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We investigate the use of mixed self-assembled monolayers (SAMs) for creating nanoscale striped
patterns on nanowires and nanorods. Our simulations predict that SAMs comprised of an equal
composition of length-mismatched, thermodynamically incompatible surfactants adsorbed on
nanowire surfaces self-organize into equilibrium stripes of alternating composition always
perpendicular, rather than parallel, to the nanowire axis. We support the simulation results with
preliminary experimental investigations of gold nanorods coated with binary mixtures of ligand
molecules, which show stripes roughly perpendicular to the rod axis in all cases.

Patchy particles with attractive, repulsive or reactive patterns on
the surface are important as building blocks for self-assembly.1–4
Nanoscale surface patterns also impart to nanoparticles
remarkable catalytic,5 biological6 and wetting properties7,8
unique to the nanoscale. Patchy particles of many shapes have
been demonstrated, with controlled patterns obtained through
different methods including deposition of gold on, e.g.,
spheres,9–12 rods,13,14 and tetrapods,13 electrohydrodynamic cojetting,15,16 microcontact printing17 and self-assembly of mixed
ligand SAMs on gold and silver nanospheres.18–20 Ordered
patterns on nanowires and nanorods are of particular interest for
potential fabrication of multisegmented21,22 nanorods and
nanowires via self-assembly. Multisegmented nanowires, usually
fabricated using sequential electrochemical deposition, have
applications in the fields of molecular recognition, biosensing,
multiplexed detection, microelectronics, catalysis, information
storage and tagging (bar-coded nanorods).23–32 Here we
demonstrate that mixed SAMs adsorbed on nanorod or nanowire surfaces form striped patterns that alternate along the length
of the rod/wire, and always form perpendicular to the rod/wire
axis. Although further development is required to exploit this
patterning phenomenon for the applications of multisegmented
wires, our study provides the first demonstration that mixed
SAMs can be used to pattern nanorods and nanowires through
self-assembly.
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We use dissipative particle dynamics (DPD) simulations33 to
simulate the microphase separation behavior of a mixed SAM of
long and short surfactants grafted via identical head groups to
a cylindrical surface. Equal numbers of both surfactants are
used, and distributed randomly around the cylinder at time t ¼ 0.
Each surfactant is modeled as a bead-spring chain in which
consecutive DPD beads are connected by simple harmonic
springs. Simple bead-spring models are commonly used to study
properties of polymer and surfactant molecules and have
successfully predicted the phase behavior of these molecules in
the past.33–37 The DPD conservative force is a soft and purely
repulsive force. The incompatibility between two species is
modeled by making dissimilar beads more repulsive than similar
beads. The source of this incompatibility is the attraction of both
species to the solvent molecules, which are treated implicitly in
the DPD model and method.33 The parameters used here
correspond to water as the solvent. To simulate the behavior in
other solvents, parameters for effective potentials can be calculated starting from atomistic molecular dynamics simulations.33,38 The excess repulsion Da can be increased to make the
two species more incompatible. The length difference, Dl,
between surfactants is measured as the difference in the number
of beads comprising the surfactant chains. All lengths are
measured in units of s, the diameter of a single DPD bead. We
use a reduced temperature kBT ¼ 1, and a reduced time step s ¼
0.02. Each bead-spring surfactant contains a single-bead head
group and a tail. The head group is constrained to move on the
cylinder surface using constrained dynamics.34 Periodic
boundary conditions are used along the length of the cylinder.
Additional details on the use of this method to simulate selfassembly of mixed ligand SAMs on spherical nanoparticles may
be found in ref. 20 and 39. For the experimental studies, we
synthesize gold nanorods using methods described in the literature,40 and coat the rods with a mixed SAM of octanethiol and
mercaptopropionic acid via place exchange reactions (details in
This journal is ª The Royal Society of Chemistry 2011
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the ESI†). The rods are drop cast onto gold substrates and
imaged with scanning tunneling microscopy (STM) according to
previously discussed approaches.41–43
Fig. 1 shows examples of striped nanowires and nanorods that
we obtained in simulations and experiments. Experimental
images (b–e) show nanorods coated with various stoichiometric
mixtures of the ligands. As in nanoparticle imaging, observing
clear and reproducible structure on nanorods is contingent on
the tip imaging condition, sample preparation and imaging
feedback. We observed only a few examples of rods (20%) that
present a ligand shell clean enough to show a clear structure, yet
in those cases we observed clear and reproducible stripe-like
structures (Fig. 1). In all cases, the observed stripes are perpendicular to the rod axis. In Fig. 1(c) and (e), we show two of
a series of 21 images of the same nanorod captured at different
tip speeds, varying from 0.17 mm s1 to 2.0 mm s1. As found for
spherical nanoparticles, we find limited to no dependence of
stripe width on tip speed42 (Fig. S1†). We note that stripes in this
rod are very clear and can be imaged across a tip-speed range
wider than that for spherical particles. This wider range may be
attributed to many factors (among them cleanness of the sample,
and more resistance to sample drag/vibration/rotation while
imaging due to increased inertia) but may also be due to
formation of more clearly defined and ordered stripes on nanorods as compared to nanoparticles, which make them easier to
observe. In Fig. S2(a) and (d)†, we show individual end groups of
the ligands and in Fig S2 (b) and (c)†, we show stripe-like
structures. This demonstrates that the ‘‘stripes’’ are composed of
individual end groups.
The nanorod diameters (including the width of the octanethiol
coating) observed in our imaging sessions and samples varied
from 3 nm to 12 nm. Stripe-like structures were consistently
observed through different speeds on nanorods 3.6 nm (Fig. 1(b))
and 4.2 nm wide (Fig. 1(c)). The extended length of octanethiol is
around 1.1 nm, so these nanorods are calculated to be between
1.4 nm and 2 nm wide. Finally, we find that the widths of the
domains (0.75 nm  0.1 nm) are commensurate with those seen
on spherical nanoparticles.19,43

Recently, we showed that striped patterns may be obtained on
spherical nanoparticles coated with mixed SAMs of incompatible
surfactants.18,19,43 Stripes form via microphase separation when
one of the two incompatible surfactants is sufficiently longer or
bulkier than the other.20 By creating additional interfaces where
long surfactants are adjacent to short ones, the system is penalized energetically relative to macrophase separation, but gains
conformational entropy in the ability of the long surfactants to
bend over neighboring short surfactants20 (Fig. 2(a) and (b)). The

Fig. 2 (a) and (b) Schematic showing how the free volume (grey, shaded
area) and hence conformational entropy of a long surfactant chain
increases when it is surrounded by shorter chains as compared to chains
of the same length. (c)–(e) Cartoons depicting the approximate free
volume (grey, shaded area) available to a single surfactant tail in the
presence of neighboring ligands on substrates of decreasing radii of
curvature from left to right. Patterns that can form by phase separation of
simple incompatible mixtures on cylindrical surfaces: (f) macrophase
separation resulting in interfaces parallel to the cylinder axis and (g)
macrophase separation resulting in interfaces perpendicular to the
cylinder axis. (h) Cross-sectional view of microphase separation resulting
in stripes for mixtures of long (yellow) and short (red) surfactants
(surfactant tails on the front half of the cylinder have been removed to
reveal the bending of long surfactants over the shorter ones).

Fig. 1 (a) Striped nanowire obtained in computer simulations of long (yellow) and short (red) incompatible bead-spring chains. Images (b)–(d) show
three different rods with average stripe widths of 0.87 nm, 0.77 nm and 0.99 nm, respectively. Images (c) and (e) are images of the same rod captured at
different tip speeds. Limited to no dependence of the stripe width on tip speed was found (Fig. S1†).
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preference of a long surfactant to be next to a shorter one can
also be demonstrated by counting the number of states available
to a surfactant when surrounded by long or short surfactants and
associating the number of available states to its conformational
entropy.44 We recently found that mixed SAMs on flat surfaces
behave similarly, resulting in striped and worm-like microphase
separated domains under suitable conditions.45 If the length
mismatch is insufficient to create enough conformational
entropy to offset the increased energy of the system arising from
the interfaces, then on both spherical and flat surfaces macrophase separation occurs whereby the SAM phase separates into
two coexisting phases rich in one or the other ligand, with a single
interface. As for spherical surfaces, the free volume and thus
conformational entropy gain in the creation of additional interfaces becomes increasing less important as the radius of curvature of the substrate decreases.20,39 Fig. 2(c)–(e) show cartoons of
the increased free volume as the radius of curvature of the
substrate is decreased.
For a mixture of incompatible but otherwise similar ligands
confined to the surface of a cylinder, macrophase separation can
lead to formation of an interface either parallel to, or perpendicular to, the cylinder axis, as shown in Fig. 2(f) and (g), based
on the aspect ratio of the cylinder. When the ratio of the
circumference 2pRC to the length L of the cylinder is small
(large), the interfaces between macrophase-separated domains
form parallel to (perpendicular to) the cylindrical axis so as to
minimize the total interface length. Fig. 1(a) and 2(h) show that
mixtures of long and short incompatible surfactants create
additional interfaces, forming stripes on cylindrical surfaces as
on spherical nanoparticles. The bending of long surfactants over
the short ones to gain conformational entropy is shown schematically in Fig. 2(b) and demonstrated in Fig. 2(h).
We find both in our simulations and experiments that the
stripes form always perpendicular to the axis of the wire/rod. The
robustness of the perpendicular stripes, or rings, can be explained
by considering the potential conformational entropy gain of the
long surfactants arranged in stripes perpendicular vs. parallel to
the cylinder axis (Fig. 3). When stripes form perpendicular to
the axis of the cylinder (Fig. 3(a)), the long surfactants enjoy the
maximum possible conformational entropy because of the
increased free volume along the circumference of the cylinder due
to the surface curvature, and that along the length of the cylinder
due to the bending of long surfactants over neighboring short
surfactants. In contrast, when stripes are parallel to the cylinder
axis (Fig. 3(b)), no free volume or conformational entropy gain is
possible along the length of the cylinder and crowding of the long
surfactants occurs in that direction. Therefore, for the same
stripe width, rings perpendicular to the cylinder axis are always
entropically favored over stripes along the cylinder length.
Helices with a short pitch are the next best configuration after
rings in terms of system free energy. In multiple simulations
performed for the same surfactant system, we rarely, if ever,
observe helices instead of separated stripes. Since their occurrence is rare and the pitch short, we believe that they are kinetically arrested structures or defective rings. The difference in the
free energies of rings and helices is expected to be very small, so
much so that it would take very long simulation times for helices
to relax into the equilibrium ring structures. We note that the
unique ability of a cylindrical surface to align stripes
3246 | Nanoscale, 2011, 3, 3244–3250

Fig. 3 Directions in which the free volume and conformational entropy
can be gained by the long (yellow) surfactants when stripes are formed (a)
perpendicular to, and (b) parallel to the cylindrical axis. Tails of the short
(red) surfactants have been removed for clarity. Blue arrows indicate the
direction in which the long surfactants gain free volume due to the
curvature of the substrate. Black arrows indicate the direction in which
the long surfactants gain free volume by bending over the neighboring
short surfactants. Red arrows indicate the direction in which crowding of
the long surfactants occurs.

perpendicular to the axis can also be exploited to modify patterns
formed in SAMs on flat surfaces.46 The direction of the stripes
may become inconsequential for very wide cylinders when the
radius of curvature is practically infinite. Wide cylinders are
nearly equivalent to flat substrates with no distinction between
the length and the circumference. Spheres on the other hand have
the same curvature in all directions and will therefore not
promote stripes along any preferred direction. Cylinders are
therefore unique and interesting with respect to their unidirectional curvature.
As we found previously for mixed SAMs on spherical nanoparticles,20,39 the striped patterns depend on the degree of
incompatibility and length difference between the two species.
Fig. 4 shows the effect of increasing the incompatibility (Da)
between the surfactants. For weakly incompatible surfactant
tails, irregularly shaped microphase-separated domains form
(Fig. 4(a)). The average equilibrium pattern is stable, and the
ligands move constantly between domains. On increasing the
incompatibility, striped domains perpendicular to the cylinder
axis appear (Fig. 4(b)). The width of these stripes or rings
increases somewhat as the incompatibility is further increased
(Fig. 4(c)–(e).) For strongly incompatible mixtures, macrophase
separation occurs (Fig. 4(f)).
Fig. 5 shows the effect of increasing surfactant length difference on phase separation. Mixtures of surfactants with equal
lengths, i.e. Dl ¼ 0 (Fig. 5(a)), or small Dl (Fig. 5(b)) show
macrophase separation. We have ascertained on longer cylinders
that the patterns shown in Fig. 5(a) and (b) are not wide and
repeating stripes but rather macrophase-separated surfactants.
For these mixtures the gain in conformational entropy resulting
from microphase separation is either absent or insufficient to
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Patterns formed by long (7-bead, yellow) and short (4-bead, red) surfactants with increasing incompatibility (Da). Values of Da, from left to
right, are: (a) 3, (b) 5, (c) 10, (d) 15, (e) 20 and (f) 25. Surfactant tails have been removed for clarity.

overcome the enthalpic penalty of forming interfaces. Therefore
energetic interactions dominate and interface-minimizing macrophase separation occurs. On increasing Dl, stripes appear,
again perpendicular to the cylinder axis (Fig. 5(c)–(f).) We find
the dependence of stripe width on Dl is weaker than the dependence on Da (Fig. 4) for the surfactant lengths considered here.
We observe interesting behavior at the limits of small and large
cylinder radii, RC (Fig. 6). On very narrow cylinders, the SAM
macrophase separates, leading to the formation of biphasic or
bisegmented nanorods (Fig. 6(a)), analogous to Janus nanoparticles formed by binary SAMs on spherical surfaces.39 This is
the first prediction of ‘‘Janus rods’’ or ‘‘Janus wires’’ for mixed
SAMs. As the cylinder diameter increases for fixed Dl and Da,
stripes appear, with decreasing stripe width as RC increases
(Fig. 6(b)–(e)). For sufficiently large RC, the stripe width reaches
a self-limiting value (Fig. 6(e)–(g)) when the tails of the long
surfactants in neighboring stripes interact in the region above the
shared short surfactant stripe, reducing the conformational
entropy advantage and preventing further narrowing of the

stripes. A plot of the inverse stripe width for increasing RC is
provided in Fig. 6(h). We find that the length of the cylinders
does not influence stripe formation (see ESI, Fig. S3†). Stripes of
different widths commensurate with the cylinder length and
circumference were also found to be unstable and always formed
rings of the preferred width around the cylinder (see ESI,
Fig. S4†).
The formation of biphasic, or Janus, nanowires for very
narrow cylinders (Fig. 6(a)) can be understood based on the free
volume available to a long surfactant tail grafted on surfaces of
varying radii of curvature (Fig. 2(c)–(e)). For large to moderate
width cylinders (Fig. 2(c) and (d)), the free volume associated
with the surfactant tail arising from the surface curvature is
minimal, and interfaces (microphase separation) are required for
the long surfactants to maximize their entropy while overall
minimizing the system free energy. For very narrow cylinders
(Fig. 2(e)), a large free volume, and hence conformational
entropy, is available to a surfactant tail from the surface curvature alone, irrespective of the phase-separated pattern. Hence

Fig. 5 Patterns formed by long (yellow) and short (red) surfactants as their length difference, Dl, increases. The length of the short surfactant is kept
fixed at 4 beads. Values of Dl from left to right are: (a) 0, (b) 2, (c) 3, (d) 5, (e) 7 and (f) 9. Surfactant tails have been removed for clarity.
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Fig. 6 (a)–(g) Patterns formed by long (7-bead, yellow) and short (4-bead, red) surfactants as the cylinder radius, RC, is increased. Values of RC from
left to right are: (a) 2, (b) 3, (c) 4, (d) 5, (e) 7, (f) 9 and (g) 11. Surfactant tails have been removed for clarity. (h) Plot of inverse stripe width (long
surfactants) vs. RC. Error bars indicate the standard deviation.

additional interfaces are unnecessary for small radii of curvature,
and macrophase separation results in biphasic nanowires.
Among phase separating mixtures with competing interactions
confined to cylindrical surfaces, the system of incompatible,
unlike point charges has been most extensively studied.47–51
Microphase separation in that system results from competing
short-range attractions that drive macrophase separation at low
T and long-range electrostatic interactions that drive mixing.
Comparison of microphase-separated patterns formed by that
system and ours reveals several key differences. For example, in
the system of incompatible, unlike point charges, stripes
perpendicular or parallel to the cylinder axis as well as stable
helical stripes may form while in our system we observe only
rings perpendicular to the axis.50 Defect-mediated stripes are also
seen in the charged system while defects in our system appear
only when the surfactants are highly incompatible or the surface
coverage is very high (results not shown), both of which slow the
phase separation process so that equilibrium structures are
difficult to access in the time scale of the simulation. Another
3248 | Nanoscale, 2011, 3, 3244–3250

important difference is that in the charged system, patterns
varying from helices to rings form on narrow cylinders47,48 and
macrophase separation occurs at very small radii.47 In our
system, only macrophase separation occurs on narrow cylinders,
for reasons described above. Thus the rich variety of patterns
predicted for systems of incompatible, charged particles is not
seen in phase separating mixed SAMs on cylindrical surfaces.
Instead, the perpendicular stripe patterns (rings) appear to be
robust for a wide range of conditions. This robustness may be
exploited for many applications.
A variety of patterns, ranging from patches or micelles to
stripes, has been observed for several decades now in numerous
systems phase separating on flat surfaces.52–65 Driving forces
include electrostatic attraction/repulsion, incompatibility, length
or bulkiness difference between molecules, reactivity, chemical
bonding and difference in magnetization. The uniqueness of the
cylindrical substrate lies in the fact that the anisotropy of the
cylindrical shape breaks the symmetry and helps align stripes
(Fig. 3 and ref. 46).
This journal is ª The Royal Society of Chemistry 2011
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In conclusion, our simulations predict and preliminary
experiments confirm that mixed SAMs can be used to obtain
nanoscale, ordered, striped patterns on the surface of nanowires
and nanorods. Due to the strong entropic preference for the
formation of alternating rings of the two different surfactants
around the cylinders, as compared to formation of stripes along
the cylinder length, nearly defect-free rings are obtained in
simulations as well as experiments. Surfactants with varying
degrees of incompatibility and different length differences can be
chosen to tune the stripe width, providing a simple and robust
method for patterning nanorods and nanowires.
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