
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 130.89.45.232

This content was downloaded on 27/07/2016 at 10:31

Please note that terms and conditions apply.

Hydrodynamic confinement and capillary alignment of gold nanorods

View the table of contents for this issue, or go to the journal homepage for more

2016 Nanotechnology 27 025301

(http://iopscience.iop.org/0957-4484/27/2/025301)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/0957-4484/27/2
http://iopscience.iop.org/0957-4484
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


Hydrodynamic confinement and capillary
alignment of gold nanorods

Imtiaz Ahmad, H Patrick Jansen, Harold J W Zandvliet and E Stefan Kooij

Physics of Interfaces and Nanomaterials, MESA+ Institute for Nanotechnology, University of Twente,
PO Box 217, NL-7500AE Enschede, The Netherlands

E-mail: e.s.kooij@utwente.nl

Received 24 March 2015, revised 28 October 2015
Accepted for publication 29 October 2015
Published 2 December 2015

Abstract
Controlling the alignment and orientation of nanorods on various surfaces poses major
challenges. In this work, we investigate hydrodynamic confinement and capillary alignment of
gold nanorod assembly on chemically stripe-patterned substrates. The surface patterns consist of
alternating hydrophilic and hydrophobic micrometer wide stripes; a macroscopic wettability
gradient enables controlling the dynamics of deposited suspension droplets. We show that drying
of residual liquid on the hydrophilic stripes gives rise to spatially localized deposition and
alignment of the nanorods. Moreover, a universal relation between the extent of order within the
single layers of nanoparticles and the lateral dimension of the deposits is presented and
discussed.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Anisotropic nanoparticles are attracting considerable attention
owing to their potential use in bio-sensing [1], plasmonics [2],
catalysis [3], photovoltaics [4], surface-enhanced Raman
spectroscopy [5], wave-guiding [6], and metamaterials [7, 8].
Many of these applications rely on aligned arrays of nano-
particles since the collective response of aligned arrays is
much more pronounced than that of the individual nanorods.
Additionally, the collective response also depends strongly on
the number of nanorods within the aligned array. As a result,
numerous groups around the world are working on the
development of techniques to achieve aligned arrays of
nanoparticles at various length scales.

A simple, inexpensive and often used approach to
acquire aligned arrays of nanoparticles at relatively large scale
is controlled drying of the droplet [9–13]. Generally, drying
of a droplet containing nanoparticles on an isotropic hydro-
philic substrate leads to concentrated deposition within the
dense coffee stain-like ring [14–19]. In fact, the static pinned
contact line during the evaporation even hinders the homo-
geneous deposition of nanoentities over a large surface area.
Consequently, circumventing the coffee stain effect is a major
goal. In that respect, deposition by a moving contact line is

particularly interesting because in that case the deposition of
micro- and nano-entities is dominated by physical processes
on micrometer and nanometer length scales. In the case of a
moving contact line, stick–slip motion gives rise to lines of
deposited nanoparticles parallel to the drying boundary,
which result from alternating pinning/depinning of the three-
phase contact line [15, 20–22]. Likewise, spoke-like patterns
and branch structures are thought to be the consequences of
transverse instabilities of the receding contact line [9, 23–28].
Last year, Thiele published a comprehensive review on pat-
terned deposition by a moving contact line [29]. More
recently, the focus in evaporative assembly has moved to
studying the effect of particle geometry on the assembly
process [19, 30–33]. Obviously, the anisotropy of nano- and
microparticles has a profound effect on the deposits and their
superstructures. Specifically interesting for our work as pre-
sented here is the confinement by a three-phase contact line
which leads to alignment of elongated nanoparticles parallel
to this edge [32, 33].

Recently, considerable work has been devoted to drying
suspensions on morphologically patterned surfaces (with
ditches, trenches or troughs) [34–36]. The alignment of
nanoparticles in general and nanorods in particular on such
substrates was achieved by effectively imposing a rigid
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constraint through confinement by steric walls separated by a
distance of the same order of magnitude as the length of the
nanorods. In addition, capillary forces on the suspension
during evaporation within the confined regions will give rise
to further alignment of the nanoparticles. As an example, Lee
et al [37] have shown that patterned silver nanosphere arrays
can be formed by a simple dip-coating process. They
achieved confinement of nanoparticles using anisotropic
buckling templates, while capillary forces were induced by a
transferal process from the template to a substrate. These
approaches applied to anisotropic nanoparticles have been
shown to enable producing aligned arrays that consist of a
limited number of nanorods, either oriented end-to-end or
side-by-side depending on the width of the confined space.
However, the inter-particle distance varied and the orienta-
tional order was limited owing to a lack of precise control in
these studies. But most importantly, as far as we can judge,
confining nanorod suspensions does not allow manufacturing
of aligned arrays composed of a large number of nano-
particles in the selected regions.

The work reviewed in the previous sections pertains
solely to inorganic particles, with a strong focus on noble
metals owing to their plasmonic properties. However, the
interactions governing the assembly and deposition are not
specific to the type of nanoscale particle. Considerable
research has also been devoted to biological systems com-
prising rod-shaped entities [38–41], where the work on vir-
usses such as the Tobacco Mosaic Virus (TMV) is a
prominent example. Results by Wargacki et al [38] show that
convective assembly under proper experimental conditions
gives rise to well-ordered TMV monolayers with all virusses
aligned over lengths up to 5 cm. Expanding on this, the use of
patterned or wrinkled PDMS substrates was shown to give
rise to predefined orientation of the TMV entities [39, 40].
Moreover, Balci and co-workers demonstrated the ability to
transfer the aligned TMV using microcontact printing [39].
As an example of further work, Lettinga et al [41] considered
the effects of hydrodynamic interactions on the orientational
ordering, while Lewis and co-workers [42] studied nematic
liquid crystal equilibria of the filamentous fd-virus confined to
rectangular wells.

Morphologically flat but chemically patterned surfaces
have recently been employed in the investigation of nano-
particle deposition [43–47]. For example, using patterns
consisting of alternating hydrophilic and hydrophobic stripes
Ahmed et al [46] observed orientation and alignment of gold
nanorods preferentially on top of the hydrophilic stripes on an
otherwise morphologically flat substrate. Aligned nanorods
with low aspect ratio were primarily observed at the outer
edges of the hydrophilic stripes owing to the capillary con-
finement. However, within these deposits away from the
edge, the nanorods were isotropically distributed.

In this work, we focus on the combined use of a mac-
roscopic wettability gradient to control contact line motion
and a chemically defined pattern to direct the nanoparticles to
specific areas on the surface. We study the effects of hydro-
dynamic confinement and capillary alignment on the forma-
tion of gold nanorod arrays, and clearly reveal the close

relation between nanorod orientation and alignment to the
capillary pressure induced by confining the liquid to narrow
regions. We use morphologically flat, chemically stripe-pat-
terned surfaces consisting of alternating radial hydrophilic/
hydrophobic stripes, circularly arranged with a bare hydro-
phobic center and a bare hydrophilic region at the end of the
stripes [48, 49]. The design of the surface pattern allows
controlling the motion of the contact line and with that
hydrodynamics and capillary interactions can be manipulated
to align nanorods in the direction of the stripes. Results are
analyzed in terms of a two-dimensional (2D) order parameter.
We show that the degree of alignment exhibits a universal
trend when relating the order parameter to the width of the
nanoparticle deposits.

2. Experimental details

2.1. Materials

Cetyltrimethylammonium bromide (CTAB, Aldrich, 98%),
hydrogen tetrachloroaurate (HAuCl4.3 H2O, 99.999%,
Aldrich), silver nitrate (AgNO3, 99%, Acros), ascorbic acid
(AA, 99%, Merck), sodium borohydrate (NaBH4, 99%,
Aldrich), and hydrochloric acid (HCl, 37%, Merck) were all
used as received without further purification. All water that
was used in the synthesis was of Milli-Q quality (18.2 Mcm),
produced in a Simplicity 185 system (Millipore). All
experiments were conducted under ambient conditions at
room temperature (300 K). Air was not purified from any type
of contaminant.

2.2. Synthesis

Over the past years, many efforts and successes have been
reported pertaining to synthesis of well-defined nanoparticle
suspensions with a very low degree of polydispersity and
ultimate control over shape and size. In the realm of noble
metal nanorods, the pioneering work by Murphy and co-
workers has proven to be of great importance. In one of their
earlier papers, they report excellent yields exceeding 97%
[50]. More recently, a comprehensive review has appeared
summarizing most research focused on gold nanoparticle
synthesis [51]. In their landmark paper, Lohse and Murphy
not only provide a historical overview, but also treat all
aspects related to controlling the shape of nanoparticles,
including the formation of nanorods.

We adopted the two-step seed mediated protocol as
described by Nikoobakht and El-Sayed [52] to synthesize the
gold nanorods used for this study. First CTAB coated seed
particles were prepared by adding 25 μl of HAuCl4 (0.1 M) to
10 ml of CTAB (0.1 M). Next 60 μl of ice cold NaBH4

(0.1 M) was introduced while continuously stirring for a few
minutes. The resulting solution quickly turns light brown,
which indicates the formation of gold seeds. The solution was
kept at 25 °C for approximately one hour without stirring.

To synthesize aspect ratio (AR) 6 gold nanorods the
growth solution was prepared by adding 50 μl of HAuCl4
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(0.1 M) to 10 ml of CTAB (0.1M). At room temperature
20 μl of AgNO3 (0.1 M) was added, followed by 70 μl of
ascorbic acid (0.1 M) with gentle stirring; the resulting solu-
tion becomes colorless. Next, 100 μl of HCl (1M) was
introduced; the pH of the solution was maintained at
approximately 3. Finally, 24 μl of the seed particle suspension
was added to the growth solution. This solution was left
undisturbed overnight at room temperature.

Before use, the nanorod suspensions were centrifuged at
15000 rpm for 10 min to remove the excess CTAB; this
translates into 21130g using the geometry of the rotor (radius
8.4 cm). Subsequently, the suspension was centrifuged again
at 5600 rpm (2945 g) for 5 min to remove spheres from rods.
The nanorod suspensions were stored in the refrigerator.

The nanorod suspension have been analyzed using UV–
Vis spectroscopy; a typical spectrum is shown in figure 1(A).
It is evident that the suspension still contains a considerable
amount of spheres. From careful analysis of the (relative)
transverse and longitudinal peaks, we estimate that the
nanorod and nanosphere densities amount to approximately
N 2.0 10 cmrods

11 3= ´ - and N 2.2 10 cm ,spheres
10 3= ´ -

respectively. Moreover, from the scanning electron micro-
scopy (SEM) images length and width distributions have been
determined for 1000 nanorods; the resulting histograms are
shown in figures 1(B) and (C). The resulting nanorods have
an average length L 56 12 nm=  and diameter
W 10 1 nm;=  the error derives from the standard devia-
tion in the size distributions.

2.3. Sample preparation and droplet deposition

The radial patterned surfaces consisting of alternating
hydrophilic and hydrophobic stripes on silicon wafers were
manufactured using standard cleanroom facilities. The
hydrophobic regions are formed by self-assembled mono-
layers (SAMs) of 1 H, 1 H, 2 H, 2 H-perfluorodecyltri-
chlorosilane (PFDTS, 97%, ABCR, Germany). Details of the
surface preparation and the pattern designs are explained
elsewhere [48]. In figure 2 an atomic force microscopy image
of a PFDTS stripe is shown, demonstrating the homogeneity
of the PFDTS layer. The thickness amounts to approximately
1nm; the RMS roughness is below 0.5nm.

A schematic representation of the radial stripe-patterned
gradient surface is shown in figure 3(A). In our previous work
[48, 49], we demonstrated that such patterns induce controlled
motion of pure liquid droplets over distances up to a few
millimeters. Typically, the pattern designs consist of an iso-
tropic hydrophobic region, coated homogeneously with
PFDTS where the droplet is deposited; this corresponds to the
center of the radial pattern in figure 3. The gradient is formed
by subsequent striped regions (indicated as radial 1, 2 and 3 in
figure 3) consisting of alternating hydrophobic (PFDTS) and
hydrophilic (SiO2) stripes with increasing macroscopic sur-
face energy, which creates a preferential spreading direction
for the droplets. We use a dimensionless parameter

w wPFDTS SiO2a = to quantify the relative hydrophobicity of
the pattern [53], where wPFDTS and wSiO2

represent the
hydrophobic PFDTS and hydrophilic SiO2 stripe widths,
respectively. Areas with smaller values for α correspond to
larger overall surface energy, and as such are more hydro-
philic. The range of α values considered in our work amounts
to 0.9–0.25 for all patterns.

Substrates were ultrasonically cleaned in acetone for
5 min at room temperature. Then the substrate was rinsed with
ethanol and distilled water and dried in a nitrogen flow. A 5 μl
droplet of the nanorod suspension was placed on the clean
radial patterned substrate and allowed to evaporate at room
temperature. Within two hours the solvent was completely
evaporated.

Figure 1. (A) Typical UV–Vis spectrum of the gold nanorod
suspensions used in this work. The peak near 530 nm is due to the
transverse nanorod plasmon resonance and also contains contribu-
tions from spheres in the suspension. The peak centered near 980 nm
reflects the longitudinal plasmon resonance of the nanorods. (B, C)
Histograms of nanorod length L and width W, respectively; in total
1000 nanorods in SEM images were counted.

Figure 2. Atomic force microscopy (AFM) image of a PFDTS stripe
(brighter region) on an SiO2 substrate. The height of the PFDTS
layer relative to the substrate amounts to approximately 1 nm; the
width of the stripe is 6 μm.
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2.4. Characterization

High-resolution scanning electron microscopy (SEM; on a
Merlin Zeiss 1550 system) was used for imaging of our
samples; typical voltages in the range 0.1–30 kV are acces-
sible. Images that are used in this work were taken at an
accelerating voltage of 2 kV.

3. Results

The dynamics of liquid droplets on radial patterned surfaces
and the influence of design parameters has been discussed in

detail by Bliznyuk et al [48]. Here, we study the effect of
droplet dynamics on nanorod deposition and alignment on
radially patterned hydrophilic stripes. As soon as a droplet of
nanorod suspension has been placed on the patterned surface
with a radial wettability gradient, the droplet is forced to
move away from the center of the pattern. The advancing
edge of the droplet will become pinned as it reaches the
hydrophilic (bare SiO2) region, which surrounds the stripe-
patterned area. The receding contact line will move over the
stripe-patterned regions, but will eventually also be pinned by
the prolate nanoparticles in the suspension [11, 54]. Upon
further evaporation of the solvent, the receding edge of the
drying droplet will exhibit stick–slip like motion. As a result,
the corrugated contact line on the patterned areas of alter-
nating hydrophilic and hydrophobic stripes leaves behind a
trail of small patches of nanorod suspension. After complete
evaporation of the solvent, islands consisting of a single, sub-
monolayers of nanorods remain on the hydrophilic stripes. A
typical overview of the residual deposits is shown in
figure 3(B).

A larger overview of deposited nanorod islands is shown
in the electron microscopy image in figure 4(A). The nanorod
deposits show up as bright regions, which are all located on
the hydrophilic set of stripes. Remarkably the hydrophobic
stripes are completely depleted of nanorods. The direction of
receding motion was from right to left. On the right of
figures 3(B) and 4(A) the initial pinning of the receding edge
due to the nanoparticles is clearly visible; considerable
accumulation of nanoparticles leads to relatively large
deposits at the three-phase contact line. Upon gradual
receding of the contact line, the initially deposited patches as
indicated by the enclosed yellow box in figure 4(A) consist of
nanorod islands which are nearly continuous over a length of
approximately 100 μm. After this initial deposition, the con-
tact line appears to slip leaving a region depleted of nanorods
over a distance of approximately 10 μm (gap between yellow
and red boxes). Pinning and subsequent receding of the
contact line again leads to deposits over a length of 50 μm
(indicated by the red box in figure 4(A)). More generally, the
length of the deposited islands seems to decrease with
receding distance, as shown in the green box and further to
the left. To obtain a more quantitative description of the
island size and their distribution, more work is needed in
this area.

As has been shown by Thiele and co-workers [29, 55],
moving contact lines of solutions containing non-soluble
components over homogeneous substrates leave behind
deposits of different shapes. Concentration of the suspension
and receding velocity of the three-phase contact line are key
parameters in defining the shape and distribution of the
deposited materials. Most likely a similar mechanism applies
to our system of a nanoparticle solution of the striped surface.

Now we turn our attention to the spatial distribution and
the alignment of nanorods within the deposits. We zoomed in
on the individual islands; two examples are shown in
figures 4(B) and (C), with an even further enlargement in
figure 4(D) showing individual nanorods. Careful observation
reveals that the deposited islands all consist of only a single

Figure 3. (A) Schematic representation of the pattern used to create
the radial wettability gradients; note that the stripe widths are not to
scale. The gradient is created by the transition from the
homogeneous PFDTS (gray) to the unpatterned SiO2 (blue) via
radial striped regions with decreasing macroscopic hydrophobicity.
(B) SEM image depicting a general overview of the residual deposits
after placement, movement (from right to left) and subsequent
drying of a nanorod suspension on a radial striped wettability
gradient. Bright parts represent the gold nanorods, while the deposits
with a darker gray shade (on the left) are most likely CTAB layers.
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layer of nanorods, which all lie flat on the substrate. More-
over, the narrow deposits are depleted of nanospheres; the
trace nanospheres in figure 4(D) are considerably smaller in
number as is to be expected on the basis of their relative
concentration in suspension.

Upon examining many deposits, the orientation and the
mutual alignment of the elongated particles seems to be
affected by the width of the deposits. For example, in the
wide regions (left and right of figure 4(B)) the nanorod dis-
tribution is more isotropic and loosely packed, while for the
narrower regions in the middle (see also the enlarged image in

figure 4(D)) the nanorods are consistently more oriented
along the stripe direction, packed more closely and markedly
more aligned with neighboring nanorods.

To analyze the nanorod orientation with respect to the
receding direction (parallel to the stripes), we divided the
images of several deposited islands into different regions, as
shown by the red dotted lines in figure 4(B). For each region,
a histogram of the nanorod orientation was obtained. For all
nanorods within the region, the angle with respect to the stripe
direction was determined. The resulting distributions are
shown in figure 5. For the widest regions in the deposited
island (top and bottom panel in figure 5) there does not seem
to be a preferred orientation; the histogram exhibits an iso-
tropic distribution of the nanorod orientation. As the width of
the deposited island decreases (corresponding to the middle
panels in figure 5) the orientational distribution becomes more
focused, with only small angles showing a high probability.
Most prominent is the result in panel 4, which reveals a
significantly larger count at small angles as compared to all
others.

To quantify the extent of ordering within assemblies of
anisotropic (nano)particles, frequently the 3D order parameter
S3D is used in liquid crystal literature [56–58], which is given
by

S
3 cos 1

2
, 13D

2
( )q

=
-

where θ is the angle of each nanorod with respect to a specific
direction, referred to as the director. Averaging over all
nanorods yields a value S 13D = for perfect alignment parallel
to the director, while S 03D = corresponds to an isotropic
distribution.

However, as outlined above in relation to figure 4(C) the
nanorods in our experiments are distributed within a single
layer on the substrate and are all oriented parallel to the
substrates. Instead of using the 3D order parameter in
equation 1, we use the 2D order parameter [59, 60] given by

S 2 cos 1 . 22D
2 ( )q= -

Similar to the 3D order parameter, S 02D = represents a
random orientation, while perfect alignment of all rods
parallel to the director, i.e. the direction along the stripes and
thus the flow direction, yields S 1.2D =

For all nanorods within regions as indicted in figure 4(B)
the angle with respect to the stripe direction was determined,
and using equation (2) the order parameter was calculated for
the different regions. The specific values corresponding to the
different regions in figure 4(B) are given in the respective
histograms in figure 5. The numerical values confirm our
statement that the narrower regions of the deposited islands
exhibit more ordered arrangements as compared to the wider
regions further from the center of the neck.

To visualize the relation between orientational ordering
and the width d of the deposits, the order parameter S2D is
plotted as a function of d for different islands, including those
in figures 4(B) and (C). The result is shown in figure 6(A),
where d is normalized to the nanorod length L; a schematic

Figure 4. (A) SEM image of nanorods deposited on a radial stripe-
patterned surface. (B), (C) SEM images of typical deposited islands.
The image in (B) is divided into six sections for further analysis; the
green arrow represents the direction of flow during drying. (D)
Enlarged view of the central section in (B) showing individual
nanorod orientations. A low density of spheres is clearly observed in
(D), limiting the long-range ordering of the nanorods.
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representation of the nanorod orientation and alignment as a
function of width of the deposit is included in figure 6(B).
The various colors represent the result of analysis of different
narrow regions on the surface. Clearly, the fact that all data
points in figure 6(A) for different deposited islands follow the
same trend (dashed line) indicates that there appears to be a
universal mechanism controlling the orientation of the
nanorods within the drying deposits on the hydrophilic

stripes. In the next section we will qualitatively discuss this in
relation to other work reported in literature. Finally, the
dashed line represents an exponential fit, merely serving as a
guide to the eye. For very small distances, the order parameter
S2D approaches 1, implying that in the limit of vanishing
width d the orientation is complete; for larger widths the order
parameter decreases to S 02D = as is to be expected for an
isotropic distribution.

Finally, we focus on the width-dependent ordering of the
nanorods, as expressed by the results in figure 6(A). The fact
that all data obtained on different islands with varying width
ranges follow the same trend suggests there is a universal
mechanism controlling the collective orientation of the
nanorods. As outlined above, steric interaction is the most
probable candidate for dictating the order. As such our results
compare nicely to a vast amount of work devoted to under-
standing the isotropic-to-nematic phase transition within the
suspensions of anisotropic particles (rods and plates) near a
wall. Interesting and relevant work in this respect is the study
by Akbulut et al [61], in which they measure normal forces
between mica surfaces mediated by surfactant-coated ZnS
nanorods in organic solvents. Upon closing the gap between
the surfaces, they observe characteristics of the isotropic-to-
nematic phase transition.

Figure 5. Histogram of nanorod orientation angles within the
different sections in figure 4(B). The average order parameter
(equation 2; details are in the text) is indicated in each panel.

Figure 6. (A) The 2D order parameter S2D as a function of width d of
the deposited nanorod islands, normalized to the nanorod length L;
the dashed line represents an exponential fit serving as a guide to the
eye. Colors indicate results for different narrow regions on the
surface. (B) Schematic representation of orientation and alignment
under the influence of capillary confinement.

6

Nanotechnology 27 (2016) 025301 I Ahmad et al



Many simulations have been done [62–64], while the
analysis of results is always performed in relation to the
pioneering work by Onsager [65]. In this seminal work a
rigorous statistical mechanical approach is taken to determine
the Helmholtz free energy in terms of viral coefficients, with
contributions both from orientational and packing entropy.
Many papers consider the limit of long thin rods, for which
the higher order viral coefficients vanish [66, 67]. However,
this does not hold for our low-aspect ratio nanorods. Although
a full quantitative treatment lies outside the scope of this
work, we can qualitatively explain the relation between
confinement width and orientation as observed in figure 6(A).
The relevant parameter is the excluded volume for hard rod,
i.e. spherocylinders with length L and width W

V L W W W L W W2 sin 2
4

3
,

3

excl
2 2 3( ) ( )

( )

q p p= - + - +

where the first term is dominant and the last two terms are
smaller contributions describing the actual shape (end caps)
of the nanorods. As the width of the deposits decreases the
available volume decreases therewith effectively increasing
the free energy of the system. To minimize this, orientation of
the nanorods and therewith reducing the excluded volume
leads to a more favorable configuration from a free energy
point of view.

Although our results are in qualitative agreement with
previous experimental and theoretical work, there are clear
differences. Many reports of earlier work considered aniso-
tropic colloidal particles confined between two walls, i.e. a
2D system. In that case the isotropic-to-nematic transition
occurs within a distance corresponding to several times the
long dimension of the particles. In contrast, we find that the
order parameter in figure 6(A) decreases substantially over
distances as large as 10–20 times the rod length, which may
be related to confinement being both in the direction
perpendicular to the stripes as well as perpendicular to the
substrate. Clearly, more work is required to provide a theor-
etical benchmark for these observations.

4. Discussion

On smooth surfaces with isotropic wetting properties, drying
of a droplet containing suspended nanoparticles will give rise
to deposition of most particles within a region near the contact
line, which is often referred to as the ‘coffee-stain’ ring
[11, 14, 16–19, 31, 33]. On such surfaces, the nanoparticle
superstructures are generally multi-layered and exhibit dif-
ferent arrangements at varying distance from the contact line.
Recently, we showed that in the case of nanorod deposits,
various locations within this coffee-stain ring exhibit different
domains in terms of particle organization [11]. Dugyala and
Basavaraj [33] reported very similar results, including a
description of the different parameters enabling further con-
trol over the nanorod orientation.

Close examination of the spatial nanoparticle distribu-
tions in the results described in the aforementioned work on

evaporative assembly [11, 33], and also images such as those
in figures 4 and 7, reveals that the thickness of the deposited
islands increases with distance from where the three-phase
contact line was pinned during the drying of the droplets.
Very close to the edge, single layers of non-close packed
nanorods are observed, while further from the edge multi-
layered assemblies occur. This suggests that the thickness of
the liquid layer in which the nanoparticles are confined have a
profound influence on the resulting nanoparticle assemblies.
Although the physics of our present system is completely
different, the complexity of the nanoparticle interactions and
layering of nanoparticles is quite similar to what has been
reported in the spreading of nanofluids [68–71]

As outlined in relation to the results in figure 4, the
narrow regions primarily consist of a single layer of nanorods
oriented parallel to the substrate; these areas do not contain a
large number of spheres. This suggests that the combination
of nanorods and nanospheres in the suspension induces
depletion interaction, which may also play a role in the
orientation and mutual alignment. As we have shown in our
recent work [11] the magnitude of depletion interactions in
our suspensions comprises only a small contribution in the
overall interparticle interaction. Moreover, when zooming in
on the nanoparticle deposits, as shown in figure 7, the
separation between regions with a high rod density and
sphere-rich areas is obvious. The nanospheres assembly in
packed regions within the wider bulges of the deposited
islands; in figure 7(A) these nanosphere patches appear as
brighter regions in the SEM image. We assume this phase
separation to originate from a similar mechanism as described

Figure 7. (A) SEM image of nanoparticle islands connected by small
necks. (B) Zoom in on one of the necks revealing the preferential
accumulation of nanospheres in the wider sections, while the narrow
deposits only contain a relatively small number of nanospheres as
compared to the nanorods.
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earlier [11], where depletion interaction has a limited
contribution.

In contrast to the isotropic droplets where nanorods
assemble preferentially at the droplet perimeter, our results
presented in this work demonstrate that a chemically defined
pattern gives rise to markedly different spatial arrangements.
On the radial stripe-patterned substrates with a macroscopic
wettability gradient forcing liquid outward, the three-phase
contact line motion is not the same in all directions. The top-
left panel of figure 8 schematically depicts the behavior of a
drying droplet, which is partly on a homogeneous isotropic
surface (SiO2, on the left side) and partly in contact with the
stripe-patterned surface. Once the initial translational motion
of the droplet has stopped, the portion of the droplet that
resides on the SiO2 will remain pinned during drying, much

like the case of a droplet on an isotropic surface. Similarly
arranged regions as described previously [11] are observed in
this part of the droplet.

On the other hand, the edge of the droplet on the stripe-
patterned region recedes in a stick–slip like motion towards
the hydrophilic SiO2 region. On the stripe-patterned areas,
flow of liquid from the hydrophobic PFDTS to the hydro-
philic SiO2 stripes will drive the nanorods to the center of
these wetting stripes. This hydrodynamic confinement effect
is depicted in the top-right panel in figure 8 by the red arrows.
Subsequent drying of the liquid, preferentially in the direction
defined by the gradient (right to left in this case; indicated by
the blue arrows) induces capillary forces that we consider to
give rise to the alignment of individual nanorods.

We can compare our results to recent work on drying of
colloidal nanorod suspensions on stripe-patterned surface [46]
without a wettability gradient. A clear similarity observed in
both studies is that the nanoparticles preferentially accumulate
at the hydrophilic stripes. But in contrast to our present
results, in the case of Ahmed and co-workers [46] there was
no gradient forcing the liquid in a specific direction. As a
result, the nanorods were deposited over the entire hydro-
philic stripe. A ‘neck’ in the deposited nanoparticle patches,
as we observed for example in figure 4(A), does not occur. On
the other hand, Ahmed et al [46] report that confinement of
the nanorods close to the edges of the deposits leads to
orientation along the direction of the three-phase contact line.

The aforementioned argument suggests that the neck
occurring in our deposited nanoparticle islands is related to
the gradient in our patterned surface. We assume that after the
contact line becomes pinned on the striped regions, as in the
right of figure 4(A), the liquid is continuously pulled toward
the left during drying. Due to the surface tension, the highly
asymmetric residues on the hydrophilic stripes destabilize and
break up into smaller fluidic islands, some remaining con-
nected by a thin neck. Unfortunately, the limited resolution of
optical microscopy does not allow us to observe such break-
up of the liquid stripes. We ascribe the fact that the neck does
not completely break or disappears to the nanoparticles pin-
ning the three-phase contact line.

The receding motion of the liquid gives rise to a clear
anisotropy in the deposited islands. Both isolated islands, but
also patches connected by a neck will most likely give rise to
unidirectional flow of residual solvent in these patches. As a
consequence, both (i) the confinement of the nanorods to the
residual liquid deposits (schematically shown in the middle of
figure 8) and (ii) the directional receding of the solvent
(bottom of figure 8) giving rise to capillary alignment, will
enhance the orientation of the nanorods. A similar effect has
been reported for the hydrodynamic alignment and assembly
of cellulose nanofibrils in a focussed flow [72]. Limitation of
rotational Brownian motion in a narrow flow channel [73]
gives rise to orientation of the high aspect ratio fibrils to
ultimately produce strong cellulose filaments.

In relation to the above, the length of the deposited
islands will probably depend on the nanorod density near the
contact line on each hydrophilic stripe. The presence of a
large number of nanorods near the contact line will keep the

Figure 8. (Top-left) Schematic representation of a drying droplet
containing suspended nanorods. (Top-right) Schematic representa-
tion of the contact line (green dotted line) on the patterned surface.
Red arrows indicate the hydrodynamic force driving nanorods
toward the center of the hydrophilic stripes; blue arrows indicate the
macroscopic receding direction of the outer perimeter (blue dotted
line) of the droplet. (Middle) Schematic view of nanorods within the
fluid residues, and (bottom) subsequent drying leading to the
capillary alignment.
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fluid in contact with the surface through pinning and therefore
will deposit long islands. Also, the arrival of nanorods to the
contact line will probably dictate the pinning time during
drying. Such a mechanism based on a fixed and partially
pinned contact line introduces a novel approach of droplet
drying, which has the advantage of large scale deposition.

5. Conclusions

We have studied the deposition of anisotropic gold nanorods
from drying droplets on chemically defined radial wettability
gradients on morphologically flat substrates. The gradient
forces the contact line to recede in the direction parallel to the
alternating hydrophilic and hydrophobic stripes, typically
having widths in the order of a few micrometers. After
receding and drying of the droplet, patches of nanorods
remain only on the hydrophilic stripes. The patches seem to
resemble a stick–slip like receding motion. More close
examination reveals that the nanorod islands exhibit a variety
of self-assembled nanoparticle distributions.

In this paper, we focussed on elongated parts of the
patches, where only single layers of mutually aligned
nanorods are observed. We presented the systematic variation
of the average order parameter as a function of the width of
the deposits. In wide regions, typically exceeding 10–20
times the nanorod length, isotropically oriented nanorod
arrays are found, while for much narrower assemblies a
strong preferential orientation parallel to the stripe direction is
found.

The results have been discussed in terms of a mechanism,
which takes into account effects due to hydrodynamic con-
finement and capillary alignment during the drying process.
Essentially, during receding of the contact line the nanorod
suspension is driven towards the center of the hydrophilic
stripes. Consequently, this will establish the hydrodynamic
confinement effect from both sides of the hydrophilic stripes.
Furthermore, the drying of the fluid residues induces capillary
forces in the direction along the stripes.
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