated using the flat interface model and deformed interface model
respectively. (i) Energy barrier for transition from end-on state to side-on state as a function of aspect ratio for cylinders with n = 20, 6,, = 120° calculated
using the deformed interface model.

Fig. 3(b)-(d). For small aspect ratio cylinders m = 1, the deformed
interface model predicts that the end-on state is the ground state
and the side-on state is metastable. For larger aspect ratio
cylinders m = 2.5, 5, both models predict that the side-on state
is the ground state and the end-on state is metastable. In Fig. 2(i),
we plot the energy barrier stabilising the end-on state against the
side-on state as a function of aspect ratio calculated using the
deformed interface model. We see that the energy barrier

decreases with increasing aspect ratio and indeed disappears
altogether for m = 9.5 (Fig. 2(h)) so that only the side-on state is
stable for m > 9.5. Finally, we note that a hydrophilic cylinder
whose contact angle is the same distance away from the neutrally
wetting condition (i.e., 0,, = 60° in this case) would have exactly the
same orientational energy landscape as shown in Fig. 2(d)—(f)
except for the fact that the stable states of the cylinder would now

be mainly immersed in the water phase, i.e., # < 0.

a) 0.5 %_13b)1
= y ﬁ* K A e
0.4} 11 LR g
03 9 q2 = 1 1]
g0.2- ; T g 4
4
Z; 20?2 44 AN

0

h/b

Fig. 3 (a) Adsorption trajectories for a cylindrical nanorod with 6,, = 120°, m = 2.5, n = 20 calculated from model 3 (i.e., deformed interface + Scaling 2) in
the h vs. ¢ phase plane. The solid red curves represent the height of the cylinder when it first contacts the liquid interface as a function of particle
orientation hc(¢), the black dots represent the stable states of the cylinder, the solid black curves are the adsorption trajectories, the dashed green curve is
the dynamical attractor and the purple dashed line is the separatrix. The trajectories are superposed on contour plots of the free energy landscape. To
help visualize what the adsorption trajectories mean physically, in (b—d) we show snapshots of the cylinder at different stages of the adsorption process
along the three trajectories highlighted in (a).
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3.2 Adsorption kinetics of cylinders at a bare liquid interface

From the previous section, we saw that only non-neutrally
wetting cylinders can exist in the end-on state that we are
targeting in this study. For the rest of the paper we will therefore
focus on the adsorption trajectories of non-neutrally wetting
cylinders. However, for completeness the adsorption of neutrally
wetting cylinders is discussed in ESIL.f For definiteness, we
consider hydrophobic particles with contact angle 0,, = 120°,
but as we shall see later, our results can be readily generalized to
hydrophilic particles. In this section, we consider the idealized
case of a cylinder with a relatively sharp edges (sharpness
parameter n = 20) adsorbing at a bare liquid interface. In the
next section, we will extend this simple model to include
experimentally relevant factors such as the rounding of the
cylinder edge and interactions with other nanorods for nanorods
adsorbing at an interface with pre-adsorbed nanorods.

For convenience, we represent the adsorption trajectories of
the cylindrical system using phase plane diagrams.>***”* This is
illustrated in Fig. 3(a) where we show the adsorption trajectories
for a hydrophobic cylinder with aspect ratio m = 2.5 for model 3
(deformed interface + Scaling 2) in the & vs. ¢ plane for & €
[—hc(¢),he(¢)] and ¢ € [0,m/2]. The solid red curves represent the
height of the cylinder when it first contacts the liquid interface
as a function of particle orientation %.(¢), with the left and
right curve representing contact from the water and oil side
respectively. The two black dots represent the stable states of the
cylinder calculated in the previous section, with the dots at ¢ =
0°, 90° representing the end-on and side-on states respectively.
The solid black curves are parametric plots of the adsorption
trajectories of the cylinder (A(t),$(t)), with all trajectories starting
from the contact curves and flowing towards one of the two
stable states as indicated by the arrows. To help visualize what
these trajectories mean physically, in Fig. 3(a), we have high-
lighted three trajectories in bold and show snapshots of the
cylinder at different stages of the adsorption process along these
trajectories in Fig. 3(b)-(d). The dashed green line represents the
‘dynamical attractor’ to which many adsorption trajectories are
attracted at the later stages of the adsorption process.

All the features in the phase plane that have been discussed so
far also appear for the adsorption of ellipsoids.”***”® However, as
non-neutrally-wetting cylinders possess two stable states rather
than just one, a new feature emerges called the ‘separatrix’ which
is given by the dashed purple line. The separatrix divides the
phase plane into two attractive regions such that all flow lines
originating from points in a given region will flow towards the
stable point associated with that region, see Fig. 3. Recall that the
main aim of this paper is to use adsorption kinetics to prepare
cylinders in the end-on state. We are therefore particularly inter-
ested in where the separatrix intersects the two contact lines.
These intersections are the boundary attack angles ¢, which
tell us the range of particle attack angles which will lead to the
end-on state.

In principle, the attractor and the separatrix lines are
defined as the locus of points in (h,¢p) space where the
eigenvectors of the Hessian matrix VV7F* with positive and
negative eigen values respectively (i.e., with positive and
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negative principle curvatures respectively) are parallel to the
gradient of the free energy VF*, where V = (%, %ﬁ*) is the
grad operator in (h*,¢*) space. However, since calculating
second derivatives is very noisy numerically, we instead calculate
these lines by calculating the adsorption trajectories for multiple
attack angles in order to identify the boundary attack angles at
each of the two contact lines. The trajectories starting from
attack angles just above and just below these boundary angles
will then essentially trace out the separatrix and attractor lines.

Having outlined the key features in typical phase plane
diagrams, in Fig. 4, we present the adsorption trajectories for
hydrophobic cylinders with different aspect ratios calculated
using different assumptions. Specifically, the top, middle and
bottom row show results for aspect ratios m = 1, 2.5 and 5
respectively. On the other hand, the left, middle and right
columns show the results for model 1 (flat interface + Scaling 1),
model 2 (flat interface + Scaling 2) and model 3 (deformed interface
+ Scaling 2) respectively (see Section2 for details of these models).

We first consider the impact of the calculational model used
on the adsorption process of cylinders. For all the aspect ratios
shown in Fig. 4, we see that for model 1, there is generally
strong non-monotonic variation of the particle orientation ¢
along the adsorption trajectory, with ¢ initially moving away
from the stable state orientation before moving towards the
stable state value at the later stages of the adsorption. However,
as we go to model 2 then to model 3, the non-monotonic
variation of ¢ is either strongly reduced or disappears
altogether. This trend was also seen in our earlier study of
ellipsoids where we found that the non-monotonic variation in
¢ was strongly suppressed in going from model 1 to model 3.>*
We also note that model 3 agrees best with experiments on
ellipsoid adsorption which found that particle orientation

varied monotonically with time during the adsorption
56,57

53,54

process.

Interestingly, for the aspect ratios shown in Fig. 4, all three
models showed very similar dynamic attractor lines. This result
is again consistent with our earlier results for ellipsoids where
we found that, far from the neutrally wetting regime, the
attractor line becomes essentially insensitive to the assumed
dynamic scaling model or contact line boundary condition.>* In
contrast, the specific calculational model used has a strong
impact on the shape of the separatrix line. Specifically, in going
from model 1 to model 2, the boundary attack angle on the left
contact line (i.e., particle attaching from water side) is signifi-
cantly increased, while in going from model 2 to model 3, that
boundary angle is significantly decreased again. On the other
hand, there is very little change in the boundary attack angle on
the right contact line (i.e., particle attaching from the oil side)
in going from model 1 to model 2 to model 3. The net result
is that when we change both the dynamical scaling model
from Scaling 1 to Scaling 2 and the contact line boundary
condition from flat to deformed interface, there is little change
in the left and right boundary attack angles, suggesting that
there is a cancellation of errors between these two model
assumptions.
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Fig. 4 Adsorption trajectories of cylindrical nanorods with 6,, = 120°, n = 20 for aspect ratio m = 1 (top row), m = 2.5 (middle row), m = 5 (bottom row)
calculated from model 1 (left column), model 2 (middle column) and model 3 (right column). The solid red curves are the height of the cylinder when it
first contacts the liquid interface as a function of particle orientation h.(¢), the black dots are the stable states of the nanorod, the solid black curves are
the adsorption trajectories, the dashed green curves are the dynamical attractor and the purple dashed lines are the separatrices. The trajectories are

superposed on contour plots of the free energy landscape.

We next consider the impact of particle aspect ratio on
the adsorption process of cylinders. Since we have shown pre-
viously that model 3 yields the most accurate results,> we will
focus on model 3 for this discussion (i.e., right column of Fig. 4).
From Fig. 4, we note that for all aspect ratios, the left boundary
attack angle is always smaller than the right boundary attack
angle. Furthermore, as we increase the aspect ratio from m =1 to
m =5, the left boundary attack angle is reduced from ¢, ~ 10° at
m=1to ¢, ~ 0° for m = 5. In contrast there is very little change
in the right boundary attack angle, with the attack remaining
essentially constant at ¢, &~ 50° as we increase the aspect ratio
from m = 1 to m = 5. Finally, we note that although our
discussion so far has focussed on hydrophobic cylinders, all
our conclusions also apply to hydrophilic cylinders so long as we
recognise that the phase plane diagrams in this case should be
reflected about the z = 0 line. In particular, this means that
in order to maximize the range of attack angles leading to the
end-on state, hydrophilic cylinders should be adsorbed onto the
liquid interface from the water side.

Based on our discussion above, we conclude that the
optimum condition for preparing cylindrical nanorods in the
end-on state is to adsorb the nanorods from their energetically
favorable phase, i.e. hydrophobic particles should be dispersed
in the oil phase and hydrophilic particles in the water phase.

1006 | Phys. Chem. Chem. Phys., 2022, 24, 11000-11013

Surprisingly, when particles adsorb from the energetically
favorable phase, the range of attack angles giving rise to the
end-on state is only weakly dependent on the aspect ratio of
the cylinders. This means that it should be possible to use
the kinetic assembly method to prepare vertically aligned
cylindrical nanorods with different aspect ratios, giving us the
flexibility to tune the aspect ratio for different application (e.g.,
tune plasmonic modes for sensing applications). The caveat is
that, while the aspect ratio may not be limited by adsorption
kinetics, the end-on state becomes kinetically unstable when
the aspect ratio of the cylinders m 2 10 (see previous section).
This effect sets the main limiting factor for the cylinder aspect
ratios that can be assembled using our kinetic method.

3.3 Adsorption kinetics of experimentally realistic nanorods

In the previous section we considered the adsorption of cylinders
with sharp edges at a bare liquid interface. In real experimental
systems, the nanorods generally have more rounded edges and
adsorption often occurs at a crowded monolayer where inter-
actions with other pre-adsorbed nanorods could be important.
In this section, we study the impact of these factors on nanorod
adsorption.

We first consider the effect of edge rounding. In Fig. 5(a), we
show a transmission electron micrograph of a GNR from ref. 72
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with diameter 48 nm, length 120 nm and aspect ratio m = 2.5.
We also superpose on the micrograph outlines calculated from
the super-ellipsoid equation eqn (3) for the same aspect ratio
and various sharpness parameter values 5. From Fig. 5(a), we
see that the edges of the GNR are more rounded than n = 20.
Although it is difficult to assign a unique # value to the GNR
because it does not fully conform to the super-ellipsoid shape
(indeed there is evident faceting of the GNR ends in for this
system), we can see that the GNR has an effective sharpness
parameter lying between 4 < 5 < 12. In what follows we set =
4 to give us an upper bound estimate for the influence of edge
rounding on the adsorption trajectory of cylindrical nanorods
and we compare these results to the case n = 20 that we
considered in the previous section.

In Fig. 5(b), we show the interfacial energy as a function of
tilt angle ¢ for cylindrical nanorods with aspect ratio m = 2.5,
contact angle 0,, = 120° and sharpness parameter # = 4 (solid
black line) and #n = 20 (dashed black line) where the interfacial
energy at each ¢ is once again minimised with respect to the
particle height A. Surprisingly, even though the edge is strongly
rounded for n = 4 (see Fig. 5(a)), the end-on state is still a
metastable state. In addition, although edge rounding clearly
reduces the energy barrier stabilising the end-on state, the
barrier for # = 4 is still significant. For example, for a nanorod
system with 7 =4, m = 2.5, 0y, = 120°, Jow & 30 MN m ' and b =
25 nm, the energy barrier is AF ~ 1000kT so that the end-on
state is still kinetically stable. Evidently even for 5 = 4, the
nanorod end is sufficiently flattened to stabilize the end-on
state. In contrast, the end-on state is unstable for ellipsoids due
to the absence of a flattened end.>***>®

In Fig. 5(c), we show the phase plane diagram for the
adsorption of nanorods with m = 2.5, 0, = 120° and 5 = 4 (solid
lines) or n = 20 (dashed lines). The black and open dots

-90 -45 0 45 90
()

Fig. 5

View Article Online

PCCP

represent the stable states for n = 4 and 20 respectively and
we see that increasing the rounding of the edges reduces the
heights of both the side-on stable state (dots at ¢ = n/2) and
end-on stable state (dots at ¢ = 0). This reduction is not
surprising since when the edges are rounded, the hydrophobic
nanorod can satisfy the constant contact angle condition by
being immersed in the lower water phase more (see Fig. 5(a)).
We also see that changing the rounding of the edges leads to
discernable changes in the adsorption trajectories (black lines),
dynamic attractor (green lines) and separatrix (pink lines). In
particular, the range of attack angles leading to the end-on state
is slightly decreased and increased respectively for particles
approaching from the oil side and the water side. However,
the changes in Fig. 5(c) are relatively small and none of the key
features in in the phase plane diagram are changed qualitatively
when we decrease 1. We therefore conclude that the adsorption
process is not significantly affected by edge-rounding and the
sharp cylinders we have considered in the previous section
therefore provide a good description for the adsorption kinetics
of nanorods with experimentally realistic rounding.

Next, we consider the effect of interactions with pre-
adsorbed nanorods on the adsorption kinetics. In principle,
we can calculate this effect by including many pre-adsorbed
nanorods in our simulation and doing an ensemble average
over the configurations of these nanorods. However, since such
a calculation is too expensive in Surface Evolver, we instead use
a simplified model to mimic the effect of the other nanorods.
Specifically, as shown in Fig. 6(a), we assume that the x,y-
coordinate of the centre of the adsorbing nanorod (coloured in
green) is in the centre of a hexagonal lattice with lattice
constant S while the pre-adsorbed nanorods (coloured in
yellow), assumed to be in the end-on state, are represented by
the nearest and next-nearest neighbours in the hexagonal

e =20

(a) Transmission electron micrograph image of experimental GNR with aspect ratio m = 2.5 from ref. 72 together with outlines calculated from

the super-ellipsoid equation eqgn (3) for the same aspect ratio and various sharpness parameter values #. (b) interfacial energy as a function of tilt angle ¢
for cylindrical nanorods with aspect ratio m = 2.5, contact angle 6,, = 120° and sharpness parameter = 4 (solid black line) or n = 20 (dashed red line),
where the interfacial energy at each ¢ is minimised with respect to the particle height h. (c) Adsorption trajectories of nanorods with m = 2.5, 6,, = 120°
and 5 = 4 (solid lines) or = 20 (dashed lines). The black and open dots represent the stable states for # = 4 and 20 respectively, while the black, green and
purple lines are respectively the adsorption trajectories, dynamic attractor and separatrix.
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lattice. For definiteness, we further assume that the projection
of the long axis of the adsorbing particle on the x,y-plane is
parallel to one of the lattice vectors of the hexagonal lattice and
consider a moderately dense monolayer with S = 3a.

Note that the open lattice shown in Fig. 6(a) is not the final
equilibrium state of the system but represents a transient
arrangement of the rods during the adsorption process. For
vertical GNRs with b = 25 nm, a = 60 nm interacting through
water, we estimate that the dispersion forces between the GNRs
only become significant for nanorod separation <200 nm
(see ESIT). Dispersion forces therefore do not play a significant
role in the initial and intermediate stages of the adsorption
process when the typical separation between nanorods is much
greater than this value. Similarly, for a hydrophilic GNR
approaching the oil-water interface from the water side, we
estimate that the dispersion force between the GNR and the oil
phase is significant only for surface-to-surface separations
<40 nm (see ESIt). Dispersion forces therefore only attract
the GNR towards the interface when the GNR is quite close to
the interface. They are also sub-dominant compared capillary
forces once the nanorods have adsorbed onto the interface’
and therefore do not play a significant role in determining the
adsorption trajectory of the nanorods. However, dispersion
forces will play a significant role in the final stages of the
adsorption process as the final equilibrium separation is
determined by balancing the attractive dispersion forces and
repulsive forces (e.g., steric forces due to polymeric coatings)
between nanorods. Finally, we note that since the energy barrier
stabilizing the end-on state of typical nanorods is much greater
than the thermal energy as discussed earlier, we anticipate that
the effect of orientational fluctuations of the neighbouring
nanorods on our calculations will be small.

In Fig. 6(b), we show the phase plane diagram for particle
adsorption at the monolayer described above (solid lines) and

a)

g
@l

Fig. 6
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at a bare liquid interface (dashed lines). The stable states for
the monolayer and the bare interface cases are represented by
the red and green dots respectively, but note that only the red
dots are visible as the stable states in both cases are either very
close or the same; the fact that the end-on state is the same for
both monolayers and bare interfaces is as we expect since
nanorods in the end-on state do not generate any interfacial
deformations and hence no capillary interactions between the
adsorbed and pre-adsorbed rods. We also see that interactions
with pre-adsorbed nanorods lead to discernable changes in the
adsorption trajectories (black lines) but hardly any changes to
the dynamic attractor (green lines) and separatrix (pink lines).
In particular, the range of attack angles leading to the end-on
state is essentially unchanged for particles approaching from
either the oil side or the water side, and none of the key features
in in the phase plane diagram are changed qualitatively for
nanorod adsorption at a dense monolayer. From our analysis in
this section, we therefore conclude that the adsorption of
cylinders with sharp edges at a bare liquid interface serves as
an accurate predictive model for particle adsorption in experi-
mentally realistic nanorod systems.

3.4 Metamaterial response of array of vertically aligned
nanorods

We consider the optical properties of vertically aligned nanorods
of 100 nm height and 20 nm radius (aspect ratio 2.5) organized
in a hexagonal lattice. The aspect ratio of the nanorods was
chosen to be the same for the nanorod adsorption calculations.
The interparticle distance was chosen to be S = 80 nm while the
refractive index and permittivity of the host medium was chosen
to be n = 1.5 and ¢, = 2.25 respectively as we are considering a
metamaterial consisting of an array of nanorods coated with a
thick polymeric shell in their final close-packed configuration
after they have been transferred to a solid substrate and

h/b

(a) Top view of simplified model used to study the adsorption kinetics of a nanorod at a monolayer with pre-adsorbed nanorods. The adsorbing

nanorod (coloured in green) is in the centre of a hexagonal lattice with lattice constant S while the pre-adsorbed nanorods (coloured in yellow), assumed
to be in the end-on state, are represented by the nearest and next-nearest neighbours in the hexagonal lattice. (b) Adsorption trajectories of hanorods
withm = 2.5, 0,, = 120° and n = 20 for a monolayer with S = 3a (solid lines) or for a bare interface (dashed lines). The stable states for the monolayer and
the bare interface are represented by the red and green dots respectively, but only the red dots are visible as the stable states in both cases are essentially
the same. The black, green and purple lines are respectively the adsorption trajectories, dynamic attractor and separatrix.
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immobilised. The main optical parameters of the array with
interparticle distance are shown in Fig. 7(a). Here, the real (Re)
and imaginary (Im) parts of the effective permittivity tensor
components were calculated using the analytical expressions in
eqn (8). The array has anisotropic behaviour with ¢, > 0 for the
whole visible range, while ¢, shows epsilon-near-zero (ENZ)
behaviour around 710 nm followed by negative ¢,. When ¢, >
0 and &, < 0, the metamaterial is in the hyperbolic regime and
can support bulk electromagnetic states. We also evaluated
numerically the ¢, for the exact model of the array of nanorods
using Lumerical FDTD. The two methods give a similar shape
and intensity of the spectra (see Fig. 7(a)).

One can see in Fig. 7(b) that the spectral position of the ENZ
behaviour depends on the interparticle distance S (and, thus, the
fill factor p); note that S can be varied by adjusting the thickness of
the dielectric shell around the nanorod.**”° The array with the S =
3a (150 nm) still features the hyperbolic metamaterial character-
istics with the ENZ point at 850 nm. Fig. 7(c) shows the electric
field distribution at the ENZ region of ¢, for the polarization of the
excitation light aligned along the z axis. The field reaches the
highest values near the tips of the nanorods, but also part of the
near-field is distributed between the nanorods and around them
indicating that they are coupled at this wavelength. High electric
fields and sensitivity of the optical response (ENZ point and
hyperbolic modes) to the local refractive index make the aligned
nanorod array a promising substrate for the sensing applications
and surface-enhanced spectroscopies.

4. Discussion

Based on our results in the previous section, we now discuss the
feasibility of using adsorption kinetics to experimentally prepare
vertically aligned cylindrical nanorods at the liquid interface.
As we shall see later, it is easier to use an external electric field
to align metallic nanorods when they are in the more polar
medium. In our following discussion, we therefore consider
hydrophilic GNRs with long and short axis a = 60 nm and b =
25 nm respectively (i.e., m ~ 2.5) approaching the interface from
the water side. Our earlier calculations showed that the final
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state of such GNRs is the end-on state for initial attack angles
less than ¢, ~ 50°. We can visualise the initial orientation of the
GNR as a point on a hemisphere with radius unity (hemisphere
since the range of ¢ is 0° < ¢ <90°). Since the initial orientation
of these sub-micron particles is essentially random due to
Brownian motion, the ensemble of initial GNR orientations
can be represented by points which are uniformly distributed
over the hemisphere. The fraction of particles contacting the
interface that will end up in the end-on state f; is therefore the
fraction of the hemisphere occupied by a spherical cap which
subtends an angle of ¢, at the centre of the hemisphere, i.e.,

do .-
o lalsingde (10)
2n
For ¢, = 50° this yields f, = 0.36. Although substantial, this
fraction is too small to create high quality vertically aligned
monolayers.

We can increase this fraction by pre-aligning the GNRs in the
bulk phase with an external electric field that is perpendicular to
the liquid interface (see Fig. 8) so that more GNRs have attack
angles less than ¢, when they approach the interface. In the
presence of such a field, the energy of a GNR as a function of its
orientation is given by’

U(gp) = —%Acx(E cos )’ (11)
where E is the electric field strength and Ao = oy — o, is the
difference in the polarizability of the GNR along the long and short
axis. Eqn (11) predicts that, as we would expect, the lowest energy
state occurs when the GNR is parallel to the electric field. In order
to estimate o, o, we approximate the GNR is an ellipsoid,
allowing us to calculate the polarizabilities analytically;* this
approximation is reasonable given the significant rounding of the
GNRs edges in typical experimental systems (see Fig. 5(a)). In this
case we have”
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Fig. 7

(a) Real (Re) and imaginary (Im) parts of the effective permittivity components of a hexagonal array of vertically aligned gold nanorods of

a =50nm, b =20 nm and interparticle distance S = 80 nm. (b) Dependence of the real part of ¢, on the interparticle distance S. (c) Electric field map for an
array of vertically aligned gold nanorods of a = 50 nm, b = 20 nm and interparticle distance S = 80 nm at ENZ wavelength for polarization along z axis in

the xz plane.
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Fig. 8 (a) Pre-alignment of GNR in the water phase using an electric field

E prior to particle attachment to the liquid interface; (b) fraction of GNRs
with attack angle less than ¢q as a function of the effective electric field
strength «.

where ¢, is the relative permittivity of the bulk phase, ¢, is the
4
permittivity of vacuum, V = gnabz is the volume of the ellipsoid,

n;, n, are depolarizing factors along the long and short axis
given by
-/ 1+e¢
nH :7(11’11 —6726)

1
nL:E(l —ng)

(14)

(15)

and ¢ = /1 — 1/m? is the eccentricity of the ellipsoid.

In the presence of an electric field, the fraction of GNRs with
attack angles in the range ¢ to ¢ + d¢ is given by the
Boltzmann factor

P(¢p)dp = Ae~ YO/ T 2nsin p dop (16)

where A is a normalisation constant given by the condition
J'g/zP(qS)d([) =1 and U (&) is given by eqn (11). The fraction of
GNRs with attack angles less than ¢, is therefore given by

bo
f =], P@s. 17)

0
Substituting the above equations into eqn (17) and changing
variables to u = cos ¢, the fraction of GNRs contacting the
interface that end up in the end-on state as a function of the
applied electric field is therefore given by

! e dy
fle) ==3

= 18
J"(l)e"“z du ( )
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where u, = cos¢, and

_ Ao E?
T okT

(19)

In Fig. 8, we plot fas a function of the effective field strength x
for ¢ = 50°. We see that f increases with increasing x as we
would expect, starting at f= f, at k = 0 and saturating at f= 1 for
large k. Specifically, f= 0.995 for x = 10.

From eqn (19), since Ao oc &, for a given electric field E we
obtain stronger alignment of the nanorods in the more polar
medium. This is why we have considered hydrophilic GNRs
approaching the liquid interface from the water side in this
section. Specifically, for k = 10, b = 25 nm, m = 2.5, ¢ = 80
(permittivity of water) and T = 300 K, from eqn (19) we find E ~
10* vm™', ie., applying this field in the water phase allows us
to achieve 99.5% vertical alignment for the final state of the
adsorbed nanorods. This is a modest electric field which is
orders of magnitude smaller than the dielectric strength of de-
ionised water (70 x 10° V m™')”®> and is easily achievable
experimentally. Note that a common way to enhance the local
electric field near a liquid-liquid interface is to add electrolytes
to the two bulk phases and polarise the interface using an
external field.”®”® Using this so-called interface between two
immiscible electrolyte solutions (ITIES) arrangement would
allow us to lower the external field required to pre-align the
GNRs even further. We therefore conclude that it is feasible
experimentally to use our kinetic assembly method to prepare
high quality vertically aligned cylindrical nanorod monolayers
at the liquid interface.

Finally, we note that applying an external electric field
(either in the absence or presence of added electrolytes) will
create polarization charges at the liquid interface which may
significantly modify the interfacial tension of the liquid
interface.”®”® However, since interfacial tension only affects
the timescale of the adsorption (via the scaling factor f3, see
Section 2.2) but not the adsorption trajectory itself (i.e., particle
orientation vs. particle height), applying an external electric
field across the liquid interface should not in principle affect
the main result of our free energy calculation, namely the range
of particle attack angles which will lead to the end-on state
of GNRs.

5. Conclusions

We have used Langevin dynamics coupled to a finite element
model to study the adsorption kinetics of cylindrical nanorods
at an oil/water interface in order to determine the optimum
conditions for using adsorption kinetics to assemble nanorods
into vertically aligned monolayers. Our Langevin model is more
accurate compared to previous models as it captures the
deformation of the liquid meniscus during particle adsorption
and uses the correct ratio for the rotational to translational
friction coefficients for the nanorod.

We find that the end-on state is stable only for non-neutrally
wetting cylindrical nanorods. We also find that the final
orientation of the nanorods at the oil/water interface is
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determined by their initial attack angle when they contact the
liquid interface. In particular, the range of attack angles leading
to the end-on state is maximised when nanorods adsorb
onto the liquid interface from the energetically favorable phase,
i.e. hydrophobic particles from the oil phase and hydrophilic
particles from the water phase. Surprisingly, we find that
the range of attack angles is only weakly dependent on particle
aspect ratio, thus allowing us to use adsorption kinetics to
assemble vertically aligned nanorods for a wide range of
aspect ratios. However, we also find that the energy barrier
stabilizing the (metastable) end-on state decreases with
increasing aspect ratio m. This effect sets a practical limit of
m < 10 on the cylindrical nanorods that can be assembled into
vertically aligned monolayers using our kinetic assembly
method.

Since only attack angles smaller than a threshold value lead
to the end-on state, in the absence of an external field, only a
fraction of nanorods that contact the liquid interface end up in
the end-on state (typically <40% under optimum conditions).
However, by pre-aligning the nanorods in the more polar bulk
phase with experimentally achievable electric fields, we can
increase this fraction to be effectively 100%. Finally, using
nanophotonic calculations, we demonstrate that by tuning
particle diameter and spacing, an ensemble of vertically aligned
nanorods can be used as zero refractive index and hyperbolic
metamaterials. Our kinetic assembly method is generic and can
be used to assemble nanorods with a range of diameters, aspect
ratios and materials (e.g., gold, silver, aluminium, copper,
polymer, silica etc.). As such, it represents a versatile, low-cost
and powerful platform for fabricating vertically aligned mono-
layers of nanorods for metamaterial applications.
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