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We study the dynamics of the coverage and aggregation of gold nanoparticles over organosilanized glass substrates
for different sizes of nanoparticles. We present measurements of extinction spectra and nanoparticle counting statistics
and demonstrate that both methods are equivalent describing those processes. We introduce models that describe the
mentioned dynamics, which are characterized by an exponential-like function with two relevant parameters: a
saturation value and a characteristic time. The electrostatic repulsion plays a significant role in both processes. The
aggregation is dominated by the mobility of the isolated nanoparticles, which first join in dimers and, further in time, in
clusters of higher number of nanoparticles.

1. Introduction

Plasmon excitation in metal nanoparticles (NPs) and nano-
particle (NP) clusters is intensively studied due to the multiple
applications these phenomena have in the nanoworld today.
Ranging from chemical and biological nanosensors1-4 to plas-
monic devices5-7 and from high spatial resolution probes for
microscopy8-10 to SERS substrates,11-13 all the applications rely,
fromone side, on the ability to resonantly excite the structure and,
on the other side, to manage the architecture to build the desired
morphology. On the road to build plasmonic samples by using
metal NPs, one wants to control the degree of coverage and
aggregation, since plasmonic and, consequently, optical proper-
ties depend strongly on the number ofNPs and their interaction.14

In particular, NP-decorated silica microspheres, used as plasmo-
nic probes,10 base their performance for nanometer-scale imaging
on the formation of small clusters which provide wavelength
tunable and high field enhancement. Within this scenario is
undoubtedly important to understand, characterize, and control
the processes underlying the assembly of NPs in glass substrates.

In this article we study carefully the process of coverage and
aggregation of organosilane-modified glasses decorated with Au
NPs. Many papers have been published, which cover different

aspects of the kinetics,15-19 sintering,20,21 morphology,22 optical
properties,15,17,22 etc., of these kinds of samples. Our approach
addresses the systematic study of optical spectra and particle
counting statistics, revealing different ongoing processes depend-
ing on the scale of time.One important aspect is themonitoring of
the formation of dimers, trimers, and clusters of higher order for
particles of different sizes as a function of time. The goal resides in
performing experiments in an extended scale of time, which
naturally provides a better understanding of the whole problem
of covering and aggregation. We also present two models
accounting for the coverage and aggregation and compare the
calculations with our experimental results.

2. Experimental Section

2.1. Materials and Instrumentation. (3-Aminopropyl)-
trimethoxysilane (APTMS) was bought from Sigma-Aldrich, glass
microscope slides from Pearl, and colloidal gold NPs from Ted
Pella, Inc. The extinction spectra were measured with a spectro-
photometer (Shimadzu UV-1800). Images of adsorbed NPs on
silanized glass substrates were taken by a field emission scanning
electron microscope (SEM) (Zeiss Supra 40) at short integration
times to avoid an excessive electrostatic charge of the samples.

2.2. Preparation of Gold Nanoparticle Samples. Glass
microscope slides substrates were first cleaned with deionized
water in an ultrasonic bath for 30 min. They were then immersed
in HF 5% for 30 s, washed with deionized water, and dried with
nitrogen. For aminosilane derivatization, glass was immersed in
APTMS aqueous solution 1:100 (pH 10) in a dark environment
for 1 day. They were then thoroughly rinsed with deionized water
and isopropyl alcohol to remove any physisorbed APTMS. After
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this procedure, the glasses were immersed into the gold NP
solution kept at room temperature, without any mixing applied.
The immersion was done for different amounts of time;30 min,
2 h, 1 day, 3 days, and 6 days;and then washed and dried. This
was done for particles of average diameter of 10, 20, 50, and 80nm
in aqueous solution with pH 5, 6, 7, and 7, respectively. Particles
size has a coefficient of variation less than 8%, as reported by the
seller. All the colloids were surrounded by negatively charged
citrates, and there were traces of citrate, tannic acid, and potas-
sium carbonate in the solution, as products of the synthesis. The
concentrations of the NPs are 5.7 � 1012, 7.0 � 1011, 4.5 � 1010,
and 1.1� 1010NPs/mL for the 10, 20, 50, and 80 nm, respectively.

3. Results and Discussion

Extinction spectra and particle counting statistics were recorded
for the complete set of samples, i.e., for each NP size and the five
different immersion times. Measurement of the extinction (absorp-
tion plus scattering) spectra are shown in Figure 1. Collective elec-
tronic excitations, or surface plasmons, sustained by the metal NPs
can be resonantly excited by the incoming optical field at a given
wavelength, producing a sharp increment in both the absorp-
tion and scattering cross section of the samples, as can be seen in
Figure 1.

For low immersion times, spectra show only one peak which
corresponds to the excitationof the plasmonof an isolatedNP.As is
well-known, new features appear in the spectra when NPs start to
form aggregates.23 This effect can clearly be observed for the sam-
ples with longer immersion times. If we consider, for the moment,
that the appearance of a new peak comes mainly from the presence
of dimers, we can estimate the distance between the two NPs form-
ing the aggregate by comparing our results with the calculations in
refs 24-27. Ahead in this work we will address carefully what kind
andhowmany aggregates are present in the samples as a function of
time, showing the need to perform particle counting besides the

optical spectra, but so far, it is a rather goodapproximation to consi-
der only dimers for having an estimate of the distance.

In Figure 2 we plot the wavelength of the main and secondary
peak as a function ofNP size, obtained fromdata shown inFigure 1.
Within our spectral resolution, we cannot distinguish differences in
the position and width of the secondary peak for samples with
different immersion times at a givenNP size. The spectral position of
the longitudinal plasmon in aNP dimer is strongly dependent on the
distancebetween theNPs,when thatdistance is lower thanaboutone
diameter, border to border.25,28 It seems from the data that there is
not a progressive change in the secondary peak position, suggesting
that although the dimer formation is progressive in time, the mean
distance between NPs is always at around a fixed mean value.
Actually, the cross section of the secondary peak in the extinction
spectrum provided by a dimer close to contact is much higher than
the contribution from one with a larger distance. From our data, the
distance which corresponds to the position of the peak according to
many references in the literature24-27 is about 0.5 nm for all NPs
sizes. This distance is on the order of the size of a citrate molecule.

Figure 1. Extinction spectra ofAPTMS silanized glass substrate, immersed in a solution of goldNPs of (a) 10, (b) 20, (c) 50, and (d) 80 nm in
diameter. Black curves correspond to 30 min immersion time, red to 2 h, green to 1 day, blue to 3 days and cyan to 6 days.

Figure 2. Main and secondary peak wavelengths in the extinction
spectra of Figure 1.
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Themainpeak in the spectra accounts for thedynamicsof theNP
coverage on the silanized glass. The OH groups adsorbed on the
SiO2 substrate are replaced with the APTMS molecules, which
covalently bond to the glass by the Si on the APTMSmolecule and
the oxygen at the SiO2 surface. Besides, the APTMS molecules
attach each other,29-31 and as a result, the aminosilane molecules
form a very stable and resistant monolayer. Amino groups, weakly
protonated, are oriented to the aqueous solution and away from the
substrate. Since the solution is slightly acid, protons attach to the
amino groups, which become positively charged:

NH2 þHþ hNH3
þ ð1Þ

In the early stages, theNPs in solution bump the surface of the glass
with APTMS and electrostatically attach to it with high affinity.
After a time, the stuck negatively charged NPs and the ions present
in the solution which are close to the surface form a boundary layer
and screen the positive charge of the APTMS. As a result, the NP
coverage saturates when the charges are at equilibrium. This dyna-
mics of coverage is embodiedby the behavior of the amplitude of the
main peak in Figure 1.

Although the measurement of the spectra is a good beginning
to understand the underlying processes, it is not easy to extract
from them the number and nature of the interacting particles,
since the extinction coefficients are related with the cross section
of a variety of unknown objects. Therefore, we complement this
measurement with theNP counting statistics taken from the SEM
images of the samples.

Typical SEM images are shown in Figure 3. The counting
statistics was performed over about 8000-40000 NPs, depending
of the NP size.

3.1. Coverage Dynamics. Making the assumption that the
surface of the substrate is uniform, the spherical NPs with
diameter d are adsorbed to the substrate with a probability p
(between 0 and 1). If we call n the number of NPs attached to the
substrate per unit of area at a given time t and A the number of
collisions NP-substrate per unit of time and area, then we have

dnðtÞ ¼ nsat- nðtÞ
nsat

pAdt ð2Þ

where nsat is the saturation number of NPs, produced by the
electrostatic repulsion. The maximum number of NPs in a
hexagonal close-packed geometry, covering a unit area, nmax, is

nmax ¼ 2ffiffiffi
3

p
d2

ð3Þ

If we consider an effective diameter of the NPs, d þ s, then

nsat ¼ 2ffiffiffi
3

p ðd þ sÞ2 ¼ d2

ðd þ sÞ2 nmax ð4Þ

where s is related with the average length range of the electrostatic
repulsion. If we define the coverage as c(t) = n(t)/nmax and the satu-
ration coverage as csat = nsat/nmax = d2/(d þ s)2, hence, from eq 2
we obtain

dc

csat - c
¼ dt

τc
ð5Þ

where τc= nsat/(pA) is a characteristic time for the coverage process.
By integrating eq 5, the time behavior of the coverage results:

cðtÞ ¼ csatð1- e- t=τcÞ ð6Þ
The coverage should be proportional to the amplitude of the
main peak in spectra of Figure 1, plotted in Figure 4a. We show
the amplitude of the main peak from the extinction curve, as a
function of the immersion time, for each NP size studied. Note that
the general behavior is similar for all the NP sizes: the amplitude

Figure 3. Scanning electron microscope (SEM) images of 50 nm gold NPs on silanized glass substrates after immersion times of
(a) 30min, (b) 2 h, (c) 1 day, and (d) 6 days. Pictures clearly show the increment on the coveragewith the immersion time and the aggregation
of NPs in the last images.
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grows and then reaches a plateau. Fitting the curves with eq 6, the
characteristic coverage time, τc, can be obtained for each NP size.
The time constants are 16min, 1.5 h, 10h, and11h forNPsdiameter
of 10, 20, 50, and 80 nm, respectively.

Figure 4b shows the analysis of the NP counting data obtained
from the SEM images. We plot the total number of NPs as a func-
tion of the immersion time. The total number of NPs is represented
by the coverage, c, where 100% corresponds to a hexagonal close
packing of spheres (eq 6). As a first insight we observe that the time
constants and shape of these curves are coincidentwith the behavior
of the main spectral peaks, shown in Figure 4a.

For 20 and 50 nm NPs, the maximum coverage reached is
dictated by the geometrical and electrostatic effects. The probability
to bump into a free space on the substrate is very low if the distance
between the NPs is already on the order of one diameter. Note, for
example, that 25% of coverage corresponds to a mean distance of
exactly one diameter in a hexagonal arrange. On the other side, for
10 and 80 nmNPs, the coverage reached is much lower, suggesting
that the saturation is purely electrostatic. In these cases the NP
surface negative charge is higher, and then, the equilibriumwith the
total APTMS positive charge is reached with a lower number of
NPs. For testing this argument, we immersed a sample with 10 nm
NPs already attached to a substrate into the solutionwith the 50 nm
NPs, and almost no one 50 nm NP stuck to the substrate.

As a summary, Figure 5a shows the values of τc obtained from
both methods. The figure shows that, independently of the

coverage saturation values, τc increases with the size of the NP.
The coincidence between both methods is evident, despite some
deviation for results from the 50 nmNPs. Thismay have been due
to rather low counting statistics over those samples.

At this point we check the equivalence between the two indepen-
dent experiments done so far, i.e., themeasurement of the extinction
spectra and the NP counting on the SEM images. If we call Esat the
amplitude of themain peak of the extinction curve at long times, we
write the ratio between the extinction and counting data as

Esat

csat
¼ Cext2nsat

nsat=nmax
¼ 2Cextnmax ð7Þ

where Cext is the extinction coefficient and 2 is added since the
extinction is taken on a glass substrate with NPs deposited on both
sides. As Cext is proportional to the volume, d3, and nmax to 1/d2,
therefore, eq 7 should be linear with d. This behavior is shown in
Figure 5b, which allows us to gain confidence on both experiments.
Moreover, as the extinction coefficient isCext =C0d

3, a linear fit in
Figure 5b givesC0 = 12.4( 1.8 μm-1, in excellent agreement with
calculations from ref 6, C0 = 14.0 ( 0.9 μm-1.

Using the values of τc, we also can estimate some average velocity
of the NPs in solution. In effect, if we define nsol as the number of
particles in solution per unit volume (i.e., NP concentration), then
pA/nsol is that velocity and can be calculated from

pA ¼ csatnmax

τc
¼ Esat

Cextτc
ð8Þ

Figure 4. Evolution of (a) the intensity of the main peak of the
extinction spectra of Figure 1 and (b) coverage obtained by NPs
counting statistics as a function of the immersion time of glass
substrates in gold colloids. Lines correspond to fitting with eqs 6
and 14 in the text.

Figure 5. (a) Characteristic coverage time, τc, taken from the spectra
and NP counting statistics. (b) Extinction to coverage ratio at long
times as a functionof theNPsdiameter.The linear dependence shows
the equivalence of the two independent experiments.
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where the second and third terms in eq 8 are the experimental values
taken from the fit of the extinction and counting data, respectively,
andCext is givenby the slopeofFigure 5b.Figure 6 shows pA/nsol for
the different NP sizes. The maximum value is about 200 nm/s,
reached by the 20 nm NPs, and decreases for bigger NPs, as it is
expected due to energy transfer bymolecules in a Brownianmotion.

For the smallest NPs, the adsorption is reduced because of the
higher electric charge, as discussed before.
3.2. Aggregation Dynamics. NPs attached electrostatically

to the amino groups have mobility and can migrate randomly over
the APTMSmolecules. Initially, the electrostatic repulsion between
NPs keeps them away, ending up in a homogeneous and almost
equispaced distribution on the surface. However, the hydrophobic
nature of gold tends to aggregate theNPs. The occasional collisions
between NPs which are continuously moving induce the formation
of small aggregates at thebeginning andhigher order aggregates at a
further time. This process is the so-called sintering, characterized for
the reduction of the exposed surface in order tominimize the Gibbs
free energy. At the same time that the clusters are formed, empty
spaces left on the surface could, in principle, be filled by new NPs.
However, the total mean charge near the surface does not change,
and as a consequence, the arrival of new NP is not allowed due to
the electrostatic repulsion.

Because of the hydrophobic nature of gold, citrate mole-
cules tend to surround them in the aqueous solution of NPs.
Once they reach the substrate, the NPs are adsorbed to the
glass in two different ways. Some of them are pinned by a van
der Waals bond directly to the amino group of the APTMS
(NH2), while others attach electrostatically to the protonated
amino (NH3

þ, see eq 1) through the negative charge of the
citrates. We assume that the first group has a much higher
mobility over the APTMS than the second one, and as a result,
only a fraction of the total number of NPs, say nm, can
migrate.

Figure 6. Effective collision speed of NPs from the colloidal solu-
tion to the glass surface, taken from the spectra and NP counting
statistics, using eq 8.

Figure 7. Evolution of (a) the intensity of the secondary peak of
the extinction spectra of Figure 1 and (b) aggregation obtained by
NPs counting statistics as a function of the immersion time. Lines
correspond to fitting with eqs 6 and 14 in the text.

Figure 8. (a) Final fraction of aggregatedNPs as a function of the
NPs size, obtained by the asymptotic values of the functions fitted
in Figure 7. (b) Characteristic aggregation time on the same data.
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If we consider that theNPswhich canmigrate have a probability
p0 to be aggregated after finding anotherNPor cluster ofNPs, then
the increment dna of the number of aggregated NPs, na, is

dnaðtÞ ¼ ð2Aiso- isoðtÞþAiso- clðtÞÞp0 dt ð9Þ
whereAiso-iso is the number of collisions, per unit of time and area,
between two isolated NPs traveling over the surface and Aiso-cl

between an isolated NP and a cluster, being

Aiso- iso ¼ kðdÞ ðnm - naÞ2
2

, Aiso- cl ¼ kðdÞðnm - naÞna ð10Þ

where k(d) depends on the 2D velocity of the NPs and the cross
section of the NPs, which are parameters dependent on the size, d.
By replacing eqs 10 in eq 9, we obtain

dna ¼ ðnm - naÞnmp0kðdÞ dt ð11Þ
If we define θ = na/n as the fraction of the aggregated NPs at a
given time t, then dna = n dθþ θ dn≈ n dθ. Hence, eq 9 becomes

dθ

θsat - θ
¼ ð1- e- t=τcÞ dt

τa
ð12Þ

where θsat = nm/n is the maximum fraction of aggregated NPs
which can be reached and τa = 1/(θsatcsatp0k(d)) is an aggregation
characteristic time. Finally, the temporal dependence of θ is

θðtÞ ¼ θsat 1- exp -
1

τa
ðt- τcð1- e- t=τcÞÞ

� � !
ð13Þ

This model could be extended and refined by adding other
contributions to the collisions considered in eq 9, e.g., the
aggregation due to collisions with the fixed NPs, clusters with
clusters, clusters with different sizes, etc. Any additional con-
tribution would add more complexity to eq 13 but cannot be
tested with the present experiment. What is important here is that
the aggregation follows an exponential-like function with a
characteristic time and a saturation value. Moreover, since τa is
considerably greater than τc, eq 13 can be approximated by

θðtÞ ¼ θsatð1- e- t=τaÞ ð14Þ

Figure 7 shows the analysis of the aggregation process. In
Figure 7a the amplitude of the secondary peak from the extinction
spectra of Figure 1 is shown. Figure 7b plots the interacting NPs
taken from the SEM images, where the percentage of interacting
NPs is calculated over the total number of NPs, n.

Using eq 14, we fit the spectra and particle counting data,
obtaining very good results, as can be seen inFigure 7. InFigure 8
the obtained values for the relevant parameters of the experiment
are plotted. It is shown in the figure that the final fraction of
aggregated NPs grows with the NP size and that the aggregation
characteristic time is on the order of 20-30 h.

Finally, Figure 9 shows the number of dimers, trimers, and
higher order aggregates as a function of immersion time and the
histogramsweighting against the number of isolatedNPs, dimers,
trimers, and higher order aggregates. We see that at short times
only dimers appear, while the number of trimers and higher order
aggregates start to increase only after 1 day. This fact reinforces
the idea that only the isolated NPs have an appreciable mobility.

4. Conclusions

In this work we studied the dynamics of coverage and aggrega-
tion of gold NPs over silanized glass substrates. Two comple-
mentary experiments;measurement of the extinction and
particle counting statistics;are shown to be equivalent describ-
ing the coverage process. For the aggregation, the counting of
particles is necessary to clearly separate the dynamics of forma-
tion of dimers, trimers, and higher order aggregates. It is shown
that both coverage and aggregation processes are described by
two main parameters: a characteristic time and a saturation
value. The dependence of those parameters with physicochemical
quantities is included in a model that describes accurately the
measured data. We would like to emphasize that the develop-
ment of a model, and the very good accordance with the
experimental data, turns this work into an excellent predictive
tool to prepare NP samples when a given coverage and aggregate
percentage are desired.
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Figure 9. Fraction of isolated NPs (orange), dimers (blue), trimers (red), and clusters of more than three NPs (green) obtained by counting
statistics as a function of immersion time in (a) 10, (b) 20, (c) 50, and (d) 80 nm gold colloids.


