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ABSTRACT

In this study, we developed a coarse-grained model based on the dissipative particle dynamics (DPD)
method to investigate the aggregates of the cetyltrimethylammonium bromide (CTAB) molecules on
gold surfaces including nanoparticles. We adopted the DPD model for CTAB solutions developed by
Mao et al. [Modeling aggregation of ionic surfactants using a smeared charge approximation in
dissipative particle dynamics simulations. J Phys Chem B. 2015;119:11673-11683] and introduced an
attractive interaction between gold (Au) particles and bromide (Br~) ions (i.e. Au-Br~ attraction) to
bind CTAB molecules onto the gold surface via the electrostatic interactions between their cationic
head groups and Br~ ions adsorbed on the gold surface. The proposed model with a proper Au-Br~
attraction can semi-quantitatively describe the structures of CTAB aggregates on a flat gold surface
and around gold nanorods (AuNRs). As the Au-Br~ attraction and the CTAB concentration increase,
the CTAB aggregates on the gold surface can change from micelles to a compact bilayer structure. In
particular, our model predicts that in the CTAB layer, the inner sub-layer may have a higher ligand
density than the outer sub-layer. The anisotropic distribution of CTAB molecules around AuNRs is also
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captured in our model.

1. Introduction

Gold nanorods (AuNRs) [1-3] have become one of the most
widely used platforms for developing new techniques in
diverse fields such as chemical sensing and imaging [4], photo-
thermal therapy [5], solar cells [6], display technologies [7],
drug delivery [8] because of their unique and anisotropic phys-
ical properties [9, 10]. These extensive studies have benefited
from the development of facile seeded growth synthesis,
which provides a simple, convenient wet chemistry route to
these nanomaterials [11-15]. This synthesis is accomplished
by the controlled reduction of a gold salt onto pre-prepared
Au seeds in the presence of cetyltrimethylammonium bromide
(CTAB) surfactants and small amounts of silver ions from
AgNO;. CTAB is a bromine-containing cationic surfactant
and assembles on the gold surface where it directs the growth
of AuNRs and stabilises them after synthesis.

Since CTAB is crucial for anisotropic growth during syn-
thesis and for the final stability of AuNRs in solution, plenty
of experiments have been done to characterise the structure
and distribution of CTAB on the gold surface. Early exper-
iments [16-18] indicated that CTAB molecules form a bilayer
structure around the gold nanoparticle in which the inner layer
is bound to the gold surface via the head groups and the outer
layer has the head groups facing the aqueous media, with a
ligand surface density of 0.8—1.8 (molecules) nm~2 (per sub-
layer on average) in 1-10 mM CTAB solutions. Direct
measurement of the thickness () of the CTAB layer around

AuNRs gave h=3.0—3.4 nm, which is smaller than twice the
extended CTAB chain length (~4.34 nm), suggesting signifi-
cant tilting or interdigitation of CTAB molecules on the gold
surface [19]. A recent experimental analysis in 2019 found
that the distribution of CTAB molecules on a AuNRs is aniso-
tropic, with a 30% decrease in ligand density at the ends [20].

Meanwhile, a number of studies using atomistic molecular
dynamic (MD) simulations have been done to explore the ori-
gin of the CTAB-induced anisotropic growth of AuNRs during
seeded growth synthesis. In 2013, Meena and Sulpozi simu-
lated CTAB molecules on different facets of gold nanoparticles
and found that CTAB forms adjacent cylindrical micelles [21].
They also found that CTAB molecules preferentially cover the
[100] and [110] facets, leaving the [111] facets at the ends of
AuNRs more exposed. These results were further confirmed
in their 2016 work [22]. It is now widely believed that this
facet-dependent adsorption of CTAB molecules forces Au
seeds to grow into rod-shaped particles. Recently, a simulation
work from Silva et al. in 2020 verified that on a curved surface,
a lower CTAB density and larger inter-micellar channels are
generated compared to those on a flat surface, which can
also contribute to the anisotropic growth of AuNRs [23].

In 2016, another study of Meena et al. provided evidence
that Br™ ions act as the driving force for the adsorption and
stabilisation of CTAB micelles on the gold surface, suggesting
that the CTAB molecules are bound onto the surface via the
electrostatic interactions between the cationic head groups
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and anionic sites which could be Br~ ions adsorbed on the
gold surface [24].

All of the simulations described above found that the CTAB
molecules are organised on all facets of the gold nanoparticle
as a series of micelles, which is contradictory to the experimen-
tal results of the existence of the bilayer structure. In 2018,
Silva and Meneghetti simulated CTAB assemblies on gold
with different numbers of Br™ ions on the surface in their
initial configurations, and found that as more Br~ ions are
adsorbed on the gold surface, the CTAB aggregates can change
from micelles to a compact CTAB bilayer [25].

Atomistic MD simulations provide a useful way to under-
stand the interaction of CTAB molecules with the gold surface
at the molecular level. However, this simulation approach is too
expensive to investigate the behaviour of AuNRs at the nano-
particle-level, such as the rod dynamics during self-assembly
[26-28] or during phoretic motions [29-32]. The only feasible
way under the limit of computational resources is to perform
simulations based on a coarse-grained description of com-
ponents in the system [33-36]. For example, we have recently
developed a coarse-grained model based on the dissipative par-
ticle dynamics (DPD) method to explain the oriented assembly
of AuNRs in the presence of an electric field [32]. In that DPD
model, the details of the ligands (the experiments used CTAB-
stabilised AuNRs wrapped by polyelectrolytes to maintain a
stable highly-charged surface) were completely ignored, and
the surface charges were simply represented by regularly distrib-
uted point charges fixed on the surface of the nanorods. That
DPD model is, therefore, unable to describe important proper-
ties related to the CTAB ligands, including deformation of the
CTAB layer, the micellar/bilayer structure, and the ion distri-
bution near the CTAB layer. A coarse-grained model with
CTAB molecules explicitly considered is also necessary for
studying processes that directly utilise CTAB molecules on the
gold surface such as drug delivery [2, 8].

In this study, we developed a coarse-grained model based on
the DPD method that can be used to study the assembly of
CTAB on gold surfaces. This model can semi-quantitatively
reproduce the results of previous experiments and atomistic
MD simulations related to the organisation of CTAB molecules
around gold nanoparticles. We expect that it will prove useful in
future work for understanding the effect of the CTAB layer on
the self-assembly and phoretic motion of AuNRs.
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Au Au H,0 2
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Figure 1. (Colour online) Schematic illustration of the coarse-grained models for
CTAB and other components in the system. Each CTA* chain is represented by
one N bead for the hydrophilic cationic head group and four T beads (i.e. T1-
T4) for the hydrophobic tail. Water and Br~ ions are modelled by W and Br
beads, respectively, with one bead consisting of 4 water molecules or 1 ion
plus 3 water molecules. Solid gold is made up of Au beads with one bead repre-
senting ~8 gold atoms.

The paper is organised as follows: In Section 2, we
introduce our model and simulation method. We then
use this model to study the assembly of CTAB on a flat
gold surface and around a AuNR, with the results pre-
sented in Section 3. A brief summary of the key results
is given in Section 4.

2. Model and method
2.1. Model

We adopted the DPD model developed by Mao et al. in
Ref. [37] for the CTAB solutions. This model can faith-
fully describe the bulk aggregation of CTAB molecules
over a wide range of CTAB and ion concentrations. As
shown in Figure 1, one CTA" chain is modelled as one
N bead representing the hydrophilic cationic head group
plus four T beads (i.e. T1-T4) representing the hydro-
phobic tail. These N and T beads are connected by either
harmonic or FENE [38] bonds with the force between
beads i and j

(ro — Tij) X

FB = k —————Y;;,
v ‘1 (rij — 1)’ /12, J

(1)
where r;; = |r;| is the centre-to-centre distance between
the two beads, tj; = r;;/r;; is the unit vector connecting
the two beads, k;, is the bond strength constant, ry is the
equilibrium bond length and r, is the maximum extent
of the bond. In addition to the nearest neighbour (1-2)
bonds, the second neighbour (1-3) harmonic or FENE
bonds are used to control the flexibility of the chain.
This approach without invoking angle and torsion poten-
tials can reproduce the conformation obtained from ato-
mistic simulations of CTAB molecules [37].

The water and Br~ ions are modelled as W and Br beads,
respectively, with one bead representing 4 water molecules
or 1 ion plus 3 water molecules (i.e. the coarse-graining level
N,, = 4) (see Figure 1).

Solid gold is simply modelled as a rigid body of many ‘fro-
zen’ DPD Au beads arranged in an FCC lattice with the num-
ber density of 3r7° (i.e. the common density in DPD
simulations) where r, is the diameter of the beads. This
means each Au bead approximately contains 8 gold atoms.

All DPD beads (i.e. N, T, W, Br and Au beads) interact with
each other via a conservative force Fg, a dissipative force F;?
and a random force Ff;. given by

FS = a(l — ryj/r )ty rij <re
F? A rij/rf)z(flj - Vit ri <tr. (2)
Ff = 2k Ty(1 — ry/r) 05067 Py 1y <o

between beads i and j [39, 40]. Here, a is the conservative force
constant, y is the dissipative constant, v;; is the vector differ-
ence in velocities between the two beads, 0; is a Gaussian
white noise variable with 6; = 6;;, and At is the simulation
time step. All these three forces vanish when r;; > r..

The electrostatic interaction between charged beads (i.e. N
and Br beads) is described by the smeared-charge Coulomb



potential with the Slater-type charge density distribution
p(r) = (q/mA%) exp ( — 2r/A) where A is the effective smearing
length and g is the charge of one bead [41]. The electrostatic
force between charged beads i and j is then given by

E_ Fz,—zj
2

E [1 —ex (_2”) (1 + i +rij))}f»- 3)
e A A 2|
where I' is the permittivity coupling parameter defined as
I' = ¢?/€y€,, in which e is the electron charge, € is the dielec-
tric constant for vacuum, and ¢, is the relative permittivity of
the medium, z; (z;) is the valence of bead i (bead j) defined by
z=q]e.

In order to mimic the binding mechanism of CTAB mol-
ecules on the gold surface observed in atomistic MD simu-
lations [24], instead of applying an attraction between N
and Au beads, we introduced attractive forces between Br
and Au beads so that CTA™ chains can be indirectly bound
onto the gold surface via the electrostatic interactions
between the N (i.e. the head groups of CTA™ chains ) and
Br (i.e. Br~ ions) beads adsorbed on the gold surface. This
additional attractive force is given by a truncated Morse
potential,

Fg{lorse — —ZDoaTij(l _ e—a(r—m))e—a(r—ro) (4)

and truncated at r = 1.5r,, with Dy the force constant, ry the
equilibrium distance, and « the parameter for the range of the
force. Note that in our model, this Morse force is only applied
between Au beads on the gold surface and Br beads.

2.2. Simulation method

In our simulations, all quantities were scaled by the mass unit
my (i.e. the W bead mass), the length unit r,, the energy unit

kT, the time unit 7 = r.\/mw/(kgT), and the charge unit e.
Hence, r* = mj, = (kgT)* = 7 = ¢* = 1. The superscript
asterisk means the quantity is in reduced units. The reduced
units can be converted to real units using the following
relations: r. = 0.71 nm, m,, = 1.2 x 107 kg,
kpT =4.1 x 102! J, 7=4 ps and e = 1.6 x 107" C. Con-
verting units, the DPD solvent at a reduced number density
p" =3 can approximately reproduce the thermodynamic
properties of bulk water.

For simplicity, all fluid beads (i.e. N, T, W, and Br beads) have
the same mass (ie. mc = my = my = mr = my), and Au
beads have my4, = 20my. For DPD forces, we set v* = 100.
For Morse forces, we set a* = 2, rj = 0.7. In this work, Dy is
treated as a variable, which controls the amount of Br beads
adsorbed on the gold surface, and is explored to find a reasonable
range to ensure that the properties of CTAB molecules on the
gold surface can be well captured by our model. For charged
beads, z=1 for N beads, z=—1 for Br beads, and
™ = ¢?/(e€kpTr.) = 12.65 (corresponding to €, = 78.3 for
water at T = 25°C ). Other parameters for the forces in
Equations 1 and 2 are given in Tables 1 and 2, respectively.

Figure 2 gives two examples of the simulation boxes used
to examine the capabilities of our DPD models for studying
CTAB molecules on a flat gold surface and around a
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Table 1. Parameters for bond forces (Equation (1)) [37].

bead pairs ky ke T/r?] ro [rc] Im [re]
T-T 280 0.605 20
T1-N 200 0.4 3
T-(M)-T 20 1.5 4.0
T2-(T1)-N 150 13 3
Table 2. Parameters for DPD forces (Equation (2)).

bead pairs a lkeT/r]
W/Br/N-W/Br/N 106.5 [37]
W/Br-T 129.9 [37]
N-T 111.5 [37]
W/Br/N-Au 106.5
T-Au 129.9

Notes: To prevent the fluid beads permeating into the gold, we only use the DPD
forces in this table for the Au beads on the gold surface. Other inner Au beads
have strong DPD repulsive forces of a = 400kgT/r. with other fluid beads.

AuNR, respectively. Quasi-2D simulation boxes were
employed in all simulations to reduce the computational
costs in this work.

In the simulations of CTAB molecules on a flat gold surface
(Figure 2 (a)), the size of the quasi-2D box L, = L, ~ 23.5nm
and L, ~ 6.3 nm. All water/ion beads and CTAB molecules
were confined between two parallel solid walls made of Au
beads. In the initial configurations, all CTAB molecules were
arranged in a bilayer structure near the bottom wall. During
these simulations, all Au beads were frozen at their initial
positions.

In the simulations of CTAB molecules around the AuNR
(Figure 2(b)), the size of the quasi-2D box L, = L, ~ 31.3 nm
and L, ~ 3.9 nm. There was a quasi-2D AuNR consisting of a
rectangular segment of length L ~ 10.7nm and width
d~3.6nm capped with two hemi-cylinders. In the initial
configurations, all CTAB molecules were arranged in a bilayer
structure around the AuNR. During these simulations, the
AuNR was treated as a rigid body. This means that at each time-
step, the total force and torque on the rigid AuNR was com-
puted as the sum of the forces on its constituent Au beads.
Note that during the simulations, we turned off the components
of torque in x and z dimensions so the rigid AuNR only rotates
along y axis, corresponding to an ‘infinite’ cylindrical AuNR in
the periodic quasi-2D system (Figure 2(b)).

In all simulations, there were Nepa+ CTAY chains in the
box. Np,- Br beads and a suitable number of W beads were
added to keep the system electrically neutral and the average
number density of all beads p* = 3.

All simulations were carried out using the parallel software
package LAMMPS [42] in an isochoric, isothermal (NV T')
ensemble. Periodic boundary conditions were applied in all
directions. The velocity-Verlet algorithm was used to inte-
grate the equations of motion with a time step At* = 0.002.
For the electrostatic interaction, at short range the interaction
at rj; < 2.5 was explicitly calculated by Equation (3) with
A* = 0.25, while at long range the electrostatic interaction
of smeared charges reduced to the Coulomb potential of
point charges and the standard Ewald summation [43] was
used to account for the periodic boundary conditions. Each
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Figure 2. (Colour online) Two typical simulation boxes used in this work for simu-
lating CTAB molecules (a) on a flat surface and (b) around a AuNR. Water beads
are transparent blue, N beads are orange, T beads are purple, Br beads are green,
Au beads on the surface that can attract Br beads are yellow and other Au beads
are grey. Views of the gold [100] facet exposed to the aqueous media in (a) and
the end/side surfaces of the AuNR in (b) are also given.

simulation was equilibrated for 0.5 x 107 steps with data
from a further 1.0 x 107 steps used to calculate the equili-
brium properties.

Dy = 0.0

- L -

1.0 nm™2

fTs=

3. Results and discussions
3.1. CTAB molecules on flat gold surfaces

Figure 3 shows the snapshots of the equilibrium configurations
obtained from the simulations with different values of Nopa+
and D,. Here, we assume that all CTA™ chains are organised
in a bilayer structure on the gold surface, and use the average
ligand surface density per sub-layer (i.e. p, = Ngra+/2A with
A =L.L, the area of the gold surface) to characterise the
amount of CTAB molecules in the system. We also analysed
the distributions of different components near the gold surface
via their local densities as a function of the distance from the
surface (i.e. p vs. z), and the actual ligand surface density of
CTA™ chains (p,) through the accumulative p, along z (i.e.
acc.p, vs. z) calculated by integrating p of N beads. These cal-
culated results are given in Figures 4 and 5.

Since the CTAB concentrations in all systems >~ 150 mM
and are much larger than the critical micelle concentration (i.e.
~0.9 mM in experiments [44] and ~2.6 mM in current DPD
model [37]), we observed the aggregation of CTAB molecules
in all simulations. The locations and structures of these CTAB
aggregates depend on p; (i.e. the adsorption amount) and Dy
(i.e. the binding strength).

At Dj = 0.0, CTAB aggregates can freely diffuse into the bulk
solution in the systems with p; < 2.0 nm~2 (see Figure 3(a ,£k)).

1.5 nm~2

)O_S=

2.0 nm™2

ﬁTs=

2.5 nm™2

p_s=

Figure 3. (Colour online) Snapshots of the equilibrium configurations for CTAB molecules on the flat [100] gold surface obtained from the simulations with different
values of p; and Dy. Top views are given in some sub-figures to show the coverage of CTAB molecules on the gold surface, and the red circles indicate the locations of

exposed gold surface.
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Figure 4. (Colour online) (a) The density profiles (i.e. p vs. 2) of different com-
ponents near the gold surface, and (b) the accumulative p; along z (i.e.
acc.”p; vs. 2) in the system with p; = 2.5nm=2 and D} = 0.0 (see Figure 3
(p). In (a), the two vertical dash lines indicate the positions (i.e. the distance
from the gold surface) of the two main peaks appearing in the curve of the den-
sity distribution for N beads (i.e. the head of CTA™ chains). The distance between
these two lines, which defines the thickness of the CTAB layer [25], is also is given.
In (b), the horizontal dash line indicates the boundary between the inner/outer
sub-layers, and the ligand surface density in these two sub-layers are given.

In the system with p, = 2.5nm™? (see Figure 3(p)), there are
several small CTAB micelles forming in the bulk solution,
and a large CTAB aggregate forming and staying on the gold
surface during the whole simulation time. Replacing the bulk
CATB micelles with the same amount of W beads and re-equi-
librating the system, we observed a similar final configuration
as shown in Figure 3(k), thus confirming that the electrostatic
repulsions from the floating CATB micelles in the bulk force
the large CATB aggregate to sit on the gold surface even
there is no additional attraction from the gold surface. The
density profiles near the gold surface in Figure 4(a) clearly
show there are two main peaks in p vs. z of N beads (i.e. the
head groups of CTA" chains) and a distinct hydrophobic
region where W beads (i.e. water) are excluded, indicating
the large CTAB aggregate on the gold surface has a bilayer
structure. The configuration in Figure 3(p) corresponds to a
saturated adsorption state when there is no additional attrac-
tion from the gold surface (i.e. Dj = 0) in our model, and
thus provides an important reference for investigating the
structures of CTAB molecules at other values of p; and Dj.
The two main density peaks of N beads in Figure 4(a) approxi-
mately indicate the thickness of the CTAB bilayer h ~ 2.49
nm, and the accumulative ligand surface density in Figure 4
(b) show there are nearly equal number of CTA" chains in
each sub-layer, and p, ~ 2.0 nm~2.

At D > 0, Br beads can be adsorbed on the gold surface
and so do the CTAB aggregates under the electrostatic attrac-
tions between N and Br beads. If the CTAB concentration is
low (e.g. p, = 1.0 nm™? in Figure 3(b)-(e)), CTAB molecules
aggregate in elongated micelles adsorbed on the gold surface.
These micelles spread on the surface and thus become flatter

MOLECULAR SIMULATION e 5

as D increases, but there is always a large area of gold surface
exposed to the aqueous solvent. With a higher CTAB concen-
tration (e.g. p, = 1.5 nm~? in Figure 3(g)-(j)), most of the gold
surface is covered by CTAB aggregates and there are some
small channels in the CTAB layer connecting the aqueous sol-
vent with the gold surface. These channels shrink as Dj
increases and eventually disappear at Dj = 2.0 (see Figure 3
(j)) where a compact CTAB bilayer forms and covers the
whole gold surface. Compact CTAB bilayers were always
observed in the systems with a sufficient amount of CTAB
molecules at Dj =0.5—2.0 (e.g. p,=2.0 and 2.5nm™2
Figure 3 (I)-(o) and (q)-(t)). Moreover, in the systems with
p. =25 nm~2, as Dj increases, less and less micelles form in
bulk solution (see Figure 3(q)-(t)), indicating that the CTAB
bilayer contains more CTA™ chains at larger Dj.

We analysed the CTAB layer on the gold surface in the sys-
tems with p; > 1.5nm™? and D} > 0.5 in detail. From the
plots of p vs. z in Figure 5, we can obtain that:

1 (i) As Dj increases, more Br beads are adsorbed on the gold
surface, which provides a stronger electrostatic attrac-
tion to bind CTA™ chains onto the surface and changes
the structure of adsorbed CTAB aggregates.

2 (ii) The distribution of N beads shows two main peaks in p,

and there is a third, smaller density peak near the main

one at the gold surface when D} < 1.5 (also see Figure 4

(a)). These features were also observed on the gold

[100] facets in atomistic simulations, and the existence

of the small peak was attributed to the weaker binding

interactions for Br~ ions on these facets [25].

When p; = 1.5 nm~2, the thickness of the CTAB layer

(h), defined by the distance between the two main den-

sity peaks of N beads, is continuously decreasing as Dj

increases, corresponding to the compacting of CTAB
aggregates and shrinking/disappearing of channels
observed from snapshots in Figure 3(g) -(j). When
p.=2.0 nm~2, h almost remains constant at
Djj < 1.5 and significantly reduces at Dj = 2.0, indi-
cating that the CTAB bilayer is a compact structure
which can remain a constant thickness unless the elec-
trostatic attractions from the gold surface are too
strong. When p, = 2.5nm™2, h remains at 2.49 nm
at D* < 0.5 (also see Figure 4(a)) and increases to
2.63nm at D} =1.0 and 1.5 because more CTA*
chains are adsorbed on the gold surface, and then

slightly decreases to 2.56 nm at Djj = 2.0.

The values of h for the compact CTAB bilayers formed

in our simulations (see Figure 3(1)-(t), Figure 4(a) and

Figure 5) are smaller than the thickness of the compact

CTAB bilayer on the gold surface measured in exper-

iments (i.e. 3.0-3.4nm [19]) and in atomistic simu-

lations (i.e. ~3.4 nm [25]). This discrepancy is mainly
because the length of CTA™ chains (I) in the DPD
model is dramatically underestimated due to the
coarse-grinning operation. From the equilibrium
bound lengths in Table 1, we obtained [ ~ 1.57 nm,

which is much smaller than the actual value (i.e.

~2.17 nm). If we take an offset of 0.71 nm (i.e. the

diameter of one bead) into account, for CTAB bilayers

3 (iii)

4 (iv)
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Figure 5. (Colour online) The density profiles (i.e. p vs. z) of different components near the flat gold surface, and (b) the accumulative p; along z (i.e. acc.p, vs. z) in the
system with different values of p; > 1.5 nm~2 and D > 0.5. The thickness of the CTAB layer and the ligand surface density in the inner/outer sub-layers are given in
the corresponding sub-figures.

at D§ < 1.5, the resulting h ~ 3.1 —3.3nm is very
close to the experimental values. The thickness of
CTAB bilayers at p; = 2.0 nm 2 and Df = 2.0 is still
smaller than the experimental values even taking the
offset into account, thus we suggest using a value of
Dj < 1.5 in our model to ensure that the thickness
of the CTAB bilayer is faithfully reproduced. Mean-
while, our results of h for compact CTAB bilayers in
Figure 5 are always smaller than 2/ ~ 3.14 nm, sup-
porting the partial interdigitation of CTA™ chains in
CTAB layers [19].

Table 3. Saturated average ligand surface density on the gold surface at different

values of Dy.

Ds pgatd, [nm—z]
0.0 2.01

0.5 2.12

1.0 2.25

1.5 2.27

2.0 2.37

5 (v) The compact CTAB bilayers at p, = 2.0 and 2.5 nm™>

have a distinct hydrophobic region composed of tails
of CTA™ chains. The density profiles of T beads also
suggest the tails are overlapping in these hydrophobic
regions. In addition, near N beads in the outer layer,
we can observe a diffuse distribution of Br beads at
the ‘soft’ ligand-solvent interface, which is a very differ-
ent from that in a more coarse-grained model where the
charged AuNRs were simply modelled as hard rods
with fixed surface point charges and a layered structure
of counter ions (corresponding to Br~ ions here) near
the ‘hard’ surface was observed [32]. The details of
the distribution of solvent/ions around colloidal par-
ticles can have significant effects on their dynamics
[36]. Our present model can provide a more realistic
description of the interfacial structure of CT AB-stabil-
ised AuNRs and therefore their dynamic properties.

The plots of acc.p, vs. z in Figure 5 show how CTA™" chains

distribute in the inner/outer sub-layers in the systems. The



ligand surface density p, in each sub-layer is also given. Inter-
estingly, we can see that except at p, = 1.5nm~? and Dy = 0.5,
where the boundary between inner/outer sub-layers is not
clear, the CTA™ chains are not equally distributed in the two
sub-layers, with more ligands in the inner sub-layer than in
the outer sub-layer especially at larger Dj. This contrasts to
the equal distribution shown in Figure 4(b). These results indi-
cate that when CTAB adsorbs on gold, the two sub-layers
might be asymmetric, and thus the real surface charge density
of a CTAB-stabilised AuNR could be lower than the average p,
estimated from the amount of adsorbed CTAB molecules. This
effect could be another contribution to the discrepancy
between surface charge densities estimated from the zeta
potential and the ligand packing density [32, 45, 46].

In the systems with p; = 2.5 nm ™2, the average of p; in the
inner/outer sub-layers gives the saturated adsorption amount
of CTAB molecules on the gold surface (pﬁa‘d‘). Our simulation
results show that p* increases as D}; increases (see Table 3).
The values that we obtained are larger than the corresponding
measure in the experiments (i.e. ~1.8 nm~2 in >1 mM CTAB
solutions [18]) even at Dj =0 where we find that
pgatd' ~ 2.0 nm~2. However, considering that the quantitative
ability of DPD models is limited [37], especially for a system
with electrolytes, our values of p*'% are not bad.

The results above were obtained from simulations with
CTAB molecules adsorbed on a [100] facet of an FCC solid
made up of Au beads. As a coarse-grained model, we do not
expect that our model will be as good as atomistic simulations
in capturing the facet-dependent adsorption of CTAB mol-
ecules on different gold surfaces. However, for completeness,
we compared the adsorption of CTAB on the [110] and
[111] facets in systems with p; =2.0nm™2 and D} = 1.0.
We observed compact CTAB bilayers with the same thickness
forming and covering the whole gold surface in these simu-
lations, with the only difference a slight decrease by ~2% of
p, for the inner sub-layer on the [110] facet due to its lower
surface density of Au beads compared to that on the [100]
and [111] facets in our model (see Figures 5 and 6). We did
not observe the reduction of p; for the inner sub-layer on
[111] facets which was observed in the atomistic simulations
(21, 22].

3.2. CTAB molecules around a AuNR

Figure 7 shows snapshots of the equilibrium configurations for
CTAB molecules around a AuNR obtained from simulations
of systems with varying p; and Dj. In the calculations of p,,
considering the curvature effect, we use an offset of A = 1.2
nm (i.e. approximate half of the thickness of the CTAB
layer) to  calculate  the  surface area  using
A = [2L + m(d + 2A)]L,. Due to the high CTAB concen-
tration in the systems, CTAB molecules aggregated in all
simulations.

At Dj =0, CTAB molecules form free micelles even at
ps =25 nm~2 (see Figure 7(a,f,k,p)), indicating an additional
attraction is necessary to adsorb CTAB aggregates onto the
small AuNR.

At Dj = 0.5, CTAB aggregates can be adsorbed on the sur-
face of the AuNR but cannot wrap the whole AuNR even
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Figure 6. (Colour online) The density profiles (i.e. p vs. z) and the accumulative p;
along z (i.e. acc.p, vs. z) for CTAB molecules on flat (a) [110] and (b) [111] gold
surfaces in systems with p; = 2.0 nm~2 and D} = 1.0. The inserts show snap-
shots of the equilibrium configurations and the gold surfaces in these
simulations.

though there is a sufficient amount of CTAB for this to be
possible (e.g. p; =2.0 and 2.5nm™2). The surface of the
AuNR is therefore partially exposed to the aqueous solution
(see Figure 7(b ,g,1,q)). Moreover, the CTAB aggregates prefer-
entially adsorb at the sides of the AuNR, leaving the ends
exposed.

At Dj > 1.0, similar configurations with exposed ends
also form when there is not enough CTAB available (e.g.
p, < 1.5nm™2, see Figure 7(c)-(e) and (h)-(j)). These
configurations with no CTAB adsorbed on the ends provides
support for the zipping-like growth mechanism [25, 47] for
the anisotropic growth of AuNRs during the seeded growth
synthesis. When there is a sufficient amount of CTAB avail-
able (e.g. p, = 2.0 and 2.5nm™?), a compact CTAB bilayer
forms and fully wraps the AuNR (see Figure 7(m)-(o) and

(r)-(1)).
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Figure 7. (Colour online) Snapshots of the equilibrium configurations for CTAB molecules around a AuNR obtained from simulations with different values of p; and Dj.

The results above indicate that small AuNRs exhibit a sig-
nificant end-effect for the adsorption of CTAB molecules. To
further characterise this effect, we also analysed the local
CTAB density along the AuNR surface in the systems that
formed a compact CTAB bilayer (see Figure 8(a)). Figure 8
(b,c) shows the analysed results at Dj = 1.0 in the systems
with p; = 2.0 and 2.5 nm™2. We can see a significant reduction
of the CTAB density at the ends compared to that at the sides,
which is similar to that observed in experiments for AuNRs
with the diameter of ~15 nm [20]. Moreover, our simulations
show this anisotropic distribution of CTAB molecules around
the AuNR is more significant in the inner sub-layer and is
much smaller in the outer sub-layer (e.g. p, = 2.0 nm™2, see
Figure 8(b)), with almost no reduction in the outer sub-layer
at the saturated adsorption state (e.g. p, =2.5nm™?2, see
Figure 8(c)).

Note that in our model, the ends of the AuNRs consist of
small [110] and [100] facets (see Figure 2(b)). Our simulation
results on the flat gold surface show only a weak facet-
depended CTAB adsorption (see Figure 6) and thus the end-
effect observed in our simulations with the small AuNR should
be mainly caused by the high curvature of the ends. This is
consistent with recent atomistic simulations [23].

4. Conclusions

In this work, we have developed a coarse-grained model based
on the DPD method that can be used to study the adsorption
of CTAB molecules on gold surfaces: the water and Br~ ions
are modelled as conventional neutral W and charged Br
beads, respectively; the CTA™ chains are modelled as one
charged N bead and four neutral T beads connected by
bonds [37], and the solid gold is represented by a FCC crystal
made up of Au beads (see Figures 1 and 2). We introduced a
Au-Br™ attraction given by the Morse potential between Au
and Br beads to mimic the electrostatic interaction between
the cationic head groups of CTA™ chains and Br~ ions
adsorbed on the gold surface [24]. The organisation of
CTAB molecules on flat gold surfaces and around a AuNR
were studied using this model.

Overall, the proposed model with a proper Au-Br~ attrac-
tion (i.e. Dj < 1.5 ) can well reproduce the quantitative fea-
tures of CTAB molecules adsorbed on flat gold surfaces that
have been observed experimentally (e.g. the thickness of the
CTAB layer [19] and the average ligand surface density [18])
at the saturated adsorption state. With an increase in the
Au-Br~ attraction and the amount of CTAB in the system,
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Figure 8. (Colour online) (a) Schematic illustration showing how we analysed the
local density of CTAB molecules along the surface of the AuNR. s represents the
distance from the centre of the side along the surface. The results are averaged
over the top and bottom halves of the AuNR. (b)-(c) The local density (o) of N
beads as a function of s near the density peaks in the inner/outer sub-layers at
D5 = 1.0 in the systems with (b) p; = 2.0nm~2 and (c) p; = 2.5nm~2. The
dash lines show the Savitsky-Golay filtered median of the scattered data.

the CTAB molecules change from being organised in micelles,
to forming broken bilayers with channels, to forming compact
bilayers. In particular, our simulations have revealed that in
the CTAB bilayer, the inner layer bound on the gold surface
can have a higher density than the outer layer exposed to the
aqueous solution. This can result in AuNRs having a lower
surface charge density than estimated from the average ligand
surface density when assuming an equal distribution between
the two layers.

For CTAB molecules on AuNRs, we found that a strong
Au-Br~ attraction (i.e. Djj > 1.0) is needed to form a compact
CTAB bilayer that fully wraps the small AuNR that we con-
sidered. Significantly, the CTAB aggregates preferentially
adsorb at the sides of the AuNR. Thus, the ends of AuNRs
are often exposed to the aqueous solution at small Dj or if
there is an insufficient amount of CTAB molecules in the sys-
tem. This provides support for the zipping-like growth mech-
anism that has been proposed to explain the anisotropic
growth of AuNRs [25, 47]. This curvature-induced end-effect
also leads to a reduction in the ligand density at the ends com-
pared to that at the sides in the compact CTAB bilayer wrap-
ping the whole AuNR.

Our model provides a fairly realistic description of the
interfacial structure of CTAB-stabilised AuNRs, while being
coarse-grained enough to allow for the study of entire nano-
particles. This should make it possible to simulate the
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dynamics of these AuNRs more accurately, especially to
understand the role of CTAB molecules in self-assembly pro-
cesses involving AuNRs [26-28] and in their phoretic motions
[29-32].
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