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INTRODUCTION

The unique and new optical, electrical, and magnetic
properties of colloidal superstructures as opposed to the
bulk characteristics of the constituent materials is attract-
ing the attention of an increasing number of both
fundamental scientists and technology-oriented industry.
The colloid size used in the assembled structures varies
over approximately 3 orders of magnitude and is closely
related to the specific application. For photonic band gap
materials, the particle size is of the same order of
magnitude as the wavelength of light, while for magnetic
applications, such as ultrahigh density storage devices, the
particle radius is in the low-nanometer range. A combi-
nation of the aforementioned physical properties of
colloidal matter introduces even more exciting fields of
research. Electron transport through monolayers of mag-
netic nanocrystals or tunable photonic band gap materials,
both controlled by applying a magnetic field, are only two
examples of the many possibilities.

Nanotechnology is characterized by a continuous de-
crease of feature sizes, e.g., in electronic devices. Top-
down fabrication methods, such as the well-established
photolithography techniques, are being pushed toward
their physical limits. Increasingly more research effort is
presently being devoted to bottom-up fabrication meth-
ods. Instead of reducing the size of much larger, bulk
materials, as is done with photolithography in combina-
tion with etching techniques, the focus is turning toward
building up superstructures of much smaller building
blocks. Self-assembly of single molecules or nanocol-
loidal particles into larger arrangements, employing in-
trinsic, extrinsic, or even externally induced interactions,
seems to be a most promising method, which is not
hampered by problems related to scaling the processes
to production scale. Much of the research activities in
the field are focused on gold nanoparticles, as these
systems are stable in a large number of environmental
conditions and are relatively easy to prepare and control.
In the first part of this contribution, we will summarize
the different self-assembly methods with which nano-
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colloidal gold particles are composed into monolayers or
multilayered superstructures.

In the second part of this contribution, we show how
nonimaging, single wavelength reflectometry measure-
ments can be applied to in situ study the formation of
nanocolloidal gold monolayers at derivatized silicon
surfaces. The kinetics of particles with dimensions in
the low-nanometer range are investigated using a radial
impinging jet setup, also referred to as a stagnation point
flow geometry. We compare our results to similar ad-
sorption experiments using micrometer-sized silica par-
ticles. For these large particles, the random sequential
adsorption (RSA) model adequately describes the overall
deposition kinetics. However, for considerably smaller
particles in the 10-100 nm range, this relatively simple
model fails. Here we show that a generalized adsorption
model is in perfect agreement with deposition transients of
particles in the low-nanometer range over the entire
coverage range.

SELF-ASSEMBLY METHODS TO GROW
NANOCOLLOIDAL GOLD FILMS

Many different ways have been employed to assemble
colloidal particles into disordered structures or highly
ordered superlattices. Most of these methods have also
been applied to nanometer-sized gold particles, but be-
cause their size is orders of magnitude smaller than, for
example, the particles used in photonic band gap appli-
cations, the results are often different.

One of the most frequently used methods, and without
doubt the most often described" 2" assembly technique,
involves the chemical modification of the substrate onto
which the nanocolloidal gold particles are adsorbed.
Amino (NH,)- and thiol (SHj,)-terminated surfaces lead
to a high affinity for irreversible deposition of gold enti-
ties from solution. Additionally, the adsorption is self-
limiting, as only submonolayer coverage can be achieved.
Amino- or thiol-functionalized surface can be produced
either by attaching aminosilane or thiolsilane molecules to
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oxidic surfaces, such as silicon and aluminum oxide, or by
adsorbing bifunctional amino—thiol or dithiol molecules
onto gold substrates. In the latter case, short-chain mole-
cules are used because long-chain molecules with a
sufficient degree of freedom will attach to the gold surface
with both ends. In most cases, immersion of the substrate
into a solution of the functionalizing substance is ade-
quate, but also evaporation/sublimation of the amino or
thiol compounds is employed.

The interaction between the functional groups on the
surface and the gold nanocrystals in solution is generally
considered to be electrostatic, which enables relatively
simple tuning of the surface potential by varying the pH
of the solution. Once the gold particles are adsorbed on
the substrate, the strong bonding, which is of a covalent
character, prevents desorption. Also, the lateral mobility
is negligible and the deposition is governed by a random
sequential adsorption (RSA) process. For this reason,
ordering does not take place and the spatial arrangement
of the nanocrystals is random. The maximum surface
coverage corresponding to an RSA event is approxi-
mately 55%.

To increase the coverage, e.g., to grown conducting
gold layers, several routes can be taken. One of these
involves the specific enlargement of the adsorbed gold
nanoparticles by electroless deposition of gold or any
other desired method. This seeded growth has been
described in several publications.””'°! In Fig. 1, we show
scanning electron microscopy images of a monolayer of
gold nanoparticles before and after seeded growth for 5
min in a AuCl; /NH,OH aqueous solution. It is clear that
the particles are enlarged to form a nearly percolating
network. Additional growth leads to closed, conductive
layers of gold.

Closely related to the aforementioned chemical func-
tionalization of the substrates to enhance the specific
affinity for gold nanoparticles is the use of DNA.2!221 A
major advantage of using DNA is that a specific network
can be generated using specific DNA molecules. Thiol-
terminated DNA molecules can be built into the structure;
the location and the density can be determined by the ratio
of various DNA types in solution.

As mentioned above, specific functionalization of the
surface onto which the gold entities are adsorbed limits
the coverage to submonolayer values. To overcome this
restriction, the layer-by-layer (LBL) technique can be
employed.?=>-6-2-11=13-17.1823351 Bop - example, adsorbed
gold nanoparticles can be covered with a layer of cross-
linker molecules, such as amino—thiols or dithiols. One
end of these molecules attaches to the gold nanocrystal
surface, while the other end generates new functionalized
adsorption sites for additional colloidal particles. Not
only the aforementioned chemical interaction can be
used in LBL deposition, but also electrostatic interactions
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Fig. 1 Scanning electron microscopy images of colloidal gold
particles irreversibly adsorbed at silicon/silicon oxide substrates,
derivatized with APTES. The image size amounts to
1200 nm x 800 nm. Prior to seeded growth (a), the average
spacing between the isolated nanocrystals is tunable via the ionic
strength. Seeded growth for 5 min in a AuCl, /NH,OH aqueous
solution (b) gives rise to homogeneous particle enlargement.

are employed to form multilayers of gold nanoparticles.
In this case, the cross-linker entities are polyelectrolyte
molecules, or oppositely charged nanoparticles. In prin-
ciple, the number of deposition cycles, and therewith
the thickness of the superstructure, is not restricted.
However, the roughness of the structure substantially in-
creases, which limits the application in many cases.
The aforementioned derivatization, either chemical or
electrostatic, of the substrate enables patterning of the
substrate and thus also of the superstructure of nanocolloi-
dal gold particles.!'*'*2¢27] Examples of ways to locally
functionalize substrates include microcontact printing and
scanning probe microscopy (SPM)-based methods. In the
former case, a polydimethylsiloxane (PDMS) stamp is
generally used to apply the amino—thiol molecules or
polyelectrolytes to predefined areas on the substrate
surface. After rinsing, the gold nanocolloidal particles
adsorb only onto the derivatized patterned regions. With
SPM, the approach is somewhat different. A surface is
completely functionalized with, for example, amino end-
groups. Subsequently, specific regions on the surface are
defunctionalized by oxidizing or removing the molecules,
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therewith destroying the local affinity of the surface for
gold adsorption. Although it allows complicated patterns to
be made, the latter method is intrinsically slow as all
structures have to be ‘‘written’’ onto the surface.

A completely different method used to form dense
monolayers of gold nanoparticles is by electrophoretic
deposition.”’ % An external electric field is applied to
drive the particles toward the surface. Although very
impressive results have been obtained for micrometer-
sized colloidal systems, the work on nanocolloidal gold
particles is limited to a few reports of experimental results.
In principle, highly ordered monolayers, and possible also
multilayers, can be formed as the lateral mobility of the
gold nanocrystals is not hindered.

Finally, hydrodynamic interactions can also be em-
ployed to form superstructures of gold nanoparti-
cles.!*1%317331 The simplest approach is to simply dry
the colloidal suspension on a substrate. This already
generates a short-range order in the deposited layers.
Control over the spatial extent of the ordering can be
achieved by lowering the evaporation rate of the solvent,
therewith giving the particles the opportunity to find a
suitable spot in the superstructure while it is forming. The
volume fraction also plays an important role. Modifica-
tions of this method, specifically for gold nanoparticles,
have been described. The nanocrystals are first adsorbed
onto amino- or thiol-derivatized surface, after which they
are ‘‘liberated’’ by a ligand-exchange reaction. This is
considered to increase the lateral mobility of the particles
on the surface, which then allows them to ‘‘dry’’ in an
ordered monolayer.

KINETICS OF IRREVERSIBLE GOLD
NANOCRYSTAL DEPOSITION

A prerequisite for studying any system in general, but
nanocolloidal systems in particular, is the ability to
unambiguously characterize them under relevant condi-
tions. Among the large number of methods available for
characterizing colloids and their superstructures, electron
microscopy [scanning electron microscopy (SEM)/trans-
mission electron microscopy (TEM)] is by far the most
popular. Both for very small as well as relatively large
particles, this encompasses the most employed ex situ
technique. Among colloid scientists, the use of scanning
probe microscopy [atomic force microscopy (AFM),
scanning tunneling microscopy (STM), magnetic force
microscopy (MFM)] is increasing, but also in this case
experiments are typically performed ex situ. In fact, the
only techniques that have been used in situ to study
colloidal systems are optical methods. Imaging techniques
such as conventional or confocal microscopy are used for
large colloids. For particles with dimensions well below
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the diffraction limit of (visible) light, such as with gold
nanoparticles, only nonimaging (lateral averaging) in situ
experiments are available. These include primarily UV/vis
absorption spectroscopy, but also optical waveguide light-
mode spectroscopy, and reflection techniques as reflec-
tometry and ellipsometry.

Single Wavelength Reflectometry Results

We employed single wavelength reflectometry to charac-
terize the adsorption of nanocolloidal gold particles onto
substrates derivatized with aminopropyltriethoxysilane
(APTES).*”! Gold colloids are prepared by standard
citrate reduction of HAuCl, in aqueous solution at 100°C,
which yields colloidal particles with an average radius of
a=6.7 nm." In all our reflectometry measurements, the
as-prepared nanocolloidal gold suspension is diluted by a
factor of 4, which leads to a particle concentration of
approximately ¢o=1.85x 10"® m~? and an ionic strength
of 3.6 mM.

The homebuilt reflectometer setup consists of a He—Ne
laser, the stagnation point flow cell, a beamsplitter, and
two photodiodes for detecting the intensities I, and I of
the parallel and perpendicular components of the reflected
light. A more extensive description of our specific setup is
given by Dijt et al.®* The intensity ratio S =1,/1;=(lop/
Tos)(Rp/Rs) is measured, where Iy, and Ios are the initial
intensities and R, and R, are the intensity reflection co-
efficients. The angle of the incident beam can be adjusted
and is set to 71° with respect to the normal of the sample
surface. The volume flow during the experiments was
approximately 1.0 mL min~".

For the reflectometry experiments, we used substrates
cut from p-type silicon (100) wafers with a deposited
oxide layer of 45 nm. When the oxide layer is too thin, R,
is very small and the initial sensitivity of the setup is low.
With too thick oxide layers, the reflectometer signal flat-
tens and even decreases above a certain surface concen-
tration. The reflectometer signal has been calculated as a
function of the gold nanocrystal coverage using the thin
island film theory;'*>>®' the relation between signal and
coverage is used as a calibration to obtain an absolute
surface coverage from the optical response.

In Fig. 2, we show typical reflectometry transients,
obtained during colloidal gold deposition in the afore-
mentioned stagnation point flow cell at various ionic
strengths. For #<0, only water flows through the cell, and
a constant baseline is measured. At ¢=0, the gold
suspension is injected into the cell. When the flow is
switched back to water at =38 min, no significant
decrease of the surface coverage is observed, indicating
the absence of particle detachment. Two distinct regimes
are observed in the measured curves in Fig. 2, which will
be discussed in the next section.
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Fig. 2 Three-dimensional representation of the ionic-strength-
dependent adsorption kinetics of gold nanocolloidal particles in
stagnation point flow geometry. The coverage is obtained by
polarized reflectometry. The data on the back panel indicate the
evolution of the saturation coverage with increasing ionic
strength for a number of reflectometry experiments; the solid
line is a guide to the eye.

Two Limiting Regimes in the
Deposition Transients

At longer deposition times, the deposition process leads to
saturation at coverage values, which show a clear de-
pendence on the ionic strength.!'> This will be discussed
at the end of this section. For short times, the deposition
rate is similar for all ionic strengths, which implies that
the deposition process is initially limited by the supply of
colloidal particles to the surface. The hydrodynamics of
colloid deposition in a stagnation point flow cell have
been extensively described.*”*®! The initial particle flux
toward the surface is in good approximation given by

1
D2 V. 3
Jjo = 0.7766‘0( ]:( m) = ke.co (1)

2

where ¢y is the bulk particle concentration, D is the
diffusion coefficient of the nanocolloidal particles,
R=0.64mm is the radius of the inlet tube and V,,=v-Re/
R is the average flow velocity, with Re the Reynolds
number and v the kinematic viscosity of the fluid. The
dimensionless flow parameter o depends on the Reynolds
number and the cell geometry parameter 4/R. In our case,
a value «=4.2 is obtained from the work of Dabros and
Van de Ven'®” using Re=8.3 and h/R=1.7. The mass
transfer coefficient k. will be discussed in a later section.

Assuming pure random sequential adsorption (RSA),
with a sticking probability of 1, the above considerations
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imply a constant deposition rate df/d¢ from the moment
the colloidal suspension is inserted. After a short transition
time, this linear regime is indeed observed. The adsorption
rate d0/dr=ma’jp=0.0225 min~ " in Fig. 2 is used to
calculate the particle diffusion coefficient D from Eq. 1.
For lower ionic strengths, the value of D is less accurate
but within an experimental error of 5%, the aforemen-
tioned value d0/dr=0.0225 min~ ' does not vary with ionic
strength. Inserting the known values for particle density
and cell geometry parameters, we find D=6.9 x 10~ '* m?
sec”!. We now compare this result to the diffusion
coefficient obtained using the Stokes—Einstein relation

T
 6mna

2

where kT is the thermal energy and # is the dynamic vis-
cosity of the fluid (for water, #=1.00x10"° kg m~'
sec” 1). With a particle radius a=6.7 nm, the Stokes—FEin-
stein relation yields a diffusion coefficient D=3.2x 10~ "'
m? sec” . Our experimentally determined value is about
4-5 times lower than this value. The apparent discrep-
ancy is reasonable, considering the following arguments.
One reason is that Eq. 2 represents an approximation>®
that is only valid in the infinitely small stagnation point
in the center of the cell, whereas an elliptical area of
about 1x2 mm?” is probed in the experiments. From
SEM data, Bohmer et al.’®! estimated that in the initial
stage of nanocolloidal film growth, the adsorption rate is
underestimated by a factor of 1.5. Numerical calculations
based on the flow field in the cell*®! confirm that indeed
the average flux on a probe area of 1x2 mm?” is ap-
proximately 0.7j,. This implies an underestimation of the
diffusion coefficient D in our experiments by approxi-
mately a factor of 2. Furthermore, the gold nanocolloids
have a relatively large surface charge, which leads to
an increased hydrodynamic radius, and thus a lower
diffusion constant (Eq. 2). The particle concentration has
been determined to have a small error, so we do not
believe this interferes with our determination of the
diffusion coefficient.

Let us now turn to the saturation regime of the
deposition curves in Fig. 2. For higher ionic strengths, the
maximum attainable coverage increases, in agreement
with the Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory. This theory describes the accumulation of ions
near charged interfaces, in this case the colloid—solvent
interface, which results in a double layer around every
particle. When the double layers of two particles overlap,
the ions around the particles are confined to a smaller
volume, which results in an entropic repulsion. This
repulsion prevents coagulation of the particles, and also
defines the distance of closest approach of two particles.
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When particles adsorb on a surface, this distance
determines the maximum attainable coverage.!'!

More quantitatively, the double-layer interaction po-
tential Up(r/a) in units kT is described by, ***"!

r

U —
pp(a) - B gefic(rfhz) 3)
kT PP

where r is the particle—particle distance and x is the Debye
screening parameter, given by

2 2 : 2
e n;z;
_ i

eeokT

2

(4)
with n; and z; being the number density and valence of
ions i, respectively, e the elementary charge, and ¢gq the

dielectric permittivity of the electrolyte. The particle—
particle interaction coefficient is defined as

B — dneeokTa\ [y, + 4yQka 2 s
PP e? 1 + Qka )

with y=tanh(y,/4), Q=[(v,—47)/27°], and y,=V(e/kT)
the dimensionless surface potential. This yields an
interaction potential that is valid over a large range of
ia provided r is larger than about a+(3/2)x ™ '. Assuming
a constant surface potential, the distance ri; between
particles when their interaction energy drops below (3/
2)kT can be numerically determined as a function of ka,
i.e., as a function of the ionic strength. The choice for the
interaction energy is justified by the fact that particles
have an average thermal energy of (3/2)kT, which com-
petes with their electrostatic repulsion upon approaching
each other.

In Fig. 3, the saturation coverage 0.,., calculated using
Egs. 3-5 with a particle surface potential y,-kT/e=—85
mV."%% js plotted as a function of the surface concen-
tration 0..,s obtained from Fig. 2. The calculated
coverage is obtained from the double-layer thickness
defined as Aa=r/2—a. Using the thus determined effec-
tive double-layer thickness Aa, the saturation coverage
0ca1c is obtained from

2
a
Hsat = gjam (m) (6)

in which 0;,,=54.7% represents the jamming limit for
irreversible random deposition of hard spheres.*!4431
The data in Fig. 3 exhibit a good one-to-one relation
between experiment and the DLVO theory. However, at
large values of the ionic strengths and thus high surface
concentrations, the measured coverages are higher. One
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Fig. 3 Saturation coverage 0., calculated from the ionic
strength using the DLVO theory as a function of the exper-
imentally determined maximum coverage 0.,, from the
reflectometry measurements. The line has a slope of 1.

cause is that the linear approximation of the Poisson—
Boltzmann equation underestimates the potential drop
near the particles. When a far-field potential is used, as it
is here, the potential at short distances is overestimated.
This results in an overestimation of the distance where the
particle—particle interaction drops below (3/2)kT, and
consequently leads to an underestimation of the surface
concentration. The effect will become important when
r<a+(3/2)x~ ', which is approximately 10 nm for the
highest ionic strengths. This value corresponds to a
surface coverage of 25%, which is approximately the
value at which the data in Fig. 3 start to deviate from the
one-to-one relation (the solid line). Another possible
explanation for the deviation at higher ionic strengths may
be the formation of clusters on the sample surface. A
cluster has a larger volume on a relatively small area,
thereby accounting for a larger optically determined sur-
face concentration.

Modeling the Deposition Transients

The deposition kinetics of colloidal particles can be
described in terms of the adsorption rate df/dt by

do
5 = ™@oB(0) )

where ma® is the geometrical particle surface area and j,
represents the limiting deposition flux for uncovered sur-
faces. The quantity B(0)=j(0)/jy, with j(0) being the actual
deposition flux for a given coverage, is usually referred to
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as the overall kinetic blocking function. This designation
is somewhat misleading as B(0)=1 for low coverages,
while in the limit of saturating coverages B(0)— 0; so in
fact B(0) represents an effective, coverage-dependent
available surface. More correctly, it is also referred to as
the ‘‘available surface function.””*® The function B(6)
not only depends on the coverage, but also on many
additional factors such as particle—particle interactions,
the mechanism of particle transport, and the reversibility
of particle adsorption.

In principle, the overall kinetic blocking function can
only be determined empirically from the particle deposi-
tion rate as a function of time, i.e., curves similar to those
presented in Fig. 2. If we assume that all deposition
transients for our system (nanocolloidal gold particles
irreversibly deposited on APTES-derivatized silicon oxide
surfaces) are characterized by a single, coverage-depen-
dent overall kinetic blocking function B(6/0,,), where 0,
is the saturation coverage defined in Eq. 6, the general
adsorption Eq. 7 can be rewritten in terms of the di-
mensionless variables

0 = 0/ (8a)
_ na’jo

i = o t (8b)
to yield

do ~

— = B(0

5 () 9)

The result of this scaling, applied to the deposition curves
in Fig. 2, is shown in Fig. 4 where we have plotted the data
according to Eq. 9. Apart from the initial first minutes (not
shown in Fig. 4), it is clear that all curves collapse to a

1.0

0.8

0.6

0.4

d(6/6,)/dt

0.2

TTr T [ r T[T rrrrrr

o
-
N

na’jot0gat

Fig. 4 Deposition transients of Fig. 2, scaled according to Eq.
9, using the dimensionless variables 0 and 7 as given by Egs. 8(a)
and 8(b).
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single curve, verifying that indeed a single overall kinetic
blocking function governs the deposition process, irre-
spective of the ionic strength.

A Generalized Adsorption Model

A theory, which is more specifically applicable to our
system of colloidal particles, irreversibly deposited under
forced convection conditions (stagnation point flow
geometry), has been extensively described by Adamc-
zyk 7481 A similar model was also described by Faraudo
and Bafaluy."*” In this generalized adsorption model, the
deposition is considered to consist of two processes, i.e.,
1) the actual adsorption, and 2) the convective supply of
nanocrystals to the surface. The convective supply of
colloidal particles to the outer edge of the adsorption
layer, at a distance J, from the surface, is described by the
rate constant k.=jo/co, where j, is equal to the particle
flux. For the well-defined flow conditions in our stagna-
tion point flow setup, k. is given by Eq. 1.

The adsorption process is described by

c(li—i) = na*k,c(,)B'(0) (10)
and is governed by a rate constant k, and a particle
concentration ¢(3,) at distance J, from the surface.”” The
available surface function B'(0), also often referred to as
the generalized blocking function, describes the transport
resistance of the adsorbed layer to adsorbing particles;
effectively, it is equal to the overall sticking probability.
In fact, Eq. 10 is similar to Eq. 7, in which the actual
adsorption process is taken into account by the overall
kinetic blocking function B(0) considering a constant
supply of colloidal particles. In Eq. 10, the adsorption
process is considered and the supply of colloidal particles
is described by the time dependence of ¢(J,). Within the
adsorption layer of thickness d,, convection effects can be
neglected. The thickness J, is comparable to the range of
specific interactions, in principle electrostatic interactions,
the extent of which is governed by the double-layer
thickness. For our nanocolloidal particles, this implies that
0, is of the same order of magnitude as the particle radius.

For the irreversible adsorption of particles at uniformly
accessible surfaces, Adamczyk[‘m derived an expression
for the kinetic overall blocking function, given by

KB'(0)

M R 0ew "

where K=k,/k. represents the coupling between adsorp-
tion and convection processes. In the case of strong par-
ticle—particle interactions, B'(f) can be approximated by
the RSA available surface function By(). It is not possible

Marcer DekkER, Inc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1



ORDER |

Self-Assembly of Nanocolloidal Gold Films

to analytically evaluate By(6), but a good approximation is

given by[47’5 1
0 0\*
+0.426
Bsat <95at>

0\> 0\>
. — 2
cooms( ) ](l o) "

With this expression, the overall kinetic blocking function
B(0) can be calculated, using Eq. 11, which now only
depends on the maximum coverage 0, obtained after
saturation and the coupling constant K.

In practice, K~1 for micrometer-sized particles.'*’
However, our colloidal particles are markedly smaller,
which leads to a significant increase of the value of K.
This can be understood by considering that from Eq. 2, D
is inversely proportional to the particle radius a. There-
with the convective flux, expressed by the rate constant k.
in Eq. 1, varies as a~ **. An analytical expression for the
adsorption constant k, is given by Adamczyk and Szyk!*?!

S S—
© 2a 1+11n(1+42)

B'(0) = |1+0.812

]

a (13)
where Aa represents the extent of the repulsive interac-
tions, i.e., the effective thickness of the double layer. With
Eq. 2, we obtain for the coupling constant K=k,/k.~a~*>;
that is, for smaller particles, K is expected to become
considerably larger than 1.

In Fig. 5a, the coverage dependence of the overall
kinetic blocking function is plotted for different values of
K. A large value of K (>>1) implies that the adsorption
rate is considerably larger than the convective supply of
particles. Thus up to relatively large coverages, the dep-
osition is transport-limited, which is expressed by the
considerable coverage range over which B(0/0)~1.
Only near the saturation coverage, B(0/60,,) rapidly drops
to 0. In the opposite case when K=1, corresponding the
pure RSA, the adsorption itself becomes rate-limiting.
Accordingly, for low K values, B(0/0,,) exhibits a sharp
decrease already at low coverages.

From the deposition curves in Fig. 2, it is obvious that
for a large coverage range, the deposition is dominated by
mass transport of particles to the adsorption layer. The
deposition rate d0/d¢ only decreases upon approaching the
saturation coverage. This indicates that for our system of
nanocolloidal gold particles, irreversibly deposited in a
stagnation point flow geometry, K is considerably larger
than 1. To obtain more quantitative information, we fitted
the generalized adsorption model, expressed by Eqs. 7, 11,
and 12, to the deposition transients in Fig. 2. As fitting
parameters, a single value for both the coupling constant
K and the initial, limiting deposition flux j, is used for
all ionic strengths. Only the saturation coverage 0., is
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Fig. 5 (a) The overall kinetic blocking function B(6/0,,) for
different values of the coupling constant K, as a function of the
normalized coverage 6/0,. The solid line represents the RSA
limit (K=1). The broken lines correspond to calculations using
the generalized adsorption model with values for K as indicated.
In (b), the data in Fig. 4 are replotted (symbols) and compared to
the calculation for K=55.

allowed to vary with ionic strength. Over the entire
coverage range, there is a perfect correspondence between
the measured and calculated deposition curves. This is
also shown in Fig. 5b where the data obtained from the
deposition transients are compared to the overall kinetic
blocking function obtained from the fits. In agreement
with results presented in the previous section, the initial
deposition rate df/dt=7a’j, amounts to 0.0225 min ',
while the saturation coverages 0, are identical to the
values given in Figs. 2 and 3. The fits yield a value
K=55+5 for the coupling constant. Using the value k.=
1.44 %10 °m sec™ ' for our specific system, determined
from Eq. 1, we obtain a value for the adsorption rate
constant k,=7.91x 10" °m sec '. Using Eq. 13 with
Aa=2 nm, we obtain a value of k,=2.9 x 10~ *m secfl,
somewhat higher than our experimentally determined
value but of the same order of magnitude.
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Comparison to Similar Nanoparticle
Adsorption Experiment

Using the aforementioned generalized adsorption model,
Adamczyk!®! collected adsorption rate constants for
typical proteins [bovine serum albumin (BSA), fibrino-
gen, and IgG], which are of the same order of magnitude
as our colloidal particles. Comparison with the k, values
for these proteins indicates that our aforementioned value
for the irreversible deposition of nanocolloidal gold is in
line with other systems of similar dimensions but of very
different nature. As far as we are aware, the absolute value
of the adsorption rate constant &, has not been determined
for colloidal systems with particle sizes in the low-
nanometer range. In two papers,[39’53] Bohmer, Hayes, and
coworkers describe similar measurements of silica parti-
cles with diameters between 32 and 200 nm. Their
transients are very similar to our results for nanocolloidal
gold, as presented in Fig. 2. In the analysis, the authors
conclude that they are able to quantitatively analyze the
limiting regimes in their deposition transients. However,
the overall transients could not be adequately described.
We have taken the data from the aforementioned work
and analyzed them as we have described above for gold
nanocrystal adsorption. The curves all scale onto a single,
universal transient, similar to our results. This is shown in
Fig. 6 for a deposition experiment using silica particles
with a radius a=16 nm. Using Egs. 1, 7, 11, 12, and 13, we
obtain the size-dependent diffusion coefficient D and the
adsorption rate constant k,. The results are shown in Fig. 7,
and compared to our results for nanocolloidal gold par-
ticles. Both the diffusion coefficient and the adsorption
rate constant are lower than the trends observed for silica
particles. Also, it is clear from Fig. 6 that the diffusion
coefficients determined for the silica particles are in
perfect agreement with the Stokes—Einstein relation

0/6_,

naz-jo-tlegm

Fig. 6 Deposition transients for 32-nm-diameter silica parti-
cles, scaled according to Eq. 9, using the dimensionless variables
0 and 7 as given by [Eqgs. 8(a) and 8(b)] (From Ref. [39].)
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Fig. 7 Size-dependent (a) diffusion coefficient D and (b)
adsorption constant k, for silica particles, obtained from analysis
of results from Refs. [39] and [53]. For comparison, the values
for nanocolloidal gold from our work (solid symbol) are
compared to the silica results (open symbols). The solid line
in (a) represents the Stokes—Einstein relation in Eq. 2; the line in
(b) is a guide to the eye.

(Eq. 2), represented by the solid line. The origin of the
discrepancy between the deposition parameters of gold
nanocrystals and nanocolloidal silica particles is unclear
and needs further investigation.

CONCLUSION

The formation of nanocolloidal thin films consisting of
assembled gold nanocrystals with diameters in the low-
nanometer range has been reviewed. The different methods
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to produce monolayers as well as multilayered super-
structures are briefly summarized.

Also, a more detailed study of the kinetics of
irreversible deposition of gold nanocrystals from colloidal
suspensions onto silicon/silicon oxide substrates is pre-
sented. Using a stagnation point flow geometry, the
convective supply of colloidal particles is controlled. The
deposition process is simultaneously monitored by in situ
single wavelength reflectometry, as imaging optical
methods cannot be used for such small particles. The
absolute coverage is measured as a function of time for
different ionic strengths. Two regimes are distinguished,
related to two different processes in the adsorption pro-
cess. Initially, the deposition is merely governed by mass
transport limited supply of colloidal particles. The ionic
strength of the suspension only affects the deposition
process in the saturation regime at higher coverages.

The coupling between the convection and adsorption
processes, i.e., the transition from mass transport limita-
tion to the regime where surface blocking effects dom-
inate, is analyzed using a generalized adsorption theory. In
this theory, the deposition rate is expressed in terms of an
overall kinetic blocking function. For the irreversible
deposition of particles, the adsorption is treated on the
basis of the random sequential adsorption model. Using
the generalized adsorption model, the measured deposi-
tion curves can be adequately described, and the rate
constant for particle adsorption is determined. The
experimental results are compared to those for proteins
and also silica particles of similar dimensions as our
nanocrystals. Although there is qualitative agreement,
there is a discrepancy between the results for nanocolloi-
dal gold and the other systems. The origin of the
difference is unclear.
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