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Summary i

Summary

In this thesis the effect of ultrasonic agitation on the orientation and self-assembly of gold nanoparticles
was investigated on both SiO2 and HOPG substrates using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). For SiO2 substrates, the effect was analyzed using two different solu-
tions; one (solution R) containing gold nanorods (GNRs) while the other (solution RS) contained both
GNRs and gold nanospheres all with approximately equal dimensions. For HOPG substrates, only the
solution containing GNRs was used. After synthesis of the solutions containing gold nanoparticles us-
ing the seed-mediated method, the solutions were investigated using UV-VIS spectroscopy in order to
characterize them and verify the aspect ratio (AR) of the GNRs. Furthermore, the absorption spec-
tra were simulated to determine the ARs of the GNRs more correctly by taking into account that the
ARs follow a normal distribution. Droplets were deposited on both types of substrates, of which some
where left to dry undisturbed while others were placed in an ultrasonic bath. Evaporation of the solvent
let to coffee-stain rings which were then further investigated using SEM and AFM. SEM images were
used to measure the lengths and widths of GNRs to determine their ARs, to measure the lengths of
chains of side-by-side assembled GNRs and to measure the angles of GNRs with respect to the step
edges of HOPG. AFM images were used to determine the position of GNRs when aligned to step edges.

For SiO2 substrates, results suggest that ultrasonic agitation did not have a significant effect on solu-
tion R during evaporation even though some of the assembled chains of GNRs were longer, but this
is probably attributed to an unintentional rise in temperature of the ultrasonic bath during evaporation.
For solution RS, ultrasonic agitation did seem to have a tremendous effect. Instead of a neat phase
separation with side-by-side assembled GNRs interspersed by regions of gold nanospheres which was
seen in the undisturbed case, the gold nanospheres seem to have disappeared from the edge of the
ring and GNR chains seem to be shorter. Results on HOPG also suggest that ultrasonic agitation has
an effect, since GNRs are less often aligned parallel to step edges and seem to be near step edges
less often in general. Further research should be done in order to rule out that the observations that
were made were not caused by a rise in temperature during evaporation or other factors that had an
influence that were not kept constant.
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1 Introduction

In recent years, gold nanoparticles have gained much attention in research due to their unique proper-
ties that deviate from those of bulk materials [1–7]. Gold nanoparticles have a wide range of potential
applications including chemical sensing, biological imaging [8–10] and drug delivery [11]. The size and
shape of these nanoparticles seem to affect their optical properties [1–3,9,12–16]. For example, a gold
nanosphere with a diameter of about 10 nm will make a solution turn red, while a gold nanorod (GNR)
with an aspect ratio (AR = length/width) of 3 will make a solution turn blue. Since bulk gold material
has a yellow color, these are divergent properties that can be explained by how light interacts with the
material [17]. This effect is now understood to be due to surface plasmons, which have been defined as
‘collective oscillations of conduction band electrons in a metal, when the metal particle size approaches
the electron mean free path length (∼10-100 nm)’ [8].

In order to use gold nanoparticles in applications, it is important to know how to synthesize nanoparticles
of certain shapes and sizes. The most common and efficient method to synthesize gold nanoparticles
is the seed-mediated method [8, 17–19]. This method combines a seed solution containing gold nano-
particles with a growth solution of which the parameters can be tuned in order to control the shape of
the gold nanoparticles during the growth process [20].

Another factor that should be taken into consideration for applications is the interactions between these
nanoparticles and their self-assembly [21]. Self-assembly can be described as the way a structure builds
itself from smaller modular construction units to form an ordered pattern from a disordered state. This
process is driven by the interaction among the building blocks rather than the generally stronger bonding
force within the particles themselves which in turn is driven by energy minimization towards equilibrium
in order to form static structures [22]. The interactions that play an important role are the electrostatic,
van der Waals and depletion interactions, and when compiled together they yield a minimum interaction
energy that depends on the size and separation of the particles [23,24].

Earlier research from the PIN group has shown that nanoparticles assemble themselves in interesting
ways [23]. When droplets of suspensions containing nanoparticles dry due to evaporation after they
have been deposited on a substrate, the result is the well-known coffee-stain ring. This ring is pinned
from the moment the droplet comes into contact with the substrate, and particles always assemble near
the contact line. When this ring is examined more closely, it turns out that the particles have assembled
themselves in ordered domains, where the order depends on the distance to the edge of the ring.
Furthermore, in a recent paper it was shown that for micron-sized particles, it is possible to control the
spatial extent of the order within the deposits by ultrasonic agitation [25].

This leads to the goal of this thesis, which is to investigate the effect of ultrasonic agitation on nano-
particle ordering within drying deposits. After synthesis of the GNRs, the deposition on SiO2 and HOPG
substrates is investigated using a Scanning Electron Microscope (SEM). The HOPG substrates are also
investigated by Atomic Force Microscopy (AFM). These results will then be analyzed in relation to earlier
research by taking into account the effective interactions between the nanorods in suspension.

In the reminder of this thesis relevant theory will first be discussed in chapter 2. Chapter 3 contains the
experimental aspects and will explain how the measurements were done. The results and discussion
can be found in chapter 4, while conclusions are drawn in chapter 5 as well as the recommendations.
Chapter 6 has the references that were used for this assignment, and the appendices are found in
chapter 7.
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2 Theoretical aspects

2.1 Synthesis of GNRs using the seed-mediated growth method

GNRs were synthesized using the seed-mediated growth method described in the paper by Nikoobakht
and El-Sayed [18]. In order to synthesize the GNRs, two solutions needed to be prepared; a seed
solution and a growth solution. The most important components of the seed solution are colloidal gold
nanospheres coated with the surfactant hexadecyltrimethylammoniumbromide (CTAB). These seeds
were produced by adding NaBH4 to a solution containing CTAB and HAuCl4. The NaBH4 reacts with
the Au3+ ions of HAuCl4 to form gold atoms. These atoms will form gold particles, which would normally
grow until they agglomerate. However, the present CTAB will attach itself to the forming gold particles,
preventing them from becoming bigger than several nanometers.
The growth solution is produced by adding a weak reducing agent (ascorbic acid) to a mixture of HAuCl4,
silver nitrate and CTAB. In the presence of CTAB ascorbic acid reacts with the Au3+ ions to form Au+

ions, but is not strong enough to let gold atoms form [26, 27]. However, in the presence of colloidal
gold particles, the Au+ ions will react to gold atoms on the surface of the colloidal gold particles. So by
mixing the growth solution and the seed solution, the seeds will grow due to the reaction of HAuCl4 and
ascorbic acid on its surface.

The size and shape of the seeds that were grown after mixing the solutions, depend on many vari-
ables of the growth process. For the seed-mediated growth method, the interesting variables are the
size of the seeds [18] and the concentrations of HCl, CTAB and silver nitrate [15]. How these variables
influence the process exactly is not completely understood, but the effect of the components is found in
several studies and will be discussed below.

2.1.1 Role of seed size

In a paper by Gole et al GNRs were grown using a seed-mediated growth method using seeds of
different sizes [28]. Their results indicate that the size of the GNRs depend on the size of the seeds
that were used. It was shown that an increase in the size of the seeds results in a decrease of the
AR of the GNRs as shown in figure 2.1. Even though the growth method described in this paper does
not include silver nitrate, it is expected that the same results hold for growth methods that do use silver
nitrate.

2.1.2 Role of CTAB

An influence of CTAB on the shape of the GNRs has been verified in many studies [15, 19, 29, 30].
Adding CTAB to the process increases the stability of the nanoparticles [15] and reduces the reaction
speed [19]. By increasing the concentration of CTAB the AR of the GNRs increases [29, 30], which
makes choosing the right concentration of CTAB important for getting GNRs with the desired AR.
While it is clear that CTAB has an effect on GNR formation, the effect is not understood completely.
Many papers suggest that the CTAB forms a double layer on the surface of the GNRs [15], but there
is no definite conclusion about how this effects the growth of GNRs. In order to give some idea of the
effect of the CTAB, some theories concerning this effect will be discussed below.
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Figure 2.1: This figure shows the different stages of the growth of GNRs using different sizes of seeds.
The figure has been modified from the original [28].

Figure 2.2: A schematic illustration of the zipping procedure of CTAB [15].

The first theory suggests that CTAB has a stronger interaction with the {110} facets at the sides of
a GNR than with the {111} and {100} facets at the tips. It is postulated that this stronger interaction with
the side facets originates from the higher surface energy of the {110} facets [31]. So due to a denser
layer of CTAB on the sides of a GNR, the GNR grows faster along its longitudinal axis. An additional
theory about the favorable bonding of CTAB on the side facets is the zipping mechanism. This mechan-
ism is based on the van der Waals interaction between the tails of CTAB and on the preferable bonding
of the CTAB with the side facets. It is suggested that the bilayer of CTAB on the side facets extends itself
away from the GNR. This again results in preferable growth in the longitudinal direction [32]. Figure 2.2
shows a visualization of this zipping mechanism.
Another theory suggests that the effect originates from the positive charge that GNRs have due to the
CTAB bilayer. The Au+ ions in the solution are bound to CTAB-micelles, which are positively charged as
well. So because CTAB gives both the GNRs and the Au+ ions a high positive charge, the interaction
between the two is strongly reduced leading to a slower total reaction when CTAB is added. The positive
charge also explains the increase in AR since at the tip of a GNR, the surface potential reduces more
quickly than at the sides of a GNR. This means that interactions between micelles and GNRs are more
likely to occur at the tips of GNRs making longitudinal growth once again more preferable [19].
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Figure 2.3: This figure shows the effect of adding different amounts of HCl during synthesis on the AR
of GNRs [27].

2.1.3 Role of HCl

The reducing ability of ascorbic acid decreases as the pH of the solution decreases. Since adding HCl
to a solution reduces the pH, adding HCl decreases the reducing ability of ascorbic acid. That means
that adding HCl during the synthesis decreases the speed of the seed growth and increases the AR of
the formed GNRs. However, apart from decreasing the reducing ability of ascorbic acid, HCl also etches
the sides of GNRs, preferably along the longitudinal axis. At high concentrations of HCl the effect of the
etching starts to dominate over the decrease in reducing ability, which then reduces the positive effect
of HCl on the AR of GNRs [27].
For different growth methods it has been observed that adding HCl during synthesis can increase the
AR of the formed GNRs [27, 28]. For the seed-mediated method it was also observed that adding too
much HCl reduces this positive effect on the AR [27]. In research done by Zhang et al, different amounts
of HCl were added during the synthesis of several solutions. Their results are shown in figure 2.3 and
show that there is indeed an ideal amount of HCl that should be added during the synthesis. For their
method of synthesis, the amount was about 40 µL [27].

2.1.4 Role of silver nitrate

Experimental studies show that adding silver nitrate during synthesis increases the yield of GNRs and
improves the control over their AR [19]. According to Nikoobakht and El-Sayed the AR of GNRs can be
controlled between 1,5 and 5 by adding varying amounts of silver nitrate [18].
Two theories have been proposed of how the silver nitrate influences the growth of GNRs [33, 34].
Some researchers propose that silver bonds to the bromide at the surface of the GNRs. This would
mean that the silver ions have the same function as CTAB which is to direct the growth of the GNRs.
Other researchers propose that instead of bonding with bromide, the silver forms a (sub)monolayer at
the surface of the GNRs. This again induces preferable longitudinal growth due to the preferred growth
of silver nitrate on the side facets of the GNRs. XPS measurements have indeed shown a presence of
silver at the surface of the GNRs, but were inconclusive about whether its presence was bonded or as
a monolayer [8].

2.2 Surface plasmon resonance of metallic nanoparticles

As was mentioned in the introduction, the size and shape of gold nanoparticles affect their optical
properties [1–3, 9, 12–16]. This effect is now understood to be due to surface plasmons which have
been defined as ‘collective oscillations of conduction band electrons in a metal’ [8] that occur when a
particle is exposed to an incident light beam.
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Figure 2.4: A schematic illustration of a localized surface plasmon [35].

A schematic illustration of a light wave causing localized surface plasmons can be seen in figure 2.4.
Surface plasmon resonances give rise to a strong optical absorption peak in the extinction spectrum
which can be measured using UV-VIS spectroscopy, a technique commonly used for characterization
of GNRs and their suspension. When plotting these extinction spectra, the position of the peak is
determined by the shape and size of the particles. For ellipsoidal particles, multiple peaks can be
observed that correspond to either the transverse or longitudinal resonance mode(s).

The experimental optical extinction spectra are often compared to calculations by using the quasi-static
or dipole approximation. Another method is to simulate and analyze the optical properties using the
discrete dipole approximation which has all been done earlier in the PIN group [36]. In order to compre-
hend and simulate the experimental optical extinction spectra and in order to use it to determine the AR
of the gold nanoparticles in a solution, a few formulas will be needed that were first provided by Mie [37].
Mie’s theory is based on electrodynamics where the resulting extinction efficiency is given by

Qext = 2
x2

∞∑
n=1

(2n+ 1)Re(an + bn) (2.1)

where an and bn are the Mie coefficients in terms of the spherical Bessel functions and the size para-
meter x = ka is a function of the sphere radius a and the wave vector k = 2π

√
εm/λ, with λ/

√
εm the

wavelength in the medium surrounding the particles. The extinction efficiency is made up of two com-
ponents, and energy conservation provides the following

Qext = Qabs +Qsca or σext = σabs + σsca, (2.2)

since the efficiencies Q are equal to the cross sections σ, normalized to the (effective) particle cross
section πa2. If the particles are much smaller than the wavelength of the light, the optical properties
can be described by just looking at the n=1 term in equation 2.1. The absorption and scattering cross
sections are then given by

σabs = k Im(α) (2.3)

σsca = k4

6π |α|
2 (2.4)

where α is the single particle polarisability. For spherical particles, α is equal to

αsphere = 4πa3 εAu − εm
εAu + 2εm

(2.5)

where a is the radius of the sphere and εAu and εm are the dielectric functions of gold and the host
medium respectively. Using equation 2.2, the extinction efficiency can be deduced.
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Figure 2.5: Optical extinction spectra of ellipsoidal gold nanoparticles calculated using the quasi-static
approximation. The ellipsoids have a short radius b = 5 nm and the long radius a varies from 5 nm
(a sphere) to 45 nm, corresponding to ARs 1-9 as indicated. The inset shows the position of the
longitudinal plasmon resonance peak as a function of AR [36].

Mie theory however, is not valid for non-spherical particles so in order to calculate the optical properties
of GNRs, Gans theory is used. This is an extension of the Mie theory that introduces depolarization
factors for each direction in the expressions in order to compensate for the optical anisotropy. The
depolarization factor for an ellipsoid along it’s long axis is given by

L = 1− e2

e2

(
1
2e ln

(
1 + e

1− e

)
− 1
)

(2.6)

where e is the eccentricity e =
√

1− 1/η2 and η is the AR defined as the long radius a divided by the
short radius b of an ellipsoidal particle. Introducing this depolarization factor in equation 2.5 gives

αellipsoid = 4π
3 ab2 εAu − εm

εm + L
(
εAu − εm

) (2.7)

since inserting a = b and L = 1/3 gives equation 2.5 for a spherical particle.

In this theory, the optical properties are only dependent on the AR of the GNRs, not on the absolute
dimensions. Furthermore it predicts that for particles smaller than the wavelength of the light, the
plasmon mode will split into two distinct modes; the longitudinal and transverse modes. Even though
GNRs are more cylinder-shaped, Gans theory does match experimental data in most cases [38].

These theories and earlier work from the PIN group [36] are used to interpret and simulate the extinction
spectra that were found using UV-VIS spectroscopy.

Figure 2.5 shows the optical extinction spectra that were determined by PIN using the quasi-static
approximation. The extinction efficiency Qext is plotted as a function of the wavelength for ARs 1-9. This
information can be used to determine the AR of the GNRs in different solutions. Furthermore, knowing
the extinction efficiency also made it was possible to calculate the density of GNRs and nanospheres in
the solutions that were used. Even though this is a good method to base this assignment on, it has to
be mentioned that it remains an approximation that is based on the AR of the nanoparticles. It does not
take into account the actual dimensions, even though the peak position for fixed AR moves to longer
wavelengths for increasing dimensions of the ellipsoidal particles [36].

Something else that should be kept in mind, is the fact that the solutions that were made do not only
contain GNRs of one AR, but instead will be a mixture of different ARs. Furthermore, the concentrations
of different ARs in the solutions will probably follow a normal distribution. The result is that the peaks
from the approximation will shift to the right, indicating that the ARs of the GNRs are larger than they
should be since GNRs with higher ARs have a contribute more than GNRs with lower ARs.
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Figure 2.6: An evaporating droplet with the contact line pinned on the surface. The arrows above
the droplet represent the evaporation flux which diverges at the contact line. The flow of liquid to
compensate for the evaporated liquid from the edge is represented with the arrows inside the droplet.
This flow brings the dispersed particles to the edge forming the coffee-stain ring at the end of the
evaporation [53].

2.3 Ultrasonic agitation

In order to vibrate the substrate containing the evaporating droplet of a solution with gold nanoparticles,
ultrasonic agitation was used. The ultrasound spectrum consists of frequencies beyond the hearing
range of the human ear, ranging from 20 kHz to several MHz. This range of frequencies can cause
oscillating sound waves within a liquid which in turn trigger a process called acoustic cavitation. This is
defined as ‘the formation, growth and collapse of microbubbles within an aqueous solution’ [39]. When
a bubble collapses, a microscopic implosion occurs with high local turbulence where pressures can
increase up to several hundred Bar. The local temperature can also significantly increase to several
thousand degrees Kelvin resulting in a release of heat energy. These strong disturbances generate
shock waves, microstreamers and microjets which lead to mechanical effects like mixing and shearing.
This effect is greatest at frequencies up to 100 kHz since the generated bubbles are relatively large,
resulting in strong shockwaves when they collapse [40].

These significant effects at microscopic scales can be used for various applications including enhancing
chemical processes [41], emulsifying oils [42] and for the degradation of chemical or biological pollutants
[43]. For this thesis, ultrasonic agitation is used for it’s mechanical effects since it could facilitate mass
transport in the droplet as it evaporates on the sample. Results of experiments by Lash et al. suggest
that ultrasonic agitation creates convective fluidic motion that may encourage macroscopic motion of
particles as well as interparticle collisions [25]. It has also been shown that ultrasonic agitation can be
used to induce the close packing of particles in 3D structures [44,45].

2.4 Deposition and self-assembly of gold nanoparticles on a sub-
strate

The shape [46,47] and size [48,49] of gold nanoparticles, the evaporation rate [17,50] of the droplet and
particle interactions [17,48,49,51,52] have an influence on the way they self-assemble on a substrate.
Furthermore, the deposition of particles also depends on the substrate since it can have an influence
on droplet drying during the evaporation process.

2.4.1 Assembly on silicon dioxide (SiO2)

In general, SiO2 wafers are widely used in semiconductor manufacturing and thin film research. Wafers
can easily be diced into smaller pieces and can be used directly in SEM and AFM imaging. Next to
that, the surface is very flat making it suitable for the deposition and research of droplets containing
nanoparticles.
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Figure 2.7: SEM images at different positions on the coffee-stain ring. (a) A large scale overview (scale
bar is 20 µm). (b) The outer edge of the ring and the three-phase contact line. (c) 4-6 µm from the
contact line. (d) 6-10 µm from the contact line. The scale bars in b-d are 200 nm [23].

The evaporation process of a droplet on a hydrophilic surface

When a droplet is deposited on an SiO2 substrate, evaporation of the solvent typically takes about 1-2
hours. The result is a coffee-stain ring in which all the nanoparticles that were first dispersed in the whole
droplet seem to be concentrated in the outer ring. This effect is ascribed to convective processes that
occur while the droplet evaporates. [54–57]. When the contact line is pinned, which is what happens on
hydrophilic surfaces [53], the fluid flows outwards to compensate for evaporative losses. This capillary
flow plays an important role since it ensures that liquid evaporating from the edge is replenished by liquid
from the interior. The outward flow carries almost all dispersed particles to the edge of the ring [58]. An
illustration of this process can be found in figure 2.6.

Self-assembly of GNRs

It has been shown that GNRs have a strong preference to assemble side-by-side, forming smectic
phases [23]. If the deposited droplet also contains gold nanospheres, these particles are forced out of
regions with a high density of GNRs and form close-packed arrays elsewhere. This self-assembly has
been observed many times [59–62] and has been shown to be related to several interactions including
electrostatic, van der Waals and depletion interaction forces. These interactions are regulated by the
fundamental concept that a system will always deform or displace to the position in which its energy is
at a minimum. Furthermore the surfactant that was used for synthesis could also have an influence on
assembly since the nanoparticles are covered by a bilayer of surfactant [23].

According to earlier research from the PIN group [23], the observed coffee-stain ring can be divided into
three regions where different assemblies are observed. The first is the most outer part of the ring from
the three-phase contact line until about 3 or 4 µm inward. At the three-phase contact line, only GNRs can
be found that are assembled parallel to the contact line. A couple nanorod-lengths further inward, the
rods are oriented perpendicular to the contact line and are assembled in a side-by-side manner. These
rows of GNRs are alternated by rows of single gold nanospheres (see figure 2.7b). The next region is
located about 4 to 6 µm from the contact line. Here, randomly oriented 3D superstructures are observed,
with chains of side-by-side assembled GNRs and regions with closely packed gold nanospheres (see
figure 2.7c). In the last region, about 6 to 10 µm from the contact line, the phase separation is most
pronounced. Large chains of GNRs are assembled together into 3D structures without containing any
gold nanospheres. The gold nanospheres also aggregate into large groups of closely packed particles,
but in some places GNRs can still be found (see figure 2.7d).

Furthermore, the different energy contributions (electrostatic, van der Waals and depletion), which de-
pend on the diameter and length of the rods, were calculated.
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Figure 2.9: A schematic drawing of the surfactant at different curved surfaces. The interaction between
a flat and curved surface (left), two flat surfaces (middle) and two curved surfaces (right) is shown [23].

Figure 2.8: Theoretical curves for the electrostatic (red),
van der Waals (green) and depletion (blue) interactions
for side-by-side aligned GNRs with a length of 60 nm and
diameter of 10 nm. The total interaction curve (black) is
the sum of all individual contributions [23].

The result of this calculation can be found in
figure 2.8, where the electrostatic, van der
Waals and depletion interaction curves are
plotted along with the sum of all the indi-
vidual contributions, i.e. the total interaction
curve. It was shown that the side-by-side
assembly of GNRs is indeed favorable since
the total interaction curve was more negat-
ive than kT (the energy related to Brownian
motion). For GNRs with relatively large ARs,
this outcome is due to the fact that the van
der Waals forces between the long edges
of the GNRs are much larger than the van
der Waals forces between the ends of the
GNRs, which would have resulted in end-to-
end assembly [24].

The fact that different regions occur in the
assembly of nanoparticles can be explained
by the evaporation process of the droplet. At
the edge of the ring well-ordered structures
are observed because in the beginning of
the evaporation of a droplet, the speed is low
and the nanoparticles have enough time to arrange themselves. At a later stage in the evaporation pro-
cess, a rise in the evaporation rate of the droplet causes a sharp increase in the arrival of nanoparticles.
As a result the particles no longer have enough time to assemble themselves and thus creating different
structures [53,57].

Lastly the role of CTAB (the surfactant) was also discussed. It was shown that it could also play a role
in the self-assembly process, since the interaction between a flat surface and a curved surface (of the
particles) is less favorable than an interaction between two flat or two curved surfaces since in the first
case the orientation of the tails of the CTAB molecules mismatch, giving rise to repulsion. A schematic
drawing of this can be found in figure 2.9.

2.4.2 Assembly on Highly Ordered Pyrolytic Graphite (HOPG)

Highly ordered Pyrolytic Graphite (HOPG) is a very pure form of carbon that has a very smooth surface
due to its lamellar structure. The forces within the lateral planes are much stronger than the forces
between the planes, making it very suitable to cleave with ordinary tape to create a clean and smooth
result. Additionally, the surface of HOPG is hydrophobic.
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Figure 2.10: STM images (200X200 nm2) of HOPG with Fe nanoparticles decorating the step edges.
(a) Fe nanoparticles on HOPG as deposited, (b) Fe nanoparticles on HOPG after annealing at 900 oC
without methane in ultra-high vacuum conditions. The insets show a higher magnification of the images
(40X40 nm2). The thermal treatment without methane does not alter the HOPG step edges [63].

The evaporation process of a droplet on a hydrophobic surface

The evaportation process of a droplet on HOPG is the same as on SiO2, except for the fact that the
contact line does not stay pinned from the moment the droplet is on the substrate due to its hydrophobi-
city. This means that the contact line will jump as the droplet evaporates, also referred to as stick-slip
motion, leaving a ring of particles behind each time [53].

Assembly

At this point in time, nothing about the evaporative assembly of gold nanoparticles on HOPG samples
can be found in literature.

What can be found, that relates to the assembly of nanoparticles on HOPG substrates, is the work
done by Kholmanov et al [63]. Their goal was to grow curved graphene sheets on HOPG by chemical
vapor deposition at low temperatures using Fe catalytic nanoparticles. The first step of this process
was the deposition of Fe nanoparticles using a high-voltage e-beam sublimator to deposit a thin layer.
This low coverage had the effect that Fe nanoparticles preferably decorated the step edges of the
topmost graphene layers while the terraces remained almost completely uncovered. Figure 2.10 shows
STM images of the HOPG samples with decorated step edges where it can clearly be seen that Fe
nanoparticles align along the step edges and the HOPG terraces remain empty.

Something else that is related to self-assembly on HOPG substrates is the work by Shimonaka et
al [64]. In their work, the forming of Ge nanostructures on HOPG surfaces was investigated under vari-
ous conditions like different temperatures and deposition amounts. The experiments were carried out
in a chamber with ultrahigh vacuum with an in situ Knudsen cell for the deposition of Ge and an in situ
scanning electron microscope (SEM) to analyze the substrates. Ge was deposited at various temper-
atures and in various amounts at a rate of 0,24 nm/min. Figure 2.11 shows SEM images of the HOPG
samples with Ge clusters clearly formed at the step edges on HOPG for various temperatures.

Figure 2.11: SEM images of Ge clusters after 5 nm of Ge was deposited at (a) 200, (b) 400, and (c)
600 oC. The white rectangels are enlarged images of the corresponding regions [64].
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3 Experimental aspects and
measurements

3.1 Synthesis of GNRs using the seed-mediated growth method

For the synthesis of the GNRs the following materials were used: cetyltrimethylammonium bromide
(CTAB, Aldrich, 99%), Hydrogen tetrachloroaurate (HAuCl4· 3H2O, 99,999%, Aldrich), silver nitrate
(AgNO3, Acros), ascorbic acid (AA, 99%, Merck), sodium borohydrate (NaBH4, 99%, Aldrich), and
hydrochloric acid (HCl, 37%, Merck). The water used during the synthesis had a Milli-Q quality (18.2
MΩcm) and was produced with a Milli-Q Reference system (Millipore).

GNRs were synthesized using the seed-mediated growth method described in a paper by Nikoobakht
and El-Sayed [18]. The seed solution was prepared by first adding 25 µL of 0,1 M HAuCl4 to 10 mL of
0,1 M CTAB after which the solution was stirred. Next, while still stirring the solution, 60 µL of ice cold
0,1 M NaBH4 was added. The solution was stirred for 3 minutes and then left undisturbed for at least
30 minutes at 25 oC.
Six different GNR solutions were prepared to produce GNRs of different ARs. A solution made by the
PIN group was used as a reference. The chemicals and their volumes and concentrations used in the
production of this reference solution are listed in the upper half of table 3.1. The solution was produced
by first mixing the CTAB with the HAuCl4 followed by adding the AgNO3. Next the ascorbic acid was
added, after which the solution was stirred till it was colorless. The HCl was added next and lastly the
seed solution was added, while stirring the solution vigorously. The solution was then left undisturbed
for one day to give the reaction time to finish. The six different solutions were produced by following
the process of the reference solution while changing the volume of one of the used chemicals. The
chemicals that were altered for each solution are listed in the lower half of table 3.1.

After synthesis a lot of excessive CTAB and other chemicals that were no longer necessary remained

Chemicals Volume Concentration
CTAB 10 mL 0,1 M
HAuCl4 50 µL 0,1 M
AgNo3 15 µL 0,1 M
Ascorbic acid 70 µL 0,1 M
HCl 50 µL 1 M
Seed solution 24 µL -
Solution Chemicals that were altered New volume
1 HCl 50 µL
2 HCl 200 µL
3 AgNo3 25 µL
4 AgNo3 50 µL
5 AgNo3 8 µL
6 AgNo3 12 µL

Table 3.1: The upper half of the table shows the recipe of the reference solution while the lower half of
the table shows the modifications made in the solutions that were produced.
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dissolved in the solutions. In order to separate the GNRs from these excessive chemicals, centrifugation
was used. The solutions were put in a Hermle high-speed centrifuge Z36 HK, which was set at 15000
rpm for 10 minutes. This caused all the GNRs to sink to the bottom of the test tubes while CTAB and
other chemicals remained dissolved in the water. The water was then removed as well as possible by
carefully pouring it out, leaving the layer of GNRs behind. The remaining highly concentrated solution of
GNRs was then diluted to approximately its original concentration by adding water. The centrifugation
process was then repeated once more to further purify the GNRs solution.

3.2 Deposition and assembly

GNRs were deposited by letting a droplet evaporate on a substrate. GNRs of two different solutions were
deposited. The first solution was a solution containing mostly GNRs and almost no gold nanospheres
and the second solution was a solution provided by the PIN group containing both gold nanospheres
and GNRs. On four different substrates a droplet of both solutions was deposited. Two of the substrates
were CZ-silicon wafers (Okmetic, p-type doped with Boron, orientation (100), cleaned with ethanol and
dried with N2 gas) and the other two substrates were highly ordered pyrolytic graphite (HOPG of SPI-2
grade, SPI Supplies, mosaic angle 0,8 ◦ +/- 0,2 ◦, cleaved with regular tape, cleaned with ethanol and
dried with N2 gas). One of the silicon substrates and one of the HOPG substrates was left undisturbed
during the evaporation process. The other two substrates were ultrasonically agitated at a frequency of
60 kHz during the evaporation process. This ultrasonic agitation was induced by placing the substrate
on a Petri dish floating in a HBM 2,5 Liter Ultrasonic Cleaner filled with water until the droplet was
completely evaporated.

3.3 Characterization

3.3.1 UV-VIS Spectroscopy (UV-VIS)

In order to measure the absorption spectra of the solutions containing GNRs, an Ocean Optics HR200+
spectrometer along with a Mikropack UV-vis light source (model DH-2000-BAL) was used operated
using the SpectraSuite software package. With this set-up, spectra with wavelengths ranging from
400 nm to 1100 nm were measured. The outer dimensions of the cuvettes that were used to contain
the liquids as they were being analyzed were 12,5 mm x 12,5 mm x 45 mm, holding up to 1,5 mL of
liquid.

3.3.2 Scanning electron microscope (SEM)

For the imaging of the substrates, a high-resolution scanning electron microscope (SEM, a Mirlin Zeiss
1550 system) was used. This SEM has an ultimate resolution of the order of 1 nm.

3.3.3 Atomic force microscopy (AFM)

An atomic force microscope (AFM, Agilent s100) in tapping mode was also used to analyze the sub-
strates in combination with HQ: NSC35/Al probes (Micromash) with a nominal spring constant of 5-
16N/m and a resonance frequency of 150-300 KHz.
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4 Results and discussion

4.1 Aspect ratio of GNRs

During synthesis, the concentrations of HCl and silver nitrate were varied to produce solutions with
different ratios of GNRs versus gold nanospheres. Figure 4.1 shows the absorption spectra of these
solutions. For the deposition on the substrates a solution with (almost) only GNRs and a solution with
both GNRs and gold nanospheres were needed. Solution 1 was used as the solution with (almost) only
GNRs, since its absorption spectrum had a high longitudinal peak and a low transverse peak indicating
a low concentration of gold nanospheres. This solution also had a nice absorption spectrum which
made is easier to estimate its AR using simulations. For the solution with GNRs and gold nanospheres
a solution from the research group PIN was used, of which the absorption spectrum can be found in
figure 4.2. The ratio of GNRs versus gold nanospheres in this solution is much higher than the ratios of
solutions that were produced due to its relatively high transverse peak.

The ARs of the GNRs in solution 1 and in solution PIN have been estimated by comparing their absorp-
tion spectra with absorption spectra that were simulated based on the quasi-static approximation (also
used to simulate the spectra in figure 2.5). For this simulation a normal distribution for the ARs of the
GNRs is assumed since the solutions do not contain GNRs with only one AR. These simulated absorp-
tion spectra are plotted for both solutions together with the original spectra in figure 4.2. The ARs used
for the simulation are shown in the first column of table 4.1. More details about the relation between the
longitudinal peak position and the distribution of the AR of the GNRs can be found in Appendix B.

The ARs of solution 1 and solution PIN were also evaluated by measuring the length and width of
GNRs in the SEM images, made of the deposited droplets (for example: figure 4.4). Only GNRs near
the outer edge in clear mono-layers were measured to be sure that none of the measured GNRs were
tilted. If tilted GNRs would have been measured, the measured lengths and/or widths would be smaller
than the real lengths and widths inducing an error in the measurements. The ARs of the GNRs were
calculated using the measured lengths and widths. The distributions of these ARs are presented in the
histograms in figure 4.3 and they show that solution PIN indeed has relatively more gold nanospheres
than solution 1. By taking the average of the data in the histograms, an estimate of the ARs of GNRs in
solution 1 and solution PIN has been made. ARs lower than two were left out of this calculation since
they resemble the gold nanospheres in the solutions. The calculated ARs can be found in the second
column of table 4.1.

Comparing the two columns in table 4.1 shows that the two methods that were used to estimate the
ARs do not give the same results. For both solutions the ARs estimated by simulating the absorption
spectra are higher than those estimated from the histograms. While the ARs estimated from the histo-
grams are almost equal for both solutions, the ARs estimated by simulating the absorption spectra are

ARs from the absorption spectra ARs from the histograms
Solution of PIN 6,5 ±1,6 4,6
Solution 1 5,2 ±1,4 4,4

Table 4.1: The ARs of the GNRs in solution 1 and solution PIN. The ARs in the first column were estim-
ated using the simulations from figure 4.2 and represent the 95% intervals of the normal distributions.
The ARs in the second column were estimated using the histograms in figure 4.3.
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Figure 4.1: The absorption spectra of the six solutions that were produced. The numbering in the legend
corresponds to the numbering in table 3.1.

Figure 4.2: The original and simulated absorption spectra of solution 1 (blue) and the original and
simulated absorption spectra of the solution PIN (red). The extinction coefficient is normalized to show
the resemblances more clearly.
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Figure 4.3: Histograms of the ARs that were measured by measuring the length and width of GNRs in
SEM images. (a) shows a histogram of the ARs of solution 1, while (b) shows a histogram of the ARs
of solution PIN.

very different. There are several possible explanations for this deviation. Firstly, in the SEM images only
GNRs at the three-phase contact line of the droplet were measured. So if GNRs with high ARs prefer to
assemble away from this contact line, they were not measured. Secondly, in the calculation used for the
simulation it is assumed that the volume of the GNRs have no effect on the position of the longitudinal
peak, while the position of this peak does increase with increasing volume. This could be the explana-
tion for the difference between the two methods of estimating the ARs of the GNRs. If GNRs in solution
PIN had a higher volume as compared to GNRs in solution 1, the not included volume dependence
would also explain the big difference between the estimated ARs by simulating the absorption spectra.
The SEM images and data used for the histograms show however, that the volume of the nanoparticles
in the two solutions is not different.

4.2 General discussion

Before the results can be analyzed and discussed, it is important to keep in mind that a lot of factors
play a role when it comes to the evaporation of the droplets and the deposition of the coffee-stain
ring on both the SiO2 and HOPG substrates. Factors like surface-tension gradients, solute diffusion,
and electrostatic and gravity effects are negligible during evaporation [58], but the temperature during
evaporation, the humidity and the air flow around the substrates are not. During the experiments these
factors were not controlled, so it’s possible that they had an unwanted or unexpected influence on the
outcome of the experiments.
For example, the temperature of the bath that was used to ultrasonically agitate the droplets on the
substrates rose over 10 oC. This relatively big increase in the temperature of the bath probably caused
the substrate itself to increase in temperature, which could have increased the thermal vibrations of the
particles in the droplet and also increased the evaporation rate of the droplet itself. The surroundings
of the substrate that was left undisturbed did not increase in temperature. Since there was probably
also an increase in humidity in the air surrounding the agitated substrates due to the fact they were
surrounded by water, that may then have slowed the evaporation rate of the agitated droplets.

Two factors that were kept constant are the mass of the particles and the concentrations of the solu-
tions. Considering that all GNRs and gold nanospheres have about equal volumes, their masses are
approximately the same. Moreover the concentration of GNRs in solution 1, and the concentrations of
both GNRs and gold nanospheres in solution PIN were calculated. These calculations can be found in
appendix A. The concentration of GNRs in solution 1 is 5,34 × 1010 per cm3, while the concentration of
GNRs in solution PIN was 1,40 × 1010 per cm3. The concentration of gold nanospheres in solution PIN
was 1,22 × 1011 per cm3, making the ratio of gold nanospheres to GNRs about 8,7 to 1 which is not a
significant difference.
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Figure 4.4: Typical SEM images of an evaporated droplet of solution R on a SiO2 substrate without
ultrasonic agitation (a) and with ultrasonic agitation (b).

4.3 Deposition on silicon

As was mentioned in the previous chapter, two solutions were deposited on substrates and studied for
this thesis namely solution 1 and the solution from PIN. From this point on, solution 1 will be referred
to as solution R since this solution contains mostly GNRs. The solution from PIN will be referred to as
solution RS since it contains both GNRs and gold nanospheres. What is observed in all cases is that
the result of droplet evaporation is a coffee-stain ring in which all the nanoparticles are concentrated in
the outer ring.

4.3.1 Solution R

A droplet of solution R was placed on two SiO2 substrates; one that was left to dry undisturbed (figure
4.4a) while the other was subjected to ultrasonic agitation (figure 4.4b). Figure 4.4 shows SEM images
of similar parts of the three-phase contact line, i.e. the edge of the coffee-stain ring where multilayers of
particles can be seen. In both cases, GNRs seem to have a preference of assembling in a side-by-side
manner, as was described in chapter 2. End-to-end alignment is extremely rare but can sometimes be
seen in the monolayers at the very edge of the ring as in figure 4.4b, where it seems that GNRs prefer
to align parallel to the edge of the ring.

There are differences too however. In the case of no ultrasonic agitation, there seems to be some
degree of order since most of the GNRs are assembled side-by-side, forming somewhat long chains
of assembled particles. Still, this degree of order seems to be much higher in the case of ultrasonic
agitation as can be seen in figure 4.4b, since the chains of side-by-side assembled GNRs seem to be
longer.

That the chains seem longer in figure 4.4b has also been analyzed quantitatively by measuring the
length of each chain in all SEM images for both substrates. The results can be found in figure 4.5a
and b, which show histograms of the collected data for the substrate that was not ultrasonically agitated
and for the substrate that was ultrasonically agitated respectively. It is easy to see that the chains in
figure 4.5a are indeed shorter with an average chain length of about 138 nm. For the substrate that was
ultrasonically agitated, the average chain length is 234 nm. So with the ultrasonic agitation there seems
to be an increase in the ordering of the assembly of GNRs on SiO2 substrates.

Assuming the higher degree of order is caused by the ultrasonic agitation suggests that during the
evaporation of the droplet the shock waves, caused by the agitation, somehow give the GNRs the
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Figure 4.5: Histograms showing the lengths of the chains that were measured. (a) shows collected data
for the substrate that was not agitated ultrasonically, (b) shows the collected data for the substrate that
was agitated ultrasonically.

chance to find a more favorable position. However, we expect the shock waves to result in more and
stronger collisions between superstructures in the droplet. One would expect these collisions to break
or deform the superstructures, which would result in a more chaotic deposition with smaller chains. The
opposite however, less chaos with longer chains, is observed.
The rise in temperature is a more likely cause of the higher order in the deposition with ultrasonic agit-
ation. As earlier mentioned the temperature rose over 10 degrees during this part of the experiment,
increasing the thermal energy of the particles. This extra energy increases the vibration of the GNRs,
which could have given them the opportunity to better find their most favourable position.

4.3.2 Solution RS

Figure 4.6 are SEM images taken of the substrates with droplet RS, the droplet containing both GNRs
and gold nanospheres. Figure 4.6a and b show the edge of the coffee stain ring of the substrate that
was not subjected to ultrasonic agitation, while figure 4.6c and d show a similar edge but of the substrate
that was subjected to ultrasonic agitation. In the overview in figure 4.6a it can be seen that the coffee-
stain ring consists of two different regions and that in both images there is a very clear phase separation
between GNRs and gold nanospheres. In the most outer part of the ring until about 2 µm inward in this
image, long chains of side-by-side assembled GNRs are observed laying parallel to the edge of the
ring, interspersed by regions of spheres. This can be seen more clearly in figure 4.6b. From about 2
µm from the edge of the ring in figure 4.6a, a different assembly can be observed. Here the long chains
of GNRs are no longer aligned parallel to the edge of the ring, and in some cases they are assembled
next to each other instead of being interspersed by spheres. Since different regions are observed in
the coffee-stain ring and a clear phase separation can be seen, the above is in agreement with earlier
research described in chapter two.

The overview in figure 4.6c is very different than figure 4.6a. The phase separation between GNRs and
gold nanospheres is taken to an extreme since it can be seen that most of the spheres have disappeared
from the edge of the ring. Some of the GNRs are still assembled side-by-side in long chains which are
mostly aligned parallel to the edge, while a lot of short chains and loose GNRs are also observed.
Generally, the chains of assembled GNRs seem to be much shorter. Figure 4.6d shows more details
of the coffee-stain ring where once again the gold nanospheres seem to be absent while the GNRs are
assembled side-by-side in shorter chains than in the case of no ultrasonic agitation. The loose GNRs
and shorter chains can be observed more clearly here.

Equivalently to solution R, the lengths of the chains of GNRs were measured for solution RS by ana-
lyzing the SEM images. Figure 4.8a and 4.8b show the collected data for the substrate that was not
ultrasonically agitated and the substrate that was ultrasonically agitated respectively. Since the chains
in the case of no ultrasonic agitation are indeed longer than the case with ultrasonic agitation (473 nm
vs 302 nm), this supports the observation in the previous paragraph. Furthermore, the insets show a
larger image of the data in the histograms for chain lengths of 1000 nm and higher, clearly showing
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Figure 4.6: Typical SEM images of an evaporated droplet of solution RS on a SiO2 substrate without
ultrasonic agitation (a) and (b) and with ultrasonic agitation (c) and (d).

that the maximum length of the chains for the case of no ultrasonic agitation is much larger than the
maximum length of the chains in the other case, again supporting earlier observations.

Figure 4.7: A SEM image of the substrate
with solution RS that was ultrasonically agit-
ated showing a nearly empty space at about 2
µm from the edge of the ring.

Something else that stands out when comparing fig-
ures 4.6c and 4.6d to figures 4.6a and 4.6b is that the
regions that were observed in figures 4.6a and 4.6b
look very different in figures 4.6c and 4.6d. In fact, only
one region is observed in figures 4.6c and 4.6d as de-
scribed in the previous paragraph. At about 2µm from
the edge of the ring, there seems to be a nearly empty
space instead of a region with deposited particles as
without ultrasonic agitation. This can be seen more
clearly in figure 4.7, another SEM image that shows a
bigger part of the edge of the ring.

Since ultrasonic agitation leads to shock waves within
the drying droplet, it is possible that these waves fa-
cilitate mass transport in the solution as it evaporates.
Since these shock waves propagate in random direc-
tions throughout the droplet, such a mass transport is
very turbulent and will thus weaken the effect of the
flow to the edge of the drying droplet. This means
that clusters of spheres and chains of GNRs will be
deposited more evenly over the surface of the sub-
strate and not only at the edges of the droplet, which
would explain the lower concentration of deposited
particles near the edge of the droplet with ultrasonic
agitation.
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Figure 4.8: Histograms showing the lengths of the chains that were measured. (a) shows collected
data for the substrate that was not agitated ultrasonically, (b) shows the collected data for the substrate
that was agitated ultrasonically. The insets show a larger image of the data in the histograms for chain
lengths of 1000 nm and higher.

As mentioned earlier, GNRs are expected to form plate-shaped clusters due the preferred side-by-side
assembly while spheres form spherical superstructures. As was also mentioned earlier, shock waves
in the droplet are expected to cause more and stronger collisions, breaking up the assembled super-
structures. Since superstructures of GNRs are expected to break more easily than superstructures of
spheres (think of the difference between breaking a pen in half and breaking a ball in half), this means
that structures of GNRs will generally be smaller than structures of spheres. This causes them to be
more easily influenced by the effect of the flow to the edge of the droplet, which is why this is expected
to be the reason that there are so many more GNRs found at the edge of the droplet.

Why this lower concentration of particles at the edge of the ring was not observed in the SEM images
of solution R is peculiar but since the only difference between the solutions is the addition of spheres, it
must be due to them. Since it’s expected that spheres cluster together forming superstructures with rel-
atively large masses, it could be possible that these superstructures deposit somewhere away from the
edge of the ring before the droplet has evaporated completely, no longer influenced by the flow within
the droplet due to it’s large mass. This superstructure can be then disrupt the flow within the droplet,
causing less particles to reach the edge of the ring. Since it’s expected superstructures of GNRs break
more easily than superstructures of gold nanospheres, this is not applicable for solution R.

Unlike the reasons mentioned in the discussion of the observations of solution R on SiO2 substrates,
heating and other differences between the two experiments are not expected to have a noticeable ef-
fect on the deposition of solution RS. The increased phase-separation due to ultrasonic agitation is
so extreme that it dominates thermal agitation due to heating which is not likely to have caused the
differences observed in figure 4.6.

4.4 Deposition on HOPG

Only solution R was deposited on HOPG since the alignment of GNRs at step edges is what is being
researched. These substrates were investigated with SEM and AFM.

4.4.1 SEM images

No ultrasonic agitation

Since the surface of HOPG is hydrophobic, the evaporation process is different as compared to the
hydrophilic SiO2 substrates which was explained in chapter 2. Since the contact line slips over the
surface, it leaves behind areas with high and low concentrations of GNRs which can be clearly seen in
figure 4.9a where the direction of movement is along the diagonal starting from bottom-left to top-right.
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Figure 4.9: Typical SEM images of an evaporated droplet of solution R on an HOPG substrate. (a) is an
overview that shows the stick-and-slip motion of the droplet as it evaporates. (b)-(d) show the alignment
of GNRs along the step edges of the HOPG. (e) and (f) show GNRs laying on terraces where no definite
alignment is seen.
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Figure 4.10: Typical SEM images of an evaporated droplet of solution R on an HOPG substrate that was
subjected to ultrasonic agitation. (a) shows an overview with step edges and terraces while (b) shows
more details.

Figure 4.11: Histograms showing the angle of the GNRs with respect to step edges. (a) shows collected
data for the substrate that was not agitated ultrasonically, (b) shows the collected data for the substrate
that was agitated ultrasonically.

Zooming in a little bit further, it can be seen that most GNRs are neatly aligned parallel to the step
edges of the HOPG and in some cases with clusters attached to them, shown in figure 4.9b, 4.9c and
4.9d. When GNRs or clusters of GNRs are laying on terraces, they do not seem to have any certain
alignment, as can be seen in figure 4.9e and 4.9f. Something that does stand out, is the fact that GNRs
do prefer a side-by-side alignment creating very short chains of GNRs.

Ultrasonic agitation

Figure 4.10 shows SEM images that were obtained when analyzing the substrate that was subjected to
ultrasonic agitation. A couple of things are observed when comparing these images to the ones in figure
4.9. Even though the step edges are a bit difficult to see in some of the images, it is possible to make
them out by looking at the orientation of the GNRs. Again the GNRs do seem to align parallel to the step
edges, but they seem to be clustered together less often and more (small) clusters and/or loose GNRs
are observed on the terraces away from the step edges. More than without agitation, GNRs seem to
be everywhere on the substrate instead of being concentrated near the step edges. For this thesis, a
good way to analyze these images quantitatively was not found in order to determine whether or not
this observation is accurate due to the unclear step edges in the images.

Next, it seems that when GNRs are aligned to the step edges, more GNRs are aligned parallel to the
edges in the case of no ultrasonic agitation than in the case of ultrasonic agitation. The orientation
of the GNRs at the step edges was measured quantitatively for both cases using a method that first
defines the step edge and then measures the angle of a rod with respect to this edge. Only GNRs that
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Figure 4.12: (a) an AFM image of GNRs on HOPG showing that GNRs align along the step edge. (b)
the height profile taken at the step edge showing that GNRs lie on the lower step of the step edge.

were ‘touching’ the step edges were taken into account. The results can be seen in figure 4.11a and b,
which show histograms of the collected data. Figure 4.11a shows the data of the substrate that was not
ultrasonically agitated, while b shows the data of the substrate that was ultrasonically agitated. When
comparing the two, a clear difference can be seen since in (a) the largest peak is seen near an angle of
0o, meaning the GNRs are aligned parallel to the step edge. Even though the largest bar in (b) is also
near 0o, the bars for other angles are relatively much higher. GNRs seem to be oriented much more
randomly in (b) than in (a), confirming that more GNRs are aligned parallel to the step edge in the case
of no ultrasonic agitation.

The measurements indicate that the GNRs prefer to deposit at the step edges on the HOPG substrate,
which we expect is caused by van der Waals forces. The HOPG surface is relatively closer to a GNR
laying at the bottom of and parallel to a step edge, which causes an increased van der Waals interaction
between the GNR and the surface. So when a GNR comes near a step edge just before assembling, the
van der Waals forces will ‘trap’ it at the bottom side of the edge. The van der Waals forces also explain
the preferred alignment of GNRs with the step edge, since the HOPG surface is relatively closest to the
GNR when its longitudinal axis is aligned with the step edge.

For the images of the substrates with ultrasonic agitation it is observed that less GNRs seem to be
aligned to (or even near) the step edges, which suggest that something pushed the GNRs away from
the edges. We expect that the reason for this could be one of two things; the shock waves from the
ultrasonic agitation or the accidental rise in temperature during the process. The shock waves cause
stronger currents, which seem to dominate the van der Waals forces and push the GNRs away from
the step edges. The temperature rise increases the Brownian motion giving the particles more energy,
which could also be enough to dominate the van der Waals forces. Which of these to possibilities dom-
inates the effect cannot be determined, an experiment in which both substrates were kept at the same
temperature should be able to answer this.

4.4.2 AFM images

The HOPG substrates were placed under an AFM in order to investigate on which terrace the GNRs
were laying when aligned parallel to the step edge. Figure 4.12a shows an AFM image of GNRs at a
step edge. Figure 4.12b shows the height profile of the image in (a), where two things can be observed.
By looking at height profile 1, it can be concluded that the left terrace is lower than the right terrace.
Furthermore, by looking at height profile 2 it can be concluded that the GNRs are laying on the bottom
terrace as well as that the GNRs have a greater height (or diameter) than the step edge itself.

Something else that was found during the investigation of the HOPG substrates with AFM that is beyond
the scope of this assignment is shown in figure 4.13. What can be observed on the terraces of the HOPG
are regularly spaced and oriented stripes. They cannot be an artifact of the machine since they are not
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Figure 4.13: AFM images showing the stripes on the terraces of the HOPG. In the image on the left
stripes with different orientations can be seen, while the figure on the right is zoomed some a bit and
show the stripes more clearly.

observed in every AFM image, they are observed in different orientations and they sometimes have
defects. It is suspected that these stripes are molecules of CTAB that are neatly packed together in a
manner that is energetically most favorable. Unfortunately, it is very hard to get a correct measurement
for the height profile of the observed stripes since they are very close together. So close in fact, that it
could be possible that the AFM tip is too big to fully reach down between the molecules while working,
meaning that it does not give an accurate height measurement.

In order to test this theory, a height profile was taken in a large defect; large enough that the AFM tip
was able to measure the height correctly. This measurement is shown in figure 4.14. It can be seen
that the height difference stays about constant in the defect, meaning that 1 nm is the actual height of a
stripe. The height profile taken of the stripes without defects only shows a height difference of about 0,1
nm, meaning the AFM tip is indeed to large to measure the height correctly. These height differences
of 1 nm and 0,1 nm were also seen in other images where defects were analyzed. Since the length of a
fully stretched CTA+ ion is about 2,2 nm [65] and the diameter of a CTAB micelle is about 4,4 nm [66],
arguments involving these factors cannot be used directly to explain the 1 nm height difference. In order
to find the correct explanation, more research is needed.

Figure 4.14: The image on the left is an AFM image showing stripes on the terraces of the HOPG, with
some defects in them. The figure on the right shows the height profile that is obtained when measuring
the image from left to right. It can be seen that the depth of the defect stays almost constant at about 1
nm.
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5 Conclusions and
recommendations

The effect of ultrasonic vibration on the deposition of GNRs and gold nanospheres on a SiO2 substrate
and the deposition of GNRs on a HOPG substrate have been analyzed. This effect has been measured
by making SEM and AFM images of the depositions.

Two droplets of solution R (a solution with mostly rods) and solution RS (a solution with both rods
and spheres) were placed on SiO2 substrates and were left to dry. One of each pair of the droplets
was ultrasonically agitated during the evaporation process, while the other was left undisturbed. When
the droplets evaporated completely, the result was a coffee-stain ring. For the deposition of solution R
a higher ordering of GNRs was observed when the droplet was ultrasonically agitated. There is how-
ever a big chance that this effect is not due to the ultrasonic agitation, but due to a rise in temperature
of the ultrasonic bath during the evaporation of the droplet. Ultrasonic agitation does seem to have a
noticeable effect on the deposition of solution RS. The SEM images of the deposition without ultrasonic
agitation agree with the existing theory, while for the deposition with ultrasonic agitation a very different
assembly was observed than without the agitation. In this case only GNRs were observed at the edge
of the coffee-stain ring and the gold nanospheres were deposited elsewhere in the droplet, away from
the three-phase contact line. Furthermore, the maximum and average chain lengths of the GNRs of
the deposition with ultrasonic agitation were shorter than without ultrasonic agitation. It is expected that
the shock waves caused by the agitation cause these effects by increasing the number and the power
of collisions between superstructures. This breaks the superstructures into smaller superstructures,
resulting in the deposition of smaller chains of GNRs.

Two droplets of solution R were deposited on HOPG substrates. One of the substrates was ultra-
sonically agitated, while the other was left undisturbed. Because HOPG is hydrophobic, in contrary to
the hydrophilic SiO2, the droplet had no fixed contact line during the evaporation process. The contact
line followed a stick-slip motion, leaving behind rings of GNRs. For the deposition without ultrasonic
agitation, the GNRs were deposited at the bottom of and parallel to the step edges of the HOPG. It’s
expected that this behaviour originates from a more favourable position due to a stronger van der Waals
interaction with the surface. For the deposition with ultrasonic agitation, alignment of the rods parallel to
the step edges was observed less often. It is not certain if this is due to the ultrasonic agitation or due
to the temperature rise of the ultrasonic bath during the experiment.

For further research we suggest to repeat the deposition measurements both with and without ultra-
sonic agitation, while keeping environmental factors, like temperature and humidity, more equal. Es-
pecially a measurement with and without ultrasonic agitation where the temperature is equal for both
measurements is interesting, since it is expected that some of the observations were caused by a rise in
temperature of the ultrasonic bath. While making the SEM images of these new depositions on HOPG,
one should make sure that the step edges are clearly seen in the images. In many of the images made
during this thesis the step edges were hardly visible, making it impossible to measure the difference in
concentration of GNRs on the terraces versus GNRs aligned along the step edges. Furthermore we
suggest to change the frequency of the ultrasonic bath to see what the effect is on the assembly and
orientation of GNRs and gold nanospheres on both SiO2 and HOPG substrates. Lastly we recommend
to further research the encountered (CTAB) stripes on the HOPG samples since this is still an unknown
phenomenon.
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Appendix A

Calculating the concentration of
particles in a solution

The concentration of spherical particles in a solution can be calculated by using formula A.1 [67], where
N is the number density of particles per unit volume, A is the absorption that was measured using UV-
VIS, b is the diameter of the spheres, Qext is the extinction efficiency and d0 is the path length of the
spectrometer that was used.

In order to calculate the density of rods in both solutions, formula A.1 was adapted for rod shape
particles, taking into account their aspect ratio and short radius, where η is the aspect ratio of the rods
and a is the short radius of the rods.

Table A.1 shows the concentrations that were obtained for solution R and solution RS. This leads to a
ratio of spheres to rods of about 8,7 to 1.

N = A · 2, 303
π · b2 ·Qext · d0

(A.1)

N = A · 2, 303
π · η 2

3 · a2 ·Qext · d0
(A.2)

Concentration of rods (per cm3) Concentration of spheres (per cm3)
Solution R 5,34 × 1010 -
Solution RS 1,40 × 1010 1,22 × 1011

Table A.1: The calculated concentrations of rods and spheres in solution R and solution RS.
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Appendix B

Simulating absorption spectra

By simulating the absorption spectra for solutions containing GNRs with different distributions of ARs
using the quasi-static approximation, the effect of the distribution of the AR on the longitudinal peak
position in the absorption spectra was studied. As a reference, the absorption spectra of solutions con-
taining GNRs of only one AR were simulated for ARs 2-7 (figure B.1a). By comparing this figure to
figure 2.5, it can be seen that these simulations agree with the earlier work of the PIN group.

At the end of section 2.2 it is stated that, for solutions containing GNRs with the same mean AR,
the longitudinal peak position in the absorption spectrum of a solution containing GNRs with a normal
distribution for the AR (λnorm) is located at a higher wavelength than the longitudinal peak position of a
solution containing GNRs of one AR (λ0). Figure B.1b shows simulated absorption spectra of solutions
containing GNRs of which the ARs follow a normal distribution with a standard deviation (σ) equal to
30% of the mean AR. Comparing this figure to figure B.1a indeed shows that λnorm is located at a higher
wavelength than λ0 and that the difference between the two peak positions seems to increase with
increasing mean AR of the GNRs. To confirm this the difference is plotted against the AR for normal
distributions of the AR with a σ of 10%, 20% and 30% of the mean AR (figure B.1c). Figure B.1c shows
that the difference between λnorm and λ0 increases for increasing width of the distribution of the AR. The
deviation from λ0 becomes significant indicating that the distribution of the AR is an important parameter
when estimating the AR of a solution.
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Figure B.1: The simulated absorption spectra of solutions containing GNRs with a mean AR of 2-7 are
plotted for solutions (a) containing GNRs of one AR and (b) containing GNRs with a normal distribution
for the AR (σ = 30% of the mean AR). (c) The difference between λ0 and λnorm is plotted against the AR
for normal distributions of the AR with a σ of 10%, 20% and 30% of the mean AR.
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