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Deposition kinetics of nanocolloidal gold particles
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Abstract

The deposition kinetics of the irreversible adsorption of citrate-stabilized, nanocolloidal gold particles on Si/SiO2 surfaces, derivatized with
(aminopropyl)triethoxysilane (APTES), is investigated in situ using single wavelength optical reflectometry. A well-defined flow of colloids
towards the surface is realized using a radial impinging jet cell geometry. The dynamics of the deposition process is at first mass transport
limited. Surface blocking effects determine the adsorption kinetics in the final stage. The entire deposition process can be adequately described
in terms of a generalized adsorption theory, which combines the effects of mass-transport and the actual adsorption onto the surface. The
diffusion coefficient of the particles is calculated from the initial deposition rate. The obtained value corresponds well with data obtained from
experiments described in literature and with the value calculated from the Stokes–Einstein relation.
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. Introduction

The deposition kinetics of colloidal particles are influ-
nced by many factors. Obviously, particle size, shape and
olydispersity as well as surface heterogeneities are impor-

ant. But also electrostatic and/or steric particle–particle in-
eractions, particle–substrate interactions, forced convection
nd the presence of external fields (shear, electric, magnetic)
an have a profound effect on the adsorption process and
he resulting distribution of particles on the surface. Both
eversible and irreversible deposition of a large number of
olloidal systems have been investigated, but the scope is
rimarily limited to relatively large particles, which can be
irectly observed by optical microscopy.

For particles with dimensions well below the diffraction
imit of (visible) light, such as proteins[1] or nanocolloidal
articles[2,3], it is difficult to monitor the deposition process

n a truly in situ manner. Obviously, analysis can be done after
eposition using many techniques, e.g. electron microscopy
SEM/TEM) or scanning probe microscopy (STM, AFM),
ut the influence of drying effects and reorientation upon

∗ Corresponding author. Tel.: +31 53 489 3146; fax: +31 53 489 1101.

change of ambient may hinder proper analysis in term
real deposition parameters.

In this paper, we study the irreversible deposition c
acteristics of colloidal particles with dimensions in the lo
nanometer range using optical reflectometry in a stagn
point flow geometry1 [4]. As mentioned above, considera
effort has been devoted to (irreversible) deposition of
crometer sized particles. For these large particles the
model adequately describes the overall deposition kine
However, for considerably smaller particles in the 10–100
range, this relatively simple model fails to describe the
positon kinetics, although it gives a good description of
particle distribution after saturation of the adsorption pro
[5]. Böhmer et al.[6] presented a detailed study of the dep
tion kinetics of such small particles. The initial deposition
as well as the characteristics in the saturation regime we
agreement with the RSA model. However, they were un
to quantitatively analyze their results over the entire cove
range. Recently we showed that the generalized adso
model, as described in detail by Adamczyk[7–11], can de
scribe deposition transients of particles in the low-nanom

1 In many publications, this setup is also referred to as a radial impin
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range over the entire coverage range[12], but experimental
errors resulted in an inaccurate determination of the adsorp-
tion rate. In this paper, more accurate results are presented.
Also, quantitative analysis of our results indicates that the
adsorption rate, which strongly depends on particle size, is
in good agreement with results of similar experiments using
particles of very different nature[9] (i.e. various proteins) but
roughly of the same size.

2. Experimental

Gold colloids are prepared by reduction of 250 ml 1 mM
HAuCl4 solution (Aldrich) with 25 ml 38.8 mM tri-sodium
citrate (Aldrich) at 100◦C. The resulting colloids have an
average radius of 6.7 nm with an 8% spread[5]. Based
on the initial AuCl4− ion concentration, and the average
particle size, we estimate that the suspension contains ap-
proximately 7.4 × 1018 particles/m−3. Calculations of the
absorbance using this concentration yield results which are
in good quantitative agreement with UV–vis measurements
[3]. Additionally, the suspension has an ionic strength of
approximately 14.3 mM. Sodium chloride (Merck) is used
to vary the ionic strength of the solution. Silicon substrates
with a well-defined oxide thickness are cleaned ultrasonically
in water and derivatized for 30 min in a 10% solution of 3-
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Fig. 1. Calculated reflectometry response (at 70◦ incident angle) as a func-
tion of the gold nanocrystal coverage for silicon substrates with oxide thick-
nesses of 2 nm (dashed line), 45 nm (solid line), 100 nm (dashed dotted line)
and 200 nm (dashed dot dotted line).

an oxide film of 25 nm is used as calibration to convert the
reflectometer signals to absolute surface coverages.

3. Results and discussion

In Fig. 2typical reflectometry transients, obtained during
colloidal gold deposition in the stagnation point flow cell at
various ionic strengths, are shown. The coverage is defined
as

ϕ ≡ πa2 · N (1)

F ent
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a meter
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t

minopropyltriethoxysilane (APTES, obtained from Mer
n methanol (Merck).

The stagnation point flow cell and the reflectometer
omebuilt at Philips Research[13]. The setup consists of
e–Ne laser, the stagnation point flow cell, a beamsp
nd two photodiodes for detection of the intensitiesIp and
s of the parallel and perpendicular components of the
ected light. A more extensive description of the setu
iven by Dijt et al. [13]. The intensity ratioS ≡ Ip/Is ≡
I

p
0/Is

0)(Rp/Rs) is measured, whereIp
0 andIs

0 are the initia
ntensities andRp andRs are the intensity reflection coef
ients. The polarization of the light source is eliminated
alculatingY ≡ (S/S0) − 1, whereS0 = I

p
0/Is

0 is the value
f S before deposition. The angle of the incident beam
e adjusted and is set to 70◦ with respect to the normal

he sample surface. The volume flow during the experim
as approximately 1.0 ml min−1.
For the reflectometry experiments, substrates cut fro

ype silicon (1 0 0) wafers with a deposited oxide laye
5 nm are used. When the oxide layer is too thin,Rp is very
mall and the initial sensitivity of the setup is low. W
oo thick oxide layers, the reflectometer signal flattens
ven decreases above a certain surface concentration

s shown inFig. 1, where the reflectometer signalRp/Rs is
hown as a function of the surface coverage. These c
re calculated using the thin island film theory[3,14,15]. De-

ails on the applied model and the calculation are prese
lsewhere[3,14]. The figure shows that both for very th
nd very thick oxides, single wavelength reflectometry
erious sensitivity problems. A similar curve calculated
ig. 2. Deposition of gold colloids on silicon with 25 nm oxide at differ
onic strengths in a reflectometry experiment using the stagnation poin
eometry. The ionic strength is varied by adding NaCl. The ionic stre
f the solutions are 3.6 mM (circles), 6.1 mM (squares), 8.6 mM (diamo
nd 13.6 mM (triangles). The coverage is calculated from the reflecto
ignal using the thin island film theory (seeFig. 1). The solid lines represe
ts of the generalized adsorption model to the data, as will be describ
he text.
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wherea is the particle diameter andN the number of parti-
cles per unit area. After dilution of the as-prepared colloidal
gold suspension by a factor of 4, the particle number den-
sity amounts to 1.85× 1018 m−3, while the minimum ionic
strength is 3.6 mM. The ionic strength of the solution is var-
ied by adding 0 to 10 mM NaCl, which corresponds to Debye
screening lengths from 5.1 to 2.7 nm. Fort < 0 only water
flows through the cell, and a constant base line is measured.
At t = 0 the gold suspension is injected in the cell. When the
flow is switched back to water no noticeable decrease of the
surface coverage is observed, indicating the absence of par-
ticle detachment. Two distinct regimes are observed in the
measured curves inFig. 2. At longer deposition times, the
deposition process leads to a saturation at coverage values,
which show a clear dependence on the ionic strength. The
maximum coverage obtained in our experiments is equal to
22%, which is well below the limiting value of 54.8% for
random deposition of hard spheres. The relatively low satu-
ration coverage is caused by the thickness of the double layer
that is comparable with the radius of the particles. A more
extensive discussion on the saturation coverage is given else-
where[12]. For short times the deposition rate is similar for
all ionic strengths. This implies that initially the deposition
process is limited by the supply of colloidal particles to the
surface. We will use this later on to calculate the particle
diffusion coefficient from the initial deposition rate.
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Fig. 3. Schematic representation of the deposition process, showing the two
processes involved and the corresponding rate constants. Particles migrate
from the bulk to the substrate. At a distanceδa, interactions between particles
arriving at the substrate and adsorbed particles set in, resulting in an energy
barrier that determines the adsorption constantka.

dϕ

dt
= πa2 · kac(δa) · B̄(ϕ) (3)

and is governed by a rate constantka and a particle concen-
trationc(δa) at distanceδa from the surface[7]. The available
surface function̄B(ϕ), 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.(3) is similar
to Eq.(2). In Eq. (2), the actual adsorption process is taken
into account by the overall kinetic blocking functionB(ϕ)
considering a constant supply of colloidal particles, while in
Eq. (3) the adsorption process is considered and the supply
of colloidal particles is described by the time-dependence of
c(δa).

Within the adsorption layer of thicknessδa, particle–
substrate interactions are playing a role. The thicknessδa is
comparable to the range of the electrostatic interactions, the
extent of which is governed by the double layer thickness. For
our nanocolloidal particles, this implies thatδa is of the same
order of magnitude as the particle radius. The adsorption rate
constantka contains a barrier term in the particle–substrate
interaction energy, which represents the repulsive electro-
static interaction of an adsorbing particle with the already
adsorbed particles. The supply of colloidal particles to the
outer edge of the adsorption layer, at a distanceδa from the
s
j a
s ned
f
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k
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The deposition kinetics of colloidal particles[8,9,11,16
an be described in terms of the adsorption rate dϕ/dt by

dϕ

dt
= πa2 · j0 · B(ϕ) (2)

hereπa2 is the projected particle surface area andj0 rep-
esents the limiting deposition flux for uncovered surfa
he quantityB(ϕ) = j(ϕ)/j0, with j(ϕ) the actual depos

ion flux for a given coverage, is usually referred to as
verall kinetic blocking function[8,9,11,17]. In relation to
ur present results, this designation is somewhat misle
inceB(ϕ) = 1 for low coverages, while in the limit of sa
rating coveragesB(ϕ) → 0, so in factB(ϕ) represents a
ffective, coverage dependent available surface. More
ectly, it is also referred to as the ‘available surface functi
owever, to be consistent with the work by Adamczyk,
ill adopt the former designation of the blocking functi
he functionB(ϕ) not only depends on the coverage, but
n many additional factors such as particle–particle inte

ions, the mechanism of particle transport and the reversi
f particle adsorption.

A theory which is more specifically applicable to our s
em of colloidal particles, irreversibly deposited under for
onvection (stagnation point flow geometry) conditions,
een extensively described by Adamczyk[8,9,11,18]. A sim-

lar model was also described by Faraudo and Bafaluy[19].
n this generalized adsorption model, the deposition is
idered to consist of two processes as is schematically s
n Fig. 3. The adsorption process can be described by
urface, is described by the rate constantkc = j0/c0, where
0 is equal to the particle flux[6–9,11]. When we assume
ticking probability of 1, the latter quantity can be obtai
rom the initial deposition rate.

For the irreversible adsorption of particles at uniform
ccessible surfaces, Adamczyk derived an expression f
inetic overall blocking function, given by[8,11]

(ϕ) = KB̄(ϕ)

1 + (K − 1)B̄(ϕ)
(4)

hereK = ka/kc represents the coupling between ads
ion and diffusion processes. In the case of strong part
article interactions,̄B(ϕ) can be approximated by the RS
vailable surface functionB0(ϕ) [8,11,17]. It is not possible
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to evaluateB0(ϕ) analytically, but a good approximation is
given by[11,16]

B0(ϕ) =
(

1 + 0.812
ϕ

ϕ∞
+ 0.426

(
ϕ

ϕ∞

)2

+0.0716

(
ϕ

ϕ∞

)3
)(

1 − ϕ

ϕ∞

)3

(5)

With this expression the overall kinetic blocking function
B(ϕ) can be calculated, using Eq.(4), which now only de-
pends on the maximum coverageϕ∞ obtained after saturation
and the coupling constantK.

In practice,K ∼ 1 for micrometer large particles[8,11].
However, our colloidal particles are markedly smaller, which
leads to a significant increase of the value ofK. This can be
understood by considering the dependence of the diffusion
coefficient and the adsorption constantka on the particle size.
The Stokes–Einstein relation states

D = kT

6πηa
(6)

wherekT is the thermal energy andη is the dynamic viscosity
of the fluid (for water,η = 1.00× 10−3 kg m−1 s−1). When
we model the repulsive interaction between the adsorbing
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Fig. 4. The overall kinetic blocking functionB(ϕ̄) for different values of
the coupling constantK as function of the normalized coverageϕ̄. The solid
line represents the RSA limit (K = 1), the dashed, dash dotted and dash dot
dotted lines correspond to calculations usingK = 3, 10 and 50.

case whenK ∼ 1, corresponding to pure RSA, the adsorption
itself becomes rate-limiting. Accordingly, for lowK values,
B(ϕ̄) exhibits a sharp decrease already at low coverages.

From the deposition curves inFig. 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 dϕ/dt 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.(2), (4) and (5), to the deposition
transients inFig. 2. The saturation coverageϕ∞, the coupling
constantK and the initial deposition rateπa2j0 are used as fit-
ting parameters. The results obtained by this fitting procedure
are shown inFig. 2 with lines. The resulting fit parameters
are summarized in (Table 1). Over the entire coverage range
there is a good correspondence between the measured and
calculated deposition curves. The calculated initial deposi-
tion rate dϕ/dt = πa2j0 amounts to 0.080 min−1. Within the
experimental error of about 9%, this value does not vary with
ionic strength.

From the fits a coupling constant ofK = 45± 4 is ob-
tained. Using the value ofkc calculated usingkc = j0

c
, we

obtain a value for the adsorption rate constantka = 2.1 ×
10−4 m s−1. Using Eq.(8)with �a = 2 nm, we obtain a value
o n-
t rrier

T
D

D

K
k

k

φ

article and the particles present on the surface as an e
arrier with a parabolic potential distribution around the m

mum φb, the adsorption rate constant can be approxim
y [8]

a = D

a

(
φb

πkT

)1/2

exp

(
− φb

kT

)
(7)

his equation is only valid for large barrier heights. Anot
pproach is to model the repulsive particle–particle inte

ion as a reduction of the diffusion coefficient of an adsor
article near the surface[20]. When there are no other co

ributions to the potential barrier, this yields

a = D

2a

1

1 + 1
2 ln

(
1 + �a

a

) (8)

here �a represents the extent of the repulsive inte
ions, i.e. the effective thickness of the double layer.
hown later, the diffusive particle flux, expressed by
ate constantkc varies asa−2/3. Combining either Eqs.(7)
nd (8)with Eq. (6), we obtain for the coupling consta
= ka/kc ∼ a−4/3, i.e. for smaller particlesK is expected

o become considerably larger than 1.
In Fig. 4 the coverage dependence of the overall kin

locking function is plotted for different values ofK. A large
alue ofK (� 1) implies that the adsorption rate constan
onsiderably larger than the rate constant for diffusive tr
ort of the particles. Thus, up to relatively large covera

he deposition is transport limited, which is expressed b
onsiderablēϕ-range over whichB(ϕ̄) ≈ 1. Only near th
aturation coverage,B(ϕ̄) drops rapidly to 0. In the oppos
f ka = 2.9 × 10−4 m s−1, which is close to the experime
ally determined value. Calculation of the adsorption ba

able 1
eposition parameters obtained from the fits shown inFig. 2

(� m2 s−1) 44
45± 4

c (m s−1) 4.7×10−6

a (m s−1) 2.1×10−4

b (kT) 3.34
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heightφb from the obtained adsorption rate constant, using
Eq. (7) yields a value of 3.34 kT or 84 meV. As far as we
are aware, the absolute value of the adsorption rate constant
ka and adsorption barrier heightφb has not been determined
for colloidal systems with particle sizes in the low nanometer
range. However, Adamczyk[9] collected adsorption rate con-
stants for typical proteins (BSA, fibrinogen and IgG), which
are of the same order of magnitude as our colloidal particles.
Comparison with theka values for these proteins2 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 stated previously, the initial deposition rate can be used
to determine the diffusion coefficient of the colloids. The
hydrodynamics of colloid deposition in a stagnation point
flow cell have been discussed by Dabros and van de Ven
[21] and also by Adamczyk et al.[4]. The initial particle flux
towards the surface is in good approximation given by

j0 = 0.776

(
D2ᾱV̄m

R2

)1/3

c0 = kcc0 (9)

wherec0 is the bulk particle concentration,D is the diffusion
coefficient of the nanocolloidal particles,R = 0.64 mm is the
radius of the inlet tube and̄Vm = ν·Re

R
is the average flow ve-

locity, with Re the Reynolds number andν the kinematic
v r
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r
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Fig. 5. Dependence of the diffusion coefficient on the particle size. The data
from Böhmer and Hayes[6,22] are indicated with circles, our result with a
star. The line is calculated using the Stokes–Einstein relation.

with circles, and our result is shown with a star. The Stokes–
Einstein relation is indicated with a line. It is clear that our
results are in good agreement with both literature data and
the Stokes–Einstein relation. Secondly, we can conclude that
the diffusion coefficient does not depend on the composition
of the particles, which is to be expected since hydrodynamic
drag is only determined by the particle geometry.

4. Conclusions

The kinetics of irreversible deposition of gold nanocrys-
tals from colloidal suspensions onto silicon/siliconoxide sub-
strates is studied. Using a stagnation point flow geometry,
the diffusive supply of colloidal particles is controlled. Si-
multaneously, the deposition process is monitored by in situ
single wavelength reflectometry. The absolute coverage, cal-
culated from the reflectometer signal by means of the thin
island film theory, is measured as a function of time for dif-
ferent ionic strengths. Two regimes are distinguished, related
to two different processes in the adsorption process. Initially,
the deposition is merely governed by mass transport limited
supply of colloidal particles, and the constant deposition rate
is analyzed taking into account the cell geometry to obtain
a diffusion coefficient for the nanocolloidal particles, which
is slightly larger than what is calculated from the Stokes–
E ly af-
f igher
c

ition
p n to
t ana-
l ory,
t netic
b les,
t ential
a the
iscosity of the fluid. The dimensionless flow parameteᾱ

epends on the Reynolds number and the cell geometr
ameterh/R. In our case, a valuēα = 4.2 is obtained from
he work of Dabros and van de Ven[21] usingRe = 8.3 and
/R = 1.7. Adamczyk et al. give an analytical expression

¯ for h/R = 1.6, from which a value of 5.6 is calculated[4].
Assuming a sticking probability of 1, the observed ini

dsorption rate dϕ/dt = πa2j0 = 0.080 min−1 can be use
o calculate the particle diffusion coefficient from Eq.(9).
nserting the known values for particle density and cell
metry parameters, we findD = 44 �m2 s−1. We now com
are this result to the diffusion coefficient obtained using
tokes–Einstein relation. With a particle radiusa = 6.7 nm

he Stokes–Einstein relation yields a diffusion coeffic
= 32 �m2 s−1. Our experimentally determined value

pproximately 38% times higher than this value, whic
till a satisfactory result. However, it is a little surprising t
ur result is higher than the value calculated from the Sto
instein equation. Eq.(9) is an approximation[4], which is
alid in the infinitely small stagnation point in the cente
he cell, whereas an elliptical area of about 1 mm× 2 mm
s probed in the experiments. Therefore we would expe
omewhat lower result. We compared our results with lit
ure results obtained on silica particles by Böhmer et al.[6]
nd Hayes et al.[22].Fig. 5shows the diffusion coefficients
function of the particle size. The literature data are indic

2 In fact, a dimensionless adsorption constantk̄a is given, which is relate
o the definition used here through̄ka = ka · L

D
with L = (πa2c0)−1 andD

he diffusion coefficient.
instein relation. The ionic strength of the suspension on
ects the deposition process in the saturation regime at h
overages.

The coupling between the diffusion and the depos
rocess, i.e. the transition from mass transport limitatio

he regime where surface blocking effects dominate, is
yzed using a generalized adsorption theory. In this the
he deposition rate is expressed in terms of an overall ki
locking function. For the irreversible deposition of partic

he deposition is treated on the basis of the random sequ
dsorption (RSA) model. For relatively large particles in
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micron range, RSA is directly applicable. For considerably
smaller particles the aforementioned coupling is more pro-
nounced. Using the generalized adsorption model, the mea-
sured deposition curves are adequately described, and the rate
constant for particle adsorption is determined. Comparison
with experimental results for proteins of similar dimensions
as our colloidal particles, indicate that our results are in line
with the adsorption rate constants for these proteins.
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