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Abstract

The deposition kinetics of the irreversible adsorption of citrate-stabilized, nanocolloidal gold particl¢Suy 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.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction change of ambient may hinder proper analysis in terms of
real deposition parameters.
The deposition kinetics of colloidal particles are influ- In this paper, we study the irreversible deposition char-

enced by many factors. Obviously, particle size, shape andacteristics of colloidal particles with dimensions in the low-
polydispersity as well as surface heterogeneities are impor-nanometer range using optical reflectometry in a stagnation
tant. But also electrostatic and/or steric particle—particle in- point flow geometry [4]. As mentioned above, considerable
teractions, particle—substrate interactions, forced convectioneffort has been devoted to (irreversible) deposition of mi-
and the presence of external fields (shear, electric, magneticcrometer sized particles. For these large particles the RSA
can have a profound effect on the adsorption process andmodel adequately describes the overall deposition kinetics.
the resulting distribution of particles on the surface. Both However, for considerably smaller particles in the 10—-100 nm
reversible and irreversible deposition of a large number of range, this relatively simple model fails to describe the de-
colloidal systems have been investigated, but the scope ispositon kinetics, although it gives a good description of the
primarily limited to relatively large particles, which can be particle distribution after saturation of the adsorption process
directly observed by optical microscopy. [5]. Bbhmer et al[6] presented a detailed study of the deposi-
For particles with dimensions well below the diffraction tionkinetics of such small particles. The initial deposition rate
limit of (visible) light, such as proteinfl] or nanocolloidal as well as the characteristics in the saturation regime were in
particleq2,3], itis difficult to monitor the deposition process agreement with the RSA model. However, they were unable
in atruly in situ manner. Obviously, analysis can be done after to quantitatively analyze their results over the entire coverage
deposition using many techniques, e.g. electron microscopyrange. Recently we showed that the generalized adsorption
(SEM/TEM) or scanning probe microscopy (STM, AFM), model, as described in detail by AdamcZyk-11), can de-
but the influence of drying effects and reorientation upon scribe deposition transients of particles in the low-nanometer

* Corresponding author. Tel.: +31 53 489 3146; fax: +31 53 489 1101. 1 In many publications, this setup is also referred to as a radial impinging
E-mail address: e.s.kooij@tnw.utwente.nl (E.S. Kooij). jet cell.
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range over the entire coverage raij@j2], but experimental 0.6 T
errors resulted in an inaccurate determination of the adsorp- I
tion rate. In this paper, more accurate results are presented. I LT -.

Also, quantitative analysis of our results indicates that the [~ ~.L ]
adsorption rate, which strongly depends on patrticle size, is o4r -"'--.._ 1
in good agreement with results of similar experiments using - ~]
particles of very different natuif8] (i.e. various proteins) but '

roughly of the same size.

2. Experimental

Gold colloids are prepared by reduction of 250 ml 1 mM
HAuUCI,4 solution (Aldrich) with 25 ml 38.8 mM tri-sodium
citrate (Aldrich) at 100C. The resulting colloids have an  Fig. 1. Calculated reflectometry response (at #&ident angle) as a func-
average radius of 6.7nm with an 8% spre&g. Based tion of the gold nanocrystal coverage for silicon substrates with oxide thick-
on the initial AuCk~ ion concentration, and the average nesses of2nm(dashed|ine),45_nm (solid line), 100 nm (dashed dotted line)
particle size, we estimate that the suspension contains ap2"d 200nm (dashed dot dotted line).
proximately 74 x 10'® particles/nt3. 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 awell-defined oxide thickness are cleaned ultrasonically
in water and derivatized for 30 min in a 10% solution of 3-
aminopropyltriethoxysilane (APTES, obtained from Merck)
in methanol (Merck).

The stagnation point flow cell and the reflectometer are
homebuilt at Philips Resear¢h3]. The setup consists of a
He-Ne laser, the stagnation point flow cell, a beamsplitter nd®- N (1)
and two photodiodes for detection of the intensiti@sand ¢=
I® of the parallel and perpendicular components of the re-
flected light. A more extensive description of the setup is
given by Dijt et al.[13]. The intensity ratioS = IP/I° =
(15/I5)(RP/ RS) is measured, wherg and I§ are the initial |l 4
intensities andkP and RS are the intensity reflection coeffi- 20 i | rertrrtr e ottt 0-00-000 04
cients. The polarization of the light source is eliminated by ‘
calculatingY = (5/Sp) — 1, whereSp = 18/18 is the value
of S before deposition. The angle of the incident beam can
be adjusted and is set to 7With respect to the normal of
the sample surface. The volume flow during the experiments 10
was approximately 1.0 ml mirt.

For the reflectometry experiments, substrates cut from p-
type silicon (100) wafers with a deposited oxide layer of
25nm are used. When the oxide layer is too tiib s very
small and the initial sensitivity of the setup is low. With 0
too thick oxide layers, the reflectometer signal flattens and
even decreases above a certain surface concentration. This
is shown inFig. 1, where the reflectometer signaP/R® is Fig. 2. Deposition of gold colloids on silicon with 25 nm oxide at different
shown as a function of the surface coverage. These curvesonic strengths in a reflectometry experiment using the stagnation point flow
are calculated using the thin island film the{@y14,15] De- geometry. The ionic strength is varied by adding NaCl. The ionic strengths
tails on the applied model and the calculation are presentedOfthe solutions are 3.6 mM (circles), 6.1 mM (squares), 8.6 mM (diamonds)

, . and 13.6 mM (triangles). The coverage is calculated from the reflectometer
elsewhere[3,14]. The flgure shows that both for very thin signal using the thin island film theory (sEig. 1). The solid lines represent

anq very thiC.k. QXideS' single wa\_/el.ength reflectometry has i of the generalized adsorption model to the data, as will be described in
serious sensitivity problems. A similar curve calculated for the text.

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
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wherea is the particle diameter and 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 B5 x 10 m~2, while the minimum ionic
strength is 3.6 mM. The ionic strength of the solution is var-
ied by adding 0 to 10 mM NacCl, which corresponds to Debye
screening lengths from 5.1 to 2.7 nm. Fot 0 only water
flows through the cell, and a constant base line is measured.
At ¢ = 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 Fig. 3. Schematic representation of the deposition process, showing the two

e i : processes involved and the corresponding rate constants. Particles migrate
measured curves ifig. 2 At longer deposition times, the from the bulk to the substrate. At a distadgginteractions between particles

deposmon process leads to a saturation _at coverage Valuesarriving at the substrate and adsorbed particles set in, resulting in an energy
which show a clear dependence on the ionic strength. Thebarrier that determines the adsorption constant

maximum coverage obtained in our experiments is equal to
22%, which is well below the limiting value of 54.8% for  dy
random deposition of hard spheres. The relatively low satu- 5, —

ration coverage is caused by the thickness of the double layer . ,
that is comparable with the radius of the particles. A more 2nd is governed by a rate constagiand a particle concen-

extensive discussion on the saturation coverage is given elselationc(da) at distancé, from the surfacg7]. The available

where[12]. For short times the deposition rate is similar for surfa<_:e functlo_rB(go), also_often referredtoas the_ generalized

all ionic strengths. This implies that initially the deposition P10Cking function, describes the transport resistance of the

process is limited by the supply of colloidal particles to the adsorbed layer to adsorbing particles; effectively it is equal

surface. We will use this later on to calculate the particle t© the overall sticking probability. In fact, E€3) is similar

diffusion coefficient from the initial deposition rate. to Eq.(2). In Eq.(2), the actual adsorption process is taken
The deposition kinetics of colloidal particlé®,9,11,16] into account by the overall kinetic blocking functia¥(y)

can be described in terms of the adsorption rat&idby considering a cons_tant supply c_)f coIIoi(_jaI particles, while in
Eq. (3) the adsorption process is considered and the supply

of colloidal particles is described by the time-dependence of
c(8a).

Within the adsorption layer of thicknes, particle—
wherena? is the projected particle surface area gpdep- substrate interactions are playing a role. The thickig$s
resents the limiting deposition flux for uncovered surfaces. comparable to the range of the electrostatic interactions, the
The quantityB(¢) = j(¢)/jo, with j(¢) the actual deposi-  extentofwhichis governed by the double layer thickness. For
tion flux for a given coverage, is usually referred to as the our nanocolloidal particles, this implies tfatis of the same
overall kinetic blocking functiori8,9,11,17] In relation to order of magnitude as the particle radius. The adsorption rate
our present results, this designation is somewhat misleadingconstanta contains a barrier term in the particle—substrate
since B(¢) = 1 for low coverages, while in the limit of sat- interaction energy, which represents the repulsive electro-
urating coverages®(¢) — 0, so in factB(p) represents an static interaction of an adsorbing particle with the already
effective, coverage dependent available surface. More cor-adsorbed particles. The supply of colloidal particles to the
rectly, it is also referred to as the ‘available surface function’. outer edge of the adsorption layer, at a distaiceom the
However, to be consistent with the work by Adamczyk, we surface, is described by the rate constant jo/co, where
will adopt the former designation of the blocking function. Jo is equal to the particle flugg—9,11} When we assume a
The functionB(¢) not only depends on the coverage, butalso Sticking probability of 1, the latter quantity can be obtained
on many additional factors such as particle—particle interac- from the initial deposition rate.

wa? - kac(83) - l_i(ﬁﬁ) 3

dp

o =7 Jo- B@) @

tions, the mechanism of particle transport and the reversibility
of particle adsorption.

A theory which is more specifically applicable to our sys-
tem of colloidal particles, irreversibly deposited under forced
convection (stagnation point flow geometry) conditions, has
been extensively described by Adamc$§}9,11,18] A sim-
ilar model was also described by Faraudo and BafflGy.

In this generalized adsorption model, the deposition is con-

For the irreversible adsorption of particles at uniformly
accessible surfaces, Adamczyk derived an expression for the
kinetic overall blocking function, given bj3,11]

K B(yp)
1+ (K —1)B(yp)

where K = ky/ ke represents the coupling between adsorp-
tion and diffusion processes. In the case of strong particle—

B(y) = (4)

sidered to consist of two processes as is schematically showrparticle interactionsB(¢) can be approximated by the RSA

in Fig. 3. The adsorption process can be described by

available surface functioBo(¢) [8,11,17] It is not possible
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to evaluateBo(¢) analytically, but a good approximation is
given by[11,16]

2
Bo(p) = (1 + 0.812¢i +0.426 (;)
o oo

+O.0716<¢i)3> (1 - (pi)s 5)

With this expression the overall kinetic blocking function
B(p) can be calculated, using E@), which now only de-
pends on the maximum coveragg obtained after saturation
and the coupling constait

In practice,K ~ 1 for micrometer large particlg$,11].
However, our colloidal particles are markedly smaller, which
leads to a significant increase of the valugofThis can be

Fig. 4. The overall kinetic blocking functioB(p) for different values of

understood by considering the dependence of the diffusion e coupling constarit as function of the normalized coverageThe solid

coefficient and the adsorption constagon the particle size.
The Stokes—Einstein relation states
kT

D= 6
6rna ©)

wherekT is the thermal energy ands the dynamic viscosity
of the fluid (for wateryy = 1.00 x 10 3kgm~1s~1). When
we model the repulsive interaction between the adsorbing

line represents the RSA limik{ = 1), the dashed, dash dotted and dash dot
dotted lines correspond to calculations usiig= 3, 10 and 50.

casewherk ~ 1, correspondingto pure RSA, the adsorption

itself becomes rate-limiting. Accordingly, for loW values,

B(¢) exhibits a sharp decrease already at low coverages.
From the deposition curves ffig. 2, it is obvious that for

a large coverage range the deposition is dominated by mass

particle and the particles present on the surface as an energyransport of particles to the adsorption layer. The deposition

barrier with a parabolic potential distribution around the max-

rate dp/dr only decreases upon approaching the saturation

imum ¢y, the adsorption rate constant can be approximated coverage. This indicates that for our system of nanocolloidal

by [8]

D[ ¢p \? b
ka_a(nkT) eXp(_kT) (7

This equation is only valid for large barrier heights. Another
approach is to model the repulsive particle—particle interac-
tion as a reduction of the diffusion coefficient of an adsorbing
particle near the surfad20]. When there are no other con-
tributions to the potential barrier, this yields

D 1

- = 8
2a1+ 3 In(1+ 49) ®

a

where Aa represents the extent of the repulsive interac-
tions, i.e. the effective thickness of the double layer. As
shown later, the diffusive particle flux, expressed by the
rate constant. varies as:—%/3. Combining either EqY7)
and (8)with Eq. (6), we obtain for the coupling constant
K = ka/ke ~ a~*/3, i.e. for smaller particlek is expected
to become considerably larger than 1.

In Fig. 4 the coverage dependence of the overall kinetic
blocking function is plotted for different values &f A large

gold particles, irreversibly deposited in a stagnation point
flow geometryKis considerably larger than 1. To obtain more
quantitative information, we fitted the generalized adsorption
model, expressed by EgR), (4) and (5) to the deposition
transients irFig. 2 The saturation coveragg,, the coupling
constank and the initial deposition rate:? jo are used as fit-
ting parameters. The results obtained by this fitting procedure
are shown irFig. 2 with lines. The resulting fit parameters
are summarized infable ). Over the entire coverage range
there is a good correspondence between the measured and
calculated deposition curves. The calculated initial deposi-
tion rate @/dr = ma? jo amounts to 0.080 mift. Within the
experimental error of about 9%, this value does not vary with
ionic strength.

From the fits a coupling constant & = 454 4 is ob-
tained. Using the value df; calculated using; = % we
obtain a value for the adsorption rate constept 2.1 x
10~*ms 1. Using Eq(8)with Aa = 2 nm, we obtain a value
of ka= 2.9 x 10~*ms1, which is close to the experimen-
tally determined value. Calculation of the adsorption barrier

Table 1
value ofK (>> 1) implies that the adsorption rate constantis peposition parameters obtained from the fits showfiign 2
considerably larger than the rate constant for diffusive trans- (wm2s D a
port of the particles. Thus, up to relatively large coverages g 45+ 4
the deposition is transport limited, which is expressed by the k. (ms1) 4.7x10°°
considerablep-range over whichB(¢) ~ 1. Only near the  ka(ms™?) 2.1x10°*

ép (KT) 3.34

saturation coverage&i(y) drops rapidly to 0. In the opposite
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height¢p from the obtained adsorption rate constant, using
Eq. (7) yields a value of 3.34KkT or 84 meV. As far as we

are aware, the absolute value of the adsorption rate constant

ks and adsorption barrier height has not been determined
for colloidal systems with particle sizes in the low nanometer
range. However, AdamczyR] 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 thé, values for these proteifisndicates
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 dH]. The initial particle flux
towards the surface is in good approximation given by

13
> co = keco

wherecq is the bulk particle concentratio, is the diffusion
coefficient of the nanocolloidal particle8,= 0.64 mmiis the
radius of the inlet tube and,, = ”‘Ife is the average flow ve-
locity, with Re the Reynolds number andthe kinematic

viscosity of the fluid. The dimensionless flow parameter

D2aV,,
R2

jo= 0.776< 9)
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Fig. 5. Dependence of the diffusion coefficient on the particle size. The data
from Bohmer and Hayef6,22] 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.

depends on the Reynolds number and the cell geometry pa-

rameterz/R. In our case, a value = 4.2 is obtained from
the work of Dabros and van de V@] usingRe = 8.3 and
h/R = 1.7. Adamczyk et al. give an analytical expression for
afor /R = 1.6, from which a value of 5.6 is calculat¢4].
Assuming a sticking probability of 1, the observed initial
adsorption rate g/dr = a2 jo = 0.080 min can be used
to calculate the particle diffusion coefficient from H@).
Inserting the known values for particle density and cell ge-
ometry parameters, we findl = 44 um?s~1. We now com-
pare this result to the diffusion coefficient obtained using the
Stokes—Einstein relation. With a particle radius- 6.7 nm
the Stokes—Einstein relation yields a diffusion coefficient
D =32 um?s~1. Our experimentally determined value is
approximately 38% times higher than this value, which is
still a satisfactory result. However, it is a little surprising that

our resultis higher than the value calculated from the Stokes—

Einstein equation. E|9) is an approximatioé], which is
valid in the infinitely small stagnation point in the center of
the cell, whereas an elliptical area of about 1 mr2 mm

is probed in the experiments. Therefore we would expect a
somewhat lower result. We compared our results with litera-
ture results obtained on silica particles bgtBner et al[6]

and Hayes et a]22]. Fig. 5shows the diffusion coefficients as
afunction of the particle size. The literature data are indicated

2 Infact, a dimensionless adsorption consﬂéﬂ's given, which is related
to the definition used here through = ka - & with L = (wa?co)~* andD
the diffusion coefficient.

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-
ferentionic 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—
Einsteinrelation. The ionic strength of the suspension only af-
fects the deposition process in the saturation regime at higher
coverages.

The coupling between the diffusion and the deposition
process, i.e. the transition from mass transport limitation to
the regime where surface blocking effects dominate, is ana-
lyzed 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 deposition is treated on the basis of the random sequential
adsorption (RSA) model. For relatively large particles in the
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micron range, RSA is directly applicable. For considerably
smaller particles the aforementioned coupling is more pro-

[7] Z. Adamczyk, M. Zembala, B. Siwek, P. Warsiki, J. Colloid Interf.
Sci. 140 (1990) 123.

nounced. Using the generalized adsorption model, the mea- [8] Z- Adamczyk, Adv. Colloid Interf. Sci. 100-102 (2003) 267.

sured deposition curves are adequately described, and the rat;
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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