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ABSTRACT
Gold surfaces and structures modified with octanedithiol were reacted with dithiothreitol prior to immersion in buffered solutions of charge
stabilized gold nanoparticles. The procedure gives a dithiol layer with adequate properties for a homogeneous octanedithiol monolayer and
uniform and reproducible gold nanoparticle binding. The distance between the adsorbing particles is controlled by the particle electrostatic
interactions and can be carefully tuned by variation of ionic strength. To some extent, long-range ordering occurs among the adsorbed
particles. This behavior is facilitated by the particles’ small size compared to the Debye screening but also by the homogeneity of the surface
modification. The simple character of the system makes it attractive for fabrication of controlled nanoparticle arrays where further chemical
and biological modifications are required.

Self-organization of gold nanoparticles on surfaces and 3D
structures has attracted a lot of attention because it enables
controlled fabrication of very small structures without the
use of lithographic techniques. Typically, realization of
ordered structures like nanoparticle arrays with defined
interparticle distance has been achieved by assembly of
alkanethiol or polymer capped particles on nonbinding
substrates upon solvent evaporation or application of electric
fields.1-3 In this letter, we report results from spontaneous
self-arrangement of uncapped, charge stabilized gold nanoparticles (∼10 nm) onto gold surfaces modified with a
homogeneous dithiol layer. Because these particles are
smaller or comparable with the Debye-screening, their
adsorption is controlled by electrostatic interactions rather
than geometric surface exclusion effects.4,5 Emphasizing
control of electrostatic particle interactions by careful variation of ionic strength and the properties of the adsorbing
surface by introduction of a new surface chemical protocol,
our scope is to control the surface structure and especially
the particle separation. This straightforward and experimentally simple approach proves to be an excellent way to obtain
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particles with a tuneable interparticle distance; in agreement
with classical DLVO theory,6 we here demonstrate particle
to particle surface distances ranging from 5 to 25 nm. The
“pure” character of the system, excluding the need for thiol
or polymeric spacers in between the particles, makes it
feasible for applications where further chemical and biological modifications of the particles are required.
The adsorption of charged polymeric particles onto
surfaces and the influence of electrostatic repulsion between
particles on the adsorption process have been extensively
described experimentally and theoretically in the literature.5,7,8
Particles, ranging from 40 to several hundreds of nanometers
in diameter, adsorbed directly onto unmodified mineral
substrates with opposite charge were found to organize with
a short-range order and in some cases also with more
extended ordering as a response to different double-layer
screening. Later, the use of similar systems of adsorbed
polymer particles has been recognized as an important tool
in different lithographic processes in order to cover large
areas with uniformly distributed dots or pits, a process
referred to as colloidal lithography.9,10 The concept of
electrostatic screening controlled adsorption has recently also
been demonstrated for smaller entities; Kooij11 rationalized
ionic strength dependent binding of negatively charged gold
nanoparticles onto aminosilane modified silicon surfaces, and

Figure 1. Cyclic voltammogram, first reductive sweep from 0 to
-1.3 V vs Ag/AgCl on gold surfaces modified with octanedithiol
(ODT) and subsequently reacted with dithiothreitol (DTT) and
reference surfaces modified with DTT only. The voltammogram
was obtained in 100 mM KOH at a sweep rate of 200 mV/s.

Pericet-Camara12 showed similar results for positively charged
dendrimers on surfaces with different negative charge.
Interestingly, it was shown that better organization could be
obtained among the dendrimers when the surface charge was
reduced. Compared to the results of Kooij, as well as other
approaches to gold nanoparticle arrays prepared on silanized
glass or silicon,13,14 the uncharged dithiol modified gold
surfaces demonstrated here give rise to shorter interparticle
distance, higher structural ordering, and fewer surface bound
aggregates among the adsorbed particles. In fact, the patterns
formed among the gold nanoparticles on the dithiol interface
show the same or better organization as those observed for
the larger polymeric colloids on mica surfaces,7,8 suggesting
that the overall homogeneity of the system at the nanolevel
and especially the molecular order within the dithiol monolayer is a key factor for the successful particle organization.
Dithiols have been widely used to attach gold nanoparticles
to surfaces and structures,15 however dithiol molecules are
prone to form poorly organized multilayers, intralayer
disulfides and sulfur oxide compounds during self-assembly,16,17 and the modified surfaces often display uneven
and irreproducible nanoparticle binding. Therefore, to obtain
a much more homogeneous dithiol monolayer, the sample
surfaces were reacted with reducing dithiotreitol (DTT)18
after immersion in the octanedithiol (ODT) solution. This
procedure gives a dithiol layer with high and reproducible
gold nanoparticle binding and adequate properties for an
octanedithiol monolayer as determined from ellipsometry and
voltammetry. The ellipsometric thickness was determined to
12.8 ( 0.4 Å, which is a reasonable value for the monolayer
thickness regarding the molecular length.16,19 In the voltammetric desorption studies, the charge transfer associated
with the reductive desorption of chemisorbed dithiols from
the gold surface can be monitored and the thiol surface
coverage estimated by integration of the charge under the
reductive peaks. Furthermore, the peak positions in the cyclic
voltammogram also reflect the molecular interaction within
the layer, e.g., molecular packaging and thiol end group
functionality.20 A representative cyclic voltammogram, first
reductive and oxidative scan, is presented in Figure 1 above.
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Figure 2. (a-c) Scanning electron microscopy pictures of octanedithiol modified gold surfaces with gold nanoparticles immobilized from citrate buffered solutions with decreasing ionic
strength. (d) Gold nanoparticles adsorbed to a silicon substrate with
gold patches modified with mercaptopropyl trimethoxy silane and
octanedithiol respectively.

Surfaces modified with octanedithiol and then reacted with
dithiothreitol display one main reductive peak that can be
seen centered at -1015 ( 6 mV with a total integrated
charge after reduction for double-layer charging21 corresponding to 95 ( 6 µC/cm2. This is close to or slightly above
the usually accepted value 85 ( 10% µC/cm2 corresponding
to a full (mono)thiol monolayer.22 Carot et al. received similar
results for the reductive desorption of an octanedithiol
monolayer, however, they noted an even higher value for
the charge, ∼110 µC/cm2. This increase in charge for the
dithiol layer compared to the monothiol layer was explained
by the presence of intralayer disulfide bonds. As a reference,
surfaces immersed in only the dithiothreitol solution were
examined as well. The dithothreitiol layer adsorbed to these
surfaces was found to have an ellipsometric thickness of 6.7
( 4 Å, i.e., significantly thinner than the octanedithiol treated
surfaces. The cyclic voltammogram for desorption of dithiothreitol also appeared more complex compared to that for
octanedithiol treated surfaces, displaying several smaller
peaks and shoulders. The total integrated charge, 37 ( 17
µC/cm2, indicates submonlayer coverage. This is in agreement with results by others, indicating that dithiothreitol
layers are disordered and that dithiothreitol binds to the
surfaces with both sulfur functionalities.23 Cyclic voltammetry on surfaces treated with only dithiothreitol showed
no interfering peaks with the dithiolthreitol treated octanedithiol layers. Altogether, the results from ellipsometry
and voltammetric desorptions measurements strongly indicate
that the surfaces treated with octanedithiol and subsequently
dithiothreitol acquire well organized octanedithiol monolayers rather than that the octanedithiol is exchanged for
dithiothreitol.
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Immobilization of gold nanoparticles on the dithiol modified surfaces was done by incubation in a citrate buffered
gold sol. The gold nanoparticles (radius a ) 4.85 ( 0.35
nm) were prepared from citrate reduction of HAuCl4 with
addition of tannic acid as an extra reductive agent.24 All gold
sols had a constant particle concentration of 5.5 × 10-8 M
but different ionic strength. The latter was obtained via
dilution of a 10 mM pH 4.0 citrate buffer stock solution with
ultrapure water (18.3 MΩ cm), whereupon ionic composition,
Debye screening length, κ-1, and the dimensionless screening
parameter, κa was calculated for each solution. The weakly
acidic buffer was chosen in order to suppress charging of
the sulfhydryl groups at the surface but also with respect to
the stability of the gold sols. It should be noted that all gold
sols are not thermodynamically stable and that signs of
particle aggregation was visible within 24 h for the sol with
the highest ionic strength.
The surfaces were analyzed with scanning electron microscopy, and representative pictures of surfaces incubated
in gold sols with different ionic strength are presented in
Figure 2a-c. The particle surface coverage was estimated
by manual counting, and values for the mean particle center
to center distance R for each surface were obtained from
calculations of radial distributions g(r), where r is the distance
from the particle center, Figure 3a. All surfaces were found
to bind particles in a uniform manner with very few particle
aggregates. In the radial distribution, this was manifested
by the primary peak, representing the most probable distance
between adjacent particles, i.e., r ) R, and the following
smaller peaks, which suggests a certain degree of localized
long-range ordering among the adsorbed particles.4,5
The surface coverage and interparticle distance clearly
depend on the ionic strength with diminishing coverage for
lower ionic strength, Figure 3b. Applying the model introduced by Adamczyk,5 the spatial extension of the particle
interactions at the surface can be estimated from DLVO
theory by assigning each particle an effective hard sphere
radius, aeff, calculated according to eq 1.8,11,25

Upp(2aeff) ⁄ kT ) 1 ⁄ λ

(1)

where Upp(r) is the pairwise particle interaction potential,
kT the thermal energy (defined by the Boltzmann constant k
and the temperature T), and λ is a constant. Assuming random
sequential adsorption (RSA), the observed surface coverage
θeff then relates to the effective hard sphere radius through
the relation 2.5
θeff ) θjam(a ⁄ aeff)2

(2)

where θjam ) 0.547 is the surface coverage at the saturation
limit for RSA of real hard spheres.
Experimental values obtained for the interparticle distance
R appear to be comparable to modeled values of 2aeff from
1, with Upp being the sum of repulsive electrostatic interactions using a linear spherical approximation 326 valid for
small κa and attractive Van der Waals interactions according
to eq 4.
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Calculations were done numerically, solving 3 with a
constant surface potential Ψ0 ) -50 mV,27-29 Hamaker
constant AH ) 2.5 × 10-19 J27 and λ ) 1.4430,31 as input
parameters. Comparison of real and modeled surface coverage by insertion of the calculated aeff into 2 reveals that the
real surface coverage is higher than expected from the
effective hard sphere approximation. A probable explanation
to this discrepancy is the existence of areas with a higher
degree of order than expected from RSA of hard spheres,
giving a somewhat higher value of θjam. Similar tendencies
to ordering have earlier been observed for much larger
polymeric colloids adsorbed from solution with very low
ionic strength,7 i.e., κa ≈ 1 or lower, which is the same as

Figure 3. (a) Radial distribution functions calculated from SEM pictures. The radial distance is scaled by the interparticle distance R for
comparison of different buffers. Arrow insets denote peak positions in a close packed configuration. (b) Experimental values (squares) for
particle center to center separation and particle surface coverage and modeled values (lines) for effective hard sphere radius according to
eq 1 and surface coverage according to eq 2 as function of the screening parameter κa.
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for the gold nanoparticle solutions used here. A general trend
for more surface organization with decreasing κa has also
been shown in Brownian dynamics simulations on adsorption
of charged particles, however, in these simulations, surface
diffusion of particles was allowed.4
Silanes containing NH2 or SH functional groups have been
widely used to create self-assembled gold nanoparticle
monolayers on glass or silicon surfaces.11,13,15 Therefore, to
estimate the influence from the binding layer on particle
binding and structure, a silicon surface with lithographically
defined gold patterns were treated first with octanedithiol
and subsequently with mercaptopropyl trimetoxy silane
(MPTMS). By this procedure, both gold and silicon oxide areas on the surface were provided with the same particle
binding functionality (-SH), but their distribution on the
surface differ due to the organizing properties of the
molecules.1 Figure 2d shows such a surface after incubation
in gold sol. It was found that the MPTMS-modified silicon
dioxide surfaces bound approximately 30% less particles
compared to the dithiol modified gold surfaces. Particles on
MPTMS also appeared less homogenously distributed, which
was also the case when comparing with those gold nanoparticle arrays prepared on silanized glass or silicon present
in the literature.11,13
In conclusion, we have shown that gold nanoparticles selfassembled onto a homogeneous dithiol monolayer can
arrange in a controllable fashion due to particle electrostatic
interactions. The interparticle distance can be predicted by
DLVO theory, and very small interparticle distances can be
achieved by self-assembly of particles from destabilized
solutions, i.e., when Van der Waals forces have substantial
influence on the particle interactions. Local tendencies toward
long-range ordering can be seen among the bound particles.
Such an ordering is probably governed by the particles’ small
size but also by the superior homogeneity and reactivity of
the surface modification. We suggest the method for applications where further chemical and biological modifications of the arrays are required; immobilized particles remain
stable in position and readily bind thiols or biomolecules,
whereas unreacted dithiols can be blocked with for example
maleimide conjugated polyethylene glycol (Supporting Information).
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